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Preface

This book has been an outcome of determined endeavour from a group of educationists in the field. The 
primary objective was to involve a broad spectrum of professionals from diverse cultural background involved 
in the field for developing new researches. The book not only targets students but also scholars pursuing 
higher research for further enhancement of the theoretical and practical applications of the subject.

A combination of metals or a combination of one or more metals with non-metallic elements which retains the 
characteristics of a metal is known as an alloy. It is defined by a metallic bonding character. An alloy can be 
a mixture of metallic phases or a solid solution of metal elements. Alloys with a defined crystal structure and 
stoichiometry are intermetallic compounds. Alloys are used in a variety of applications. Steel alloys are used in 
automobiles and construction of buildings, aerospace industry uses titanium alloys and non-sparking tools are 
produced using beryllium-copper alloys. Sometimes, while preserving important properties, a combination of 
metals may reduce the overall cost of the material. In other cases, the combination of metals imparts synergistic 
properties to the constituent metal elements like mechanical strength or corrosion resistance. Steel, brass, 
solder, bronze, and amalgams are a few examples of alloy. This book contains some path-breaking studies 
on metallurgy and engineering related to alloys. It outlines the processes and applications of alloys in detail. 
This book includes contributions of experts and scientists which will provide innovative insights into the topic.

It was an honour to edit such a profound book and also a challenging task to compile and examine all the 
relevant data for accuracy and originality. I wish to acknowledge the efforts of the contributors for submitting 
such brilliant and diverse chapters in the field and for endlessly working for the completion of the book. Last, 
but not the least; I thank my family for being a constant source of support in all my research endeavours.

Editor
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Finite Element Analysis of Residual Stress in
the Diffusion Zone of Mg/Al Alloys

Yunlong Ding1 and Dongying Ju 1,2

1Department of Materials Science and Engineering, Saitama Institute of Technology, Fusaiji 1690, Fukaya,
Saitama 369-0293, Japan
2Department of Materials Science and Engineering, University of Science and Technology Liaoning, Anshan 114051, China

Correspondence should be addressed to Dongying Ju; dyju@sit.ac.jp

Academic Editor: Yuanshi Li

In this study, the finite element method was applied for analyzing the effect of annealing temperatures on residual stress in the
diffusion zone of AZ31 Mg and 6061 Al alloys. +e microstructure and mechanical behavior of the diffusion zone were also
investigated. Simulations on the annealing of the welded specimens at 200°C, 250°C, and 300°C were conducted. Moreover,
experiments such as diffusion bonding and annealing, analysis of residual stress by X-ray diffraction, elemental analysis using an
electron probe microanalyzer, and microstructure investigation via scanning electron microscopy were performed for further
investigation of the diffusion layers. According to the results of the simulations and experiments, the diffusion layers widen with
increasing annealing temperatures, and the results of the simulations are in good agreement with those of the experiments. +e
microstructure and elemental distribution were the most uniform and the residual stress was the least for samples annealed at
250°C. +us, 250°C was found to be the most appropriate annealing temperature.

1. Introduction

+e finite element method (FEM) has many applications in
modern industry and technology because of the extensive use
of computers [1–6].+ismethod is presently themost popular
and fastest developing numerical method in aircraft, ballistic
missile, automotive, shipbuilding, machine, and electro-
technics industries and is used in fields such as biomechanics,
medicine, mechatronics, and materials technology. Compu-
tational methods mainly help optimize design processes
[7–10].

In addition, FEM is used in plastic forming and can
simulate the press forming of aluminum by selecting ap-
propriate forming parameters for the material, such as
pressure force and falling speed of the punch [11].

Recently, many investigations on the welding of Mg/Al
alloys have been conducted using FEM, especially on the
analysis of residual stress during welding, because magnesium
and aluminum alloys are widely used in aerospace, automotive,

machine, electrical, and chemical industries owing to their
superior properties [12–14]. Further, the combination of the
superior properties of magnesium and aluminum alloys
provides insight into the research of lightweight vehicles.

However, most studies have focused on the analysis of
residual stress during butt welding, laser beam welding, or
friction stir welding [15, 16]. In contrast, this study considers
a different welding process, diffusion bonding. To decrease
the residual stress during diffusion bonding, annealing ex-
periments, simulations, and investigations of residual stress
by X-ray diffraction (XRD) were performed. To the best of
our knowledge, this is the first study focusing on diffusion
bonding between magnesium and aluminum alloys. Based
on the results of this study, more extensive applications of
FEM and diffusion bonding can be determined, and the
properties of composite materials containing magnesium
and aluminum alloys can be investigated. +e composite
materials can contribute to the realization of lightweight
components. In addition, the depletion of resources and

1
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energy will decrease, thus mitigating environmental
pollution.

2. Materials and Methods

In this study, AZ31 magnesium alloy and 6061 aluminum
alloy were used for di�usion bonding and annealing. Sim-
ulations and experiments were performed to analyze re-
sidual stress and evaluate the microstructure.

2.1. �eoretical Analysis. During di�usion bonding and
annealing, microstructures of the alloys vary with temper-
ature, and at the same time, thermal stress is induced. If the
stress exceeds the elastic limit, plastic deformation occurs. A
series of varieties do not emerge individually but interact
with each other. �e theory for analyzing the interaction is
called metallo-thermomechanics, which is the foundation of
thermal treatment analysis.

When the AZ31 magnesium alloy and 6061 aluminum
alloy are welded by di�usion bonding, di�usion between Mg
and Al should be considered.�e di�usion phenomenon can
be analyzed by Fick’s law and can be expressed by the
following equation:

zC

zt
� D

z2C

zx2 , (1)

where C is the concentration of the element and D is the
di�usion coe�cient representing the di�usion property of
thematerial and is a function ofC. In general, if the in�uence
of the microstructure is ignored, the di�usion equation can
be expressed based on element concentration as follows:

C
•

� div(D gradC). (2)

If the energy of the object is represented as
e � g + Tη + tr(σεe), then the �rst law of thermodynamics
can be written as follows:

ρe
• − tr(σε•) + div h � 0. (3)

If the Fourier law (h � k gradT) is used, plastic work and
latent heat of transformation are not considered, and terms
related to elastic strain and hardening coe�cient are ig-
nored, then (3) can be written as follows:

ρcT
•
− k div(gradT) � 0, (4)

where ρ is the density of the material, c is the speci�c heat,
and k is the thermal conductivity. When the coe�cient of
heat transfer and the temperature of the �uid in contact with
the object do not change, the boundary condition is
expressed by the following equation:

−k gradT · n � h(T) T−Tω( ), (5)

where n is a vector whose direction is outward from the
surface of the object, Tω is the temperature of the object’s
environment, and h(T) is the coe�cient of heat transfer
between the object and the environment. Generally, the
coe�cient of heat transfer is a function of temperature T and

can be obtained from the experimental value of the cooling
curve [17].

When plastic materials are subjected to loading, they
undergo elastic or plastic deformation. Hooke’s law is ap-
plicable to three-dimensional stress and strain and can be
expressed as

εij
• � εeij

•
+ εpij

•
+ εTij

•

, (6)

where εij
•

is the total strain rate, εeij
•

is the elastic strain rate,
εpij
•

is the plastic strain rate, and εTij
•

is the thermal strain rate.
Elastic strain rate and thermal strain rate are expressed by
the following equation:

εeij
•

+ εTij
•

� Ee
ijklσkl

• + βijT
•

,

βij �
zEe

ijkl

zT
σkl + αij

zαij

zT
T−T0( ),

(7)

where α is the linear coe�cient of expansion and T−T0 is
the temperature di�erence. Ee

ijkl is a coe�cient that is
represented by the following equation:

Ee
ijkl �

1
2G
δikδjl + δilδjk( )−

]
1 + ]
δijδkl{ }, (8)

where ] and G are Poisson’s ratio and the shear modu-
lus, respectively. �e plastic strain rate is expressed as follows:

εp
ij

•
�
1

G
∧

zF

zσmn
σmn
• +

zF

zT
T
•

( )
zF

zσij
,

1

G
∧ � −

1
(zF/zκ) zF/zσkl( )σkl

, F � F(σ, T),

(9)

where F is the Mises yield function.
First, the de�nition of the mixture and the mixing rule

are explained. Intermetallic compounds, such as Al3Mg2 and
Mg17Al12, are formed during di�usion bonding between
magnesium and aluminum alloys. It is assumed that many
microstructures are present in the mixture. Further, the
mixture contains N compositions whose volume fractions
are ξI (I � 1, 2, . . . , N); the sum of the volume fractions of
the compositions is 1:

Mg Al

25

18

97
23

R20

10

Figure 1: Analysis model.

X

Figure 2: Finite element mesh.
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Figure 3: Results of simulations: (a) without annealing and annealing at 200°C (b), 250°C (c), and 300°C (d), previously presented in [20].
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Figure 4: Distribution of residual stress obtained by simulation,
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N

I�1
ξI � 1. (10)

If the properties of composition I are represented by χI,
then χ denotes all the properties of N compositions.
�erefore, the property χ can be expressed as (11), which is
called the mixing rule [18]:

χ � ∑
N

I�1
χIξI, ξI (I � 1, 2, . . . , N). (11)

In the intermetallic compounds of Mg and Al alloys, the
ratio of atomic quantity can be expressed as the following
equation:

M1

M2
�

C1 · Ar2
C2 · Ar1

, (12)

where M1 and M2 are the quantity of Mg and Al atoms.
C1 and C2 are the atomic mass of Mg and Al. Ar1 and Ar2
are the relative molecular masses.

�e molar concentration of Mg is expressed as follows:

CB1 �
M1

V0 · NA
, (13)

where V0 is the volume of the intermetallic compounds and
NA is the Avogadro constant. �e amount of substance for
Mg is represented as follows:

n1 �
G1

Ar1 · g
, (14)

where G1 is the weight of Mg and g is the gravitational
acceleration.

So the volume ratio of Mg to Al can be expressed as
follows:

V1

V2
�

G1 · C2

G2 · C1
, (15)

V1 and V2 are the volume of Mg and Al and G2 is the weight
of Al.

According to the mixing rule and the volume ratio of Mg
to Al, the coe�cients of simulations can be calculated.
�ermal-stress coupling �eld of ANSYS was applied to
simulate stress at di�erent temperatures during the di�usion
process and annealing process. �e element type was
“Coupled Field, Vector Quad 13,” and the material model
was “Structural” and “�ermal.” Temperature conditions
were 200°C, 250°C, 300°C, and room temperature (20°C). It
was assumed that the interface could not move during the
di�usion process. �erefore, a �xed boundary condition was
applied to the contact surface, and then the simulations were
performed. �e model is shown in Figure 1.

�e �nite element mesh is shown in Figure 2. �e el-
ement size was 1mm, and the total number of elements was
14,005.
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Figure 6: Results of elemental analysis, surface scanning: (a) without annealing and annealing at (b) 200°C, (c) 250°C, and (d) 300°C.

4 Alloys: Metallurgy and Engineering

__________________________ WORLD TECHNOLOGIES __________________________



WT2.2. Experimental. �e AZ31 magnesium alloy sheets and
6061 aluminum alloy sheets were successfully welded using
vacuum di�usion bonding. �e joining temperature was
440°C. After vacuum di�usion bonding, the samples were
annealed at 200, 250, and 300°C. After heat treatment, the
samples were cooled to room temperature in an electric
furnace.

XRD was used to investigate the residual stress dis-
tribution of the specimens annealed at di�erent temper-
atures. Based on the testing principle of residual stress, the
X-ray was adjusted. Initially, the specimen was radiated,
and the corresponding di�raction angle 2θ was obtained,
which was later used to calculate the slope M of 2θ−sin2ψ
(ψ was set as 0°, 15°, 30°, and 45°). In addition, the re-
lationship between 2θ and sin2ψ was obtained, and the
residual stress σ was calculated according to the following
equation:

σ �
K · Δ2θ
Δ sin2ψ

� K · M, (16)

where K is the stress constant of the XRD analysis and can be
expressed as follows:

K � −
1
2

· cot θ0 ·
E

1 + υ
·
π
180

, (17)

where E is the elastic modulus of the material, θ0 is the
di�raction angle without stress, and υ is Poisson’s ratio [19].

For the 6061 Al alloy, 2θ was set as 140°, the stress
constant was −163.32MPa/°, tube type was Cr, wavelength
was kα, and the size of the collimator was φ� 0.5mm. For
the AZ31 Mg alloy, 2θ was set as 155° and stress constant
was −79.14MPa/°; tube type, wavelength, and the size of the

collimator were the same as that for the 6061 Al alloy. In
addition, the 2θ of Mg17Al12 and Al3Mg2 were set as 150°
and 145° and their stress constants were −98.97MPa/° and
−126.22MPa/°, respectively. Based on these values, the values
of residual stress were calculated.

Furthermore, the microstructure and elemental distri-
bution of the di�usion zone were investigated by SEM and
EPMA.

3. Results and Discussion

�e Mises stress data were obtained after completion of the
simulation. �e simulation results of stress distribution are
shown in Figures 3(a)–3(d).

Figure 3 shows that the stress values change with
annealing temperature. Because stress is mainly concen-
trated at the edge of the interface, the values along the in-
terface are the largest, which in turn causes premature failure
[20].

In this paper, stress distribution along the line crossing
the edge of the interface was investigated (the measuring line
is shown in Figure 3). Based on the stress values at the nodes
and the distance between the nodes, Figure 4 is obtained; this
�gure shows the distribution of residual stresses calculated
from the simulations.

Residual stress is a vector, and in this study, its direction
was along the axial direction of the specimens. According to
material mechanics, tensile stress is positive, while com-
pressive stress is negative. �erefore, it could be concluded
from Figure 4 that the value of stress near the interface was
positive, that is, tensile stress, and the largest. �e stress near
the interface of the specimens annealed at temperatures of
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Figure 7: Results of elemental analysis, line scanning: (a) without annealing and annealing at (b) 200°C, (c) 250°C, and (d) 300°C.
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200, 250, and 300°C was 66, 61, and 63MPa, respectively.+e
untreated specimens exhibited a stress value of 71MPa.
However, as the distance from the interface increased, stress
decreased and even became negative, that is, compressive
stress. In addition, the residual stress was almost 0MPa far
away from the interface.

+e residual stressmeasured by XRD is shown in Figure 5.
+e stress of the untreated specimens was about 65MPa,

while that of the specimens annealed at 300°C and 200°C was
51MPa and 59MPa, respectively. However, when the
specimens were annealed at 250°C, the stress was approxi-
mately 44MPa. During the experiments, the diffraction peak
for the (311) plane of Al appeared at a 2θ of about 139°, while
that for the (104) plane of Mg appeared at a 2θ of 152°.
Furthermore, the 2θ value of the intermetallic compounds
near Al andMgwas 139.4° and 143°, respectively [21].+us, it
could be concluded that the distribution of residual stress
obtained from the experiments is nearly the same as that
obtained from simulations.

+e above results showed that 250°C is the most ap-
propriate annealing temperature. +is could be further
confirmed bymicrostructure investigation.+e results of the

elemental analysis are shown in Figures 6 and 7. In Figure 6,
the colors represent the different amounts of elements de-
tected, and the y-axis numbers represent the levels that the
different colors stand for.

As shown in Figures 6 and 7, the diffusion layers widened
with increasing annealing temperatures. As the temperature
increased, the magnesium and aluminum contents varied in
regions A, B, and C. Specifically, the untreated specimens
exhibited a magnesium content ranging from 800 to 300
counts, while the aluminum content was 50–200 counts. For
the specimens annealed at 200°C, the Mg content ranged
from 600 to 300 counts in the direction fromMg to Al, while
the Al content was 50–100 counts in the same direction.
However, for the specimens annealed at 300°C, the Mg
content varied from 800 to 650 counts, while the Al content
varied within the range of 50–70 counts. +e result for the
specimens annealed at 250°C is shown in Figure 7(c). For this
specimen, the magnesium content ranged from 500 to 300
counts, while the Al content was 50–70 counts. +e reason
for the variations in the diffusion layer width and element
content was the difference in the annealing temperature.
As the annealing temperature increased, the diffusion rate

(a) (b)

(c) (d)

Figure 8: SEM micrographs of joints: (a) without annealing and annealing at (b) 200°C, (c) 250°C, and (d) 300°C; layer A: Al3Mg2,
layer B: Mg17Al12, and layer C: Mg-based solid solution.
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increased. �erefore, the di�usion layers were the widest for
the specimens annealed at 300°C. However, as shown in
Figure 7, the element content for the specimens annealed at
250°C was steady. �is indicates that the microstructure is
more uniform at 250°C.

To verify the above results, the microstructures of the
specimens annealed at di�erent temperatures were in-
vestigated. �e microstructures of the joints are shown in
Figure 8.

�e di�usion layers, including layers A, B, and C, which
were investigated and con�rmed to be Al3Mg2, Mg17Al12,
and Mg-based solid solutions, respectively, could be clearly
observed. Moreover, the width of the di�usion layers in-
creased with increasing annealing temperature. However,
the microstructure of the specimens annealed at 250°C was
more uniform than that of those annealed at other condi-
tions, thus con�rming the results of the elemental distri-
bution analysis.

As shown in Figure 9, for specimens annealed at 250°C,
the Zn content was relatively steady and was greater than
that for specimens annealed at other temperatures. Although
Zn is a kind of rare earth element and its content is low, it
greatly a�ects the di�usion zone of Mg and Al alloys. Zn
could retard the formation of intermetallic compounds of
Mg and Al. �ough intermetallic compounds were formed,
they precipitated and were dispersed, thus generating pre-
cipitation strength [22]. In other words, the amount of the
hard and brittle phase at the interface was small. �us, the
properties of the specimens annealed at 250°C were better
than those of the specimens annealed at other temperatures.

4. Conclusions

�e following results were obtained from the simulations
and experiments:

(1) Annealing temperatures have a great e�ect on the
microstructure and elemental distribution. �e most
appropriate annealing temperature for the di�usion-
bonded Mg/Al alloy is 250°C.

(2) It is di�cult to obtain a su�ciently high-quality
di�usion zone by di�usion bonding magnesium

and aluminum alloy sheets because of the formation
of intermetallic compound layers. However, this
study used annealing to improve the microstructure,
thus achieving such a di�usion zone.

(3) �e outcomes obtained by FEM are in good
agreement with those of the experiments; thus, the
accuracy of FEM for analyzing residual stress during
annealing is reliable.
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The present study was performed on A356 alloy with the main aim of investigating the effects of La and Ce additions to 356 alloys
(with and without 100 ppm Sr) on the microstructure and porosity formation in these alloys. Measured amounts of La, Ce, and
Sr were added to the molten alloy. The results showed that, in the absence of Sr, addition of La and Ce leads to an increase in the
nucleation temperature of the 𝛼-Al dendritic network with a decrease in the temperature of the eutectic Si precipitation, resulting
in increasing the freezing range. Addition of 100 ppm Sr results in neutralizing these effects.The presence of La or Ce in the casting
has aminor effect on eutectic Si modification, in spite of the observed depression in the eutectic temperature. It should be noted that
Ce is more effective than La as an alternate modifying agent. According to the atomic radius ratio, 𝑟La/𝑟Si is 1.604 and 𝑟Ce/𝑟Si is 1.559,
theoretically, which shows that Ce is relatively more effective than La. The present findings confirm that Sr is the most dominating
modification agent. Interaction between rare earth (RE) metals and Sr would reduce the effectiveness of Sr. Although modification
with Sr causes the formation of shrinkage porosity, it also reacts with RE-rich intermetallics, resulting in their fragmentation.

1. Introduction

The main role of rare earth (RE) metals as modifiers is to
change themode of growth of the eutectic silicon. Lanthanum
is the most powerful of its kind. Microadditions of RE should
be enough to modify the eutectic Si particles provided that a
critical cooling rate is reached. RE-treated alloys canmaintain
the modified structure much longer than Na-treated alloys.
A reliable and persistent eutectic modification effect can be
obtained with rare earth element addition [1–4]. However,
the minimum amount of rare earth elements necessary to
obtain proper modification is exceptionally large. Kim and
Heine [5] showed that both as-cast grain size and secondary
dendrite arm spacing were decreased by adding cerium (Ce)
and lanthanum (La) metals.

Aguirre-De la Torre et al. [6] investigated the mechanical
properties of A356 aluminum alloy modified with La/Ce.

It was suggested that an increase in the mechanical perfor-
mance of the alloy could be achieved by a homogeneous
dispersion of fine particles containing La/Ce phase.The work
of Nogita et al. [7] on eutectic modification of Al-Si alloys
with rare earthmetals reveals that the impurity induced twin-
ning model of modification, based on atomic radius alone, is
inadequate and other mechanisms are essential for the mod-
ification process. Furthermore, modification and the eutectic
nucleation and growth modes are controlled independently
of each other.

Kinetic nucleation of primary 𝛼-Al dendrites in Al-7%
Si-Mg cast alloys with Ce and Sr additions was analyzed by
Chen et al. [8]. The results show that the values of activation
energy and nucleation are decreased and the nucleation
frequency is increased with the addition of Ce and Sr to the
alloys. The nucleation temperatures of primary 𝛼-Al den-
drites are decreased with the additions of Ce and Sr.
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Table 1: Chemical composition of the base A356 alloy.

Alloy Elements (wt.%)
Si Cu Mg Fe Zn Al

A356 7.2 <0.20 0.35 <0.20 <0.10 Bal

An elaborate review was carried out by Alkahtani et al.
[9] on the modification mechanism and microstructural
characteristics of eutectic Si in Al-Si casting alloys. Although
all rare earth elements have some effect on the eutectic silicon
as they are within the atomic radii range predicted by models
to be effective in producing growth twins in an Al-Si alloy
(𝑟/𝑟Si = 1 : 65), however, they only result in aminor refinement
of the plate-like silicon morphology.

El Sebaie et al. [10, 11] studied the effects of mischmetal
(MM), cooling rate, and heat treatment on the eutectic Si par-
ticle characteristics of A319.1, A356.2, andA413.1 Al-Si casting
alloys. Measurements of the eutectic Si particles revealed that
addition of mischmetal led to partial modification, while
full modification was achieved with the addition of Sr in
the as-cast condition, at both high and low cooling rates.
The interaction between Sr and mischmetal weakened the
effectiveness of Sr as a Si particle-modifying agent.This effect
was particularly evident at the low cooling rate.

The present study was undertaken to investigate the com-
bined effect of solidification rate and addition of rare earth
metals with or without Sr on the characteristics of the eutectic
Si structure aswell as onporosity formation in castA356 alloy.

2. Experimental Procedure

Table 1 lists the chemical composition of the base A356 alloy
used in the present study.The as-received ingots were melted
using an electrical resistance furnace at 750∘C. The molten
metal was degassed using pure, dry argon, injected into the
melt by means of a graphite rotary impeller (at a speed of
130 rpm). Prior to degassing,measured amounts of Sr, La, and
Ce were added. The three elements were introduced into the
molten alloy in the form of Al-10% Sr, Al-20% La, and Al-
20% Ce master alloys. At the end of the degassing period,
the molten alloy was poured into three different molds which
provided different solidification rates:

(1) A graphite mold preheated at 600∘C used for carrying
out thermal analysis for obtaining the solidification
curve (see Figure 1(a)) [12]

(2) A variable angle metallic mold (0∘, 5∘, and 15∘) heated
at 350∘C (see Figure 1(b))

(3) A step-like metallic mold heated at either 200∘C or
400∘C (see Figure 1(c))

(4) Setup for measuring the solidification curves in the
variable angle mold (see Figure 1(d))

For each pouring/casting, samplings for chemical analysis
were also taken, to determine the exact composition of the
melt. Chemical analyses were carried out at General Motors
facilities in Warren, MI, and the results are listed in Table 2.
Samples for metallography were also sectioned from all

castings. These samples were individually mounted in bake-
lite using a Struers LaboPress-3 machine, subjected to grind-
ing and polishing procedures using a TegraForce-5 machine,
and subsequently polished to a fine finish using 1 𝜇m dia-
mond suspension. The polished samples were examined
using an Olympus PMG3 optical microscope-Clemex Vision
PE image analysis system. The secondary dendrite arm
spacing (SDAS) values weremeasured using the line intercept
method shown in Figure 1(e). Table 3 summarizes the
measured SDAS values obtained from the examined samples.
Phase identification was carried out using an electron probe
microanalyzer (EPMA) in conjunction with energy disper-
sive X-ray (EDX/EDS) analysis and wavelength dispersive
spectroscopic (WDS) analysis where required, integrating a
combined JEOL JXA-8900lWD/EDmicroanalyzer operating
at 20KV and 30 nA, where the size of the spot examined was
∼2 𝜇m.

3. Results and Discussion

3.1. Thermal Analysis. Solidification kinetics of an unmodi-
fied and Sr-modified near-eutectic Al-Si alloy were analyzed
by Aparicio et al. [13] who found that there are changes
in the solidification rate during eutectic nucleation followed
by similar solidification rate evolutions during growth, sug-
gesting that this parameter is governed principally by the
heat extraction conditions. The work of Hengcheng et al.
[14] on the effects of Sr and solidification rate on eutectic
grain structure in an Al-13 wt.% Si alloy revealed that the
characteristic temperature of eutectic nucleation (𝑇𝑁), the
minimum temperature prior to recalescence (𝑇𝑀), and the
growth temperature (𝑇𝐺) during cooling as determined by
quantitative thermal analysis are continuously decreasedwith
increasing Sr content. As mentioned previously, Nogita et al.
[15] reported that all rare earth elements had some effect on
the eutectic silicon; however, europium was the only element
to cause fully modified, fine fibrous silicon, whereas the other
elements only produced a minor refinement of the plate-like
silicon morphology.

Ferdian et al. [16] studied the effect of cooling rate on
the eutectic modification in A356 alloy. Figure 2 shows the
parameters taken from thermal analysis cooling curves for
characterizing the (Al)-Si eutectic arrest which, according to
the authors, comprises the minimum eutectic temperature
(𝑇𝑒,min), maximum eutectic temperature (𝑇𝑒,max), and recales-
cence (Δ𝑇𝑒). In case of no recalescence, 𝑇𝑒,max was obtained
as the temperature for which the absolute value of the cooling
rate (time derivative of the cooling curve) was the highest.
Δ𝑇𝑑 = 𝑇𝑅 − 𝑇𝑒,max is the eutectic depression, where 𝑇𝑅
is the equilibrium eutectic temperature calculated using (1)
which was obtained by updating the equation proposed by
Mondolfo [17].

𝑇𝑅 (
∘C) = 577 − 12.5

𝑤Si
⋅ (4.59 ⋅ 𝑤Mg + 1.37 ⋅ 𝑤Fe

+ 1.65 ⋅ 𝑤Cu + 0.35 ⋅ 𝑤Zn + 2.54 ⋅ 𝑤Mn + 3.52 ⋅ 𝑤Ni) .
(1)

Applying this equation for the present alloy shows that𝑇𝑅
for A356.1 alloy is about 570.8∘C.
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Table 2

(a) Modifier additions and corresponding A356 alloy codes, graphite mold castings

Alloy Mold type Mold temp. (∘C) Alloy code
Modifier addition (wt.%)

Aimed Actual
Sr La Ce Sr La Ce

A356 Graphite 600

TB 0 0 0 0 0 0
T10 0 0.2 0 0 0.165 0
T1 0 0.5 0 0 0.356 0
T2 0 1 0 0 0.685 0
T3 0 1.5 0 0 1.025 0
T11 0 0 0.2 0 0.002 0.082
T4 0 0 0.5 0 0.006 0.185
T5 0 0 1 0 0.006 0.317
T6 0 0 1.5 0 0.009 1.088
T7 0 0.5 0.5 0 0.442 0.282
T8 0 1 1 0 0.781 0.377
T9 0 1.5 1.5 0 1.073 0.531
T10S 0.01 0.2 0 0.0079 0.165 0
T1S 0.01 0.5 0 0.0109 0.356 0
T2S 0.01 1 0 0.0077 0.685 0
T3S 0.01 1.5 0 0.0077 1.025 0
T11S 0.01 0 0.2 0.0073 0.002 0.182
T4S 0.01 0 0.5 0.0078 0.006 0.358
T5S 0.01 0 1 0.0081 0.006 0.817
T6S 0.01 0 1.5 0.0081 0.009 1.288
T7S 0.01 0.5 0.5 0.0083 0.442 0.382
T8S 0.01 1 1 0.0083 0.781 0.877
T9S 0.01 1.5 1.5 0.0089 1.073 1.231

(b) Actual Sr concentrations obtained for the step-like and variable angle mold castings of A356 alloy

Mold Alloy code Sr (ppm)∗

Step-likemold

S12 83
S22 95
S32 84
S42 105
S52 108
S14 79
S24 73
S34 77
S44 88
S54 89

Variable angle mold

DBLS 127
D10LS 79
D1LS 109
D2LS 74
D3LS 74
D11LS 73
D4LS 70
D5LS 71
D6LS 77
D7LS 75
D8LS 78
D9LS 70

∗Aimed amount was 100 ppm ± 20 ppm.
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Figure 1

Figure 3(a) presents the solidification curve and its first
derivative obtained from the base A356 alloy using the
preheated graphite mold while Figure 3(b) shows the effect
of 100 ppm Sr addition to the base alloy. It is inferred from
Figure 3 that addition of Sr resulted in increasing the nucle-
ation temperature of 𝛼-Al from about 614.4∘C to 616.4∘C,
that is, 2∘C, with a decrease in the eutectic temperature
from 569.65∘C to 562.23∘C (approximately 7.4∘C) with a total

increase in the freezing zone by about 9.5∘C. Modification
with Sr also resulted in the merging of peaks (3) and (4)
observed in Figure 3(a). The studies carried out by Samuel
et al. [18, 19] revealed that Sr addition causes fragmentation
of the 𝜋-iron phase during the course of solidification which
explains the disappearance of peak (2) seen in Figure 3(b).
Due to the directional solidification nature of castings made
using the variable angle mold (Figure 3(c)), it is difficult
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Table 3: Average secondary dendrite arm spacing of the examined A356 alloy samples.

Mold Mold temp. (∘C) Mold section SDAS∗ (𝜇m)
Average SD

Graphite 600 Center 68.63 5.49

Step-like

200 Large 31.56 2.92
200 Small 16.17 1.89
400 Large 41.66 3.02
400 Small 22.46 3.96

Variable angle 325 Large 53.62 5.7
325 Small 25.04 3.0

∗Secondary dendrite arm spacing obtained over 20 measurements per sample. SD: standard deviation.

(a)

�휋-phase

(b)

�훽-phase

Figure 4: Backscattered electron images of A356 alloy in the as-cast condition: (a) nonmodified and (b) modified with 100 ppm Sr, showing
𝜋-phase and 𝛽-phase particles.
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(a) Solidification curves obtained fromA356 alloys containing different La
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solidification [18, 19]
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Figure 6: Variation in the eutectic Si morphology as a function of melt treatment: (a) no addition, (b) addition of 3% RE (alloy #11 in
Figure 4(a)), (c) modification with 100 ppm Sr, and (d) addition of 2% RE to Sr-modified alloy (alloy #10 in Figure 4(b)).
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Figure 8: Eutectic Si morphology revealed in deep etched samples of (a) base alloy without Sr and (b) base alloy + Sr.

to identify the sequence of reactions taking place during
solidification.Thus, in this case, the values of SDAS are based
on the polished samples. Figure 4 illustrates the effect of the
Sr modification on the microstructure of the A356 alloy.

Figure 5(a) illustrates the changes in the characteristics
of the temperature-time curves as a function of the added
amount of La and Ce. In Figure 5(a), addition of 1%
La resulted in increasing the freezing zone from 44.8∘C
(Figure 3(a)) to 56.8∘C, with a further increase to 61∘C and
623∘C with the use of 1.5% La + 1.5% Ce (see Table 2(a)
for actual concentrations). This behavior depends on the
added element, that is, La or Ce. The reported increase in
the freezing zone is brought about by the increase in the
nucleation temperature of 𝛼-Al coupled with the depression
in the eutectic temperature.The increase in the freezing zone
is expected to result in poor feedability of the alloy and hence
more porosity [20, 21]. It should be noted that La is more
effective than Ce in increasing the freezing zone. It should
be emphasized here that the addition of the RE elements
changes the nucleation process of themolten alloy and, hence,
the undercooling of the melt will be influenced. Modifying
the alloys with about 100 ppm Sr resulted in neutralizing
the effect of RE on the change in both 𝛼-Al and eutectic
precipitation temperatures, as shown in Figure 5(b), which
is very close to that presented in Figure 3(b). In this case,
the solidification temperature range is about 53∘C. Reis et al.
[20] presented a model for prediction of shrinkage defects
in long and short freezing range materials. Their results
showed that internal and external shrinkage defects depend
on the freezing range of the metal. A short freezing range
resultsmainly in internal shrinkage whereas the long freezing
range shows more external shrinkage. Figure 6 presents the
microstructure of the eutectic Si when the alloy was subjected
to different melt treatments. It is evident from Figure 6(b)
that addition of 3% RE to the base alloy has no significant
modification effect in spite of the observed decrease in
the eutectic temperature. Thus, in this case, the observed
depression in the eutectic temperature should not be used
as an indicator of modification [11]. When the base alloy is
treated with 100 ppm Sr (Figure 6(c)), the microstructure is

fully modified. Due to RE-Sr interaction, the Si particles tend
to lose their fibrous morphology; that is, they are partially
modified (Figure 6(d)). These observations will be discussed
in more detail in the next section.

The depression of the eutectic temperature is the feature
that is used most often in thermal analysis as an indicator of
modification [22]. As eutectic temperature is easy tomeasure,
it is generally employed to assess whether or not a melt is
properly modified. However, if temperature alone is used
as the criterion for proper modification, it is difficult to
detect overmodified structures, because the greatest change
of temperature occurs in the unmodified-to-modified transi-
tion [23]. Figure 7(a) exhibits the depression in the eutectic
temperature with the addition of La in the absence of Sr.
In this case, addition of 1.5% La resulted in decreasing the
eutectic temperature by about 8∘C. Modification of the same
alloys with 100 ppm Sr neutralized this effect, as seen from
Figure 7(b). Thus, the depression in the eutectic temperature
is mainly due to Sr modification (6∘C) with undercooling of
about 2∘C. It should be mentioned here that the addition of
0.2% RE has no noticeable effect on the eutectic temperature.

3.2. Eutectic Si Particle Characteristics

3.2.1. Variable Angle Mold. Figure 8(a) shows the morphol-
ogy of the eutectic Si in deep etched samples of A356
alloy. In the case of the nonmodified alloy sample, the Si
appears in the form of platelets with sharp edges (arrow).
Addition of 80 ppm Sr (Figure 8(b)) resulted in changing the
Si morphology into an interconnected “branched tree” type,
with the particles exhibiting necking (arrow). Table 4 lists the
eutectic Si particle characteristicsmeasured from the variable
angle mold at two tilting angles, that is, 0 and 15 degrees.
At zero tilting angle (SDAS ∼ 25 𝜇m), the Si particles were
refined due to the high solidification rate, as documented
in Table 4(a). It is evident that the addition of RE up to 3%
has no significant refining effect. Also, the standard deviation
is noticeably large, indicating a marked variation in the Si
particle size. Increasing the mold tilting angle to 15 degrees,
thereby reducing the solidification rate (SDAS ∼ 52 𝜇m), the
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(f) D9LS alloy

Figure 9: Examples of the eutectic Si particle size and distribution after different melt treatments/additions in A356 alloy samples obtained
from the variable angle mold (large) castings.
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Table 4

(a) Eutectic Si particle characteristics observed in variable angle mold (small∗) samples of A356 alloys containing La and Ce additions

Alloy code
RE content Silicon particle characteristics
Actual Area (𝜇m2) Length (𝜇m) Aspect ratio Density (number/mm2)

La (wt.%) Ce (wt.%) Average SD Average SD
DBS 0 0 5.990 7.032 5.957 7.421 2.671 8240
D10S 0.165 0 8.805 10.020 8.536 10.30 2.468 6037
D1S 0.356 0 6.492 6.958 6.459 11.70 2.282 8174
D2S 0.685 0 7.08 8.56 5.409 6.78 2.288 4201
D3S 1.025 0 3.211 5.164 3.101 5.82 2.221 10149
D11S 0.032 0.082 7.154 7.915 6.870 9.75 2.553 6307
D4S 0.136 0.185 6.413 7.472 6.307 8.53 2.533 7330
D5S 0.046 0.317 5.683 6.376 4.967 6.37 2.451 7902
D6S 0.089 1.088 8.105 9.673 6.094 9.01 2.367 6795
D7S 0.44 0.282 5.058 5.868 6.820 10.80 2.219 8331
D8S 0.781 0.877 5.917 6.754 7.555 9.96 2.355 6253
D9S 1.073 0.831 4.426 4.914 5.254 7.60 2.124 16277
Note. Mold temperature: 325∘C; ∗small: angle of variable angle mold is 0∘.

(b) Eutectic Si particle characteristics observed in variable angle mold (large∗) samples of A356 alloys containing La and Ce additions

Alloy code
RE addition Silicon particle characteristics

Actual Area (𝜇m2) Length (𝜇m) Aspect ratio Density (number/mm2)
La (wt.%) Ce (wt.%) Average SD Average SD

DBL 0 0 21.45 29.53 9.467 9.397 2.586 35521
D10L 0.165 0 28.48 36.16 19.38 10.230 2.275 2349
D1L 0.356 0 18.24 28.87 11.42 9.498 2.237 5521
D2L 0.685 0 24.43 37.46 15.3 10.95 2.287 3754
D3L 1.025 0 19.59 13.96 9.374 5.804 2.195 9446
D11L 0.032 0.082 16.37 23.23 12.42 8.741 2.600 7352
D4L 0.136 0.185 16.19 25.41 10.23 8.960 2.499 5924
D5L 0.046 0.317 16.09 28.03 8.752 9.570 2.367 5668
D6L 0.089 1.088 18.66 31.05 9.310 10.410 2.305 5236
D7L 0.44 0.282 11.93 18.95 12.01 7.605 2.343 7515
D8L 0.781 0.877 15.95 24.51 13.200 8.162 2.332 4122
D9L 1.073 0.831 8.20 12.82 5.880 5.416 2.185 12862
Note. Mold temperature: 325∘C; ∗large: angle of variable angle mold is 15∘.

(c) Characteristics of eutectic Si particles in variable angle mold (large∗) samples of Sr-modified A356 alloys containing La and Ce additions

Alloy code
Addition Silicon particle characteristics
Actual Area (𝜇m2) Length (𝜇m) Aspect ratio Density (number/mm2)

Sr (ppm) La (wt.%) Ce (wt.%) Average SD Average SD
DBLS 127 0 0 1.765 3.906 2.161 2.431 2.061 64199
D10LS 69 0.165 0 2.138 3.930 2.345 2.378 1.952 58454
D1LS 109 0.356 0 2.385 5.157 2.494 2.958 1.974 42526
D2LS 74 0.685 0 4.240 2.470 2.625 8.348 2.370 5374
D3LS 74 1.025 0 5.775 2.633 3.815 4.688 2.262 18163
D11LS 73 0.033 0.082 3.549 6.440 3.207 3.862 2.114 38504
D4LS 70 0.136 0.185 1.876 3.542 2.165 2.053 1.937 55283
D5LS 71 0.046 0.317 2.524 4.593 2.565 2.854 1.906 49097
D6LS 77 0.089 1.088 1.885 4.197 2.155 2.435 1.927 61875
D7LS 75 0.44 0.282 3.119 5.461 2.931 3.235 1.927 36082
D8LS 78 0.781 0.877 7.421 12.000 4.937 5.439 2.184 17488
D9LS 72 1.073 0.831 4.622 7.183 3.840 4.001 2.151 26061
Note. Mold temperature: 325∘C; ∗large: angle of variable angle mold is 15∘.
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Figure 10: Distribution of Sr in the modified A356 alloy.

addition of RE exhibited a tendency for Si modification as
may be seen from Table 4(b). As in the previous case (zero
tilting angle), the standard deviation is also high in this
case. It should be noted that Ce is relatively more effective
than La as an alternate modification agent. Figures 9(a)–9(f)
show examples of the eutectic Si morphology in A356 alloy
samples treated with different amounts of RE, without (a,
c, d) and with (b, e, f) Sr addition. It should be mentioned
here that, according to the atomic radius ratio, 𝑟La/𝑟Si is
1.604 and 𝑟Ce/𝑟Si is 1.559, which theoretically confirms the
abovementioned observation [23].

Based on the data presented in Tables 4(a) and 4(b),
the observed depression in the eutectic temperature is not
necessarily related to modification of the eutectic Si particles.
In confirmation of this conclusion, Table 4(c) lists the varia-
tion in the eutectic Si particles when the alloys were treated
with 100 ppm Sr. It is obvious that Sr is the most effective
agent for modification compared to the other RE elements
analyzed in the present study from both size and distribution

aspects, as represented by the standard deviation. Figure 10
shows the distribution of Sr within the eutectic Si particles
in the DBLS alloy. Figures 11 and 12 reveal the distribution
of La, Ce, and Sr in RE-rich platelets, which explains the
partial modification of the surrounding Si particles as less Sr
is available for modification of the eutectic Si. It may be noted
from Figures 9 and 10 that the affinity of La to react with Sr is
relatively higher than that of Ce.

3.2.2. Step-Like Mold. Since the modification effect of La is
similar to that provided by Ce, only La will be considered
in this section. Table 5(a) lists the characteristics of the
eutectic Si particles as a function of solidification rate and the
level of La addition. Apparently, the solidification rate is the
main factor affecting modification compared to the added La
content. With the increase in the SDAS from 16 𝜇m to 41 𝜇m,
the average Si particle area increases from 3.7𝜇m2 to 14 𝜇m2
with an increase in the La concentration to about 0.7 wt.%.
It should also be noted that the corresponding standard
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Table 5

(a) Silicon particle characteristics of La-containing A356 alloy samples obtained from step-like mold castings

Alloy code Mold temp. (∘C) Mold section
RE addition Silicon particle characteristics

Actual Area (𝜇m2) Length (𝜇m) Aspect ratio Density (number/mm2)
La (wt.%) Average SD Average SD

12S

200 Small (SDAS: 16𝜇m)

0 3.663 5.680 3.444 3.567 2.272 13495
22S 0.165 1.685 3.740 2.132 2.376 2.044 27050
32S 0.356 1.364 3.825 1.898 2.229 2.029 38893
42S 0.685 1.464 3.665 1.952 2.119 2.022 33243
52S 1.025 1.506 4.175 1.879 2.306 1.978 35101
12L

200 Large (SDAS: 31 𝜇m)

0 7.876 12.290 5.591 5.970 2.548 6471
22L 0.165 6.763 11.410 4.743 5.394 2.230 7416
32L 0.356 5.334 7.426 4.475 3.772 2.107 11179
42L 0.685 5.194 10.910 4.318 4.639 2.162 6644
52L 1.025 2.727 6.007 2.678 2.962 2.129 11145
14S

400 Small (SDAS: 22 𝜇m)

0 5.245 7.768 4.360 4.452 2.393 9361
24S 0.165 3.371 4.856 3.148 2.908 2.147 13055
34S 0.356 5.152 8.234 4.119 4.040 2.129 10819
44S 0.685 4.517 7.080 3.671 3.844 2.092 13439
54S 1.025 2.680 5.351 2.648 3.153 2.034 25475
14L

400 Large (SDAS: 41 𝜇m)

0 15.800 24.850 8.113 9.591 2.565 3457
24L 0.165 13.830 21.330 7.083 8.016 2.463 4007
34L 0.356 15.160 24.430 7.668 9.044 2.385 3555
44L 0.685 14.240 23.500 7.072 8.191 2.411 3788
54L 1.025 9.514 16.030 5.746 6.027 2.363 5904
Note. Small: sample sectioned from step of 5mm height. Large: sample sectioned from step of 20mm height. SD: standard deviation.

(b) Silicon particle characteristics of La-containing Sr-modified A356 alloy samples obtained from step-like mold castings

Alloy code Mold temp. (∘C) Mold section
Composition Silicon particle characteristics

Actual Area (𝜇m2) Length (𝜇m) Aspect ratio Density (number/mm2)
Sr (ppm) La (wt.%) Average SD Average SD

S12S

200 Small

83.3 0 0.875 3.592 1.268 1.212 1.84 85236
S22S 95.0 0.165 0.860 4.796 1.235 1.964 1.92 57253
S32S 84.1 0.356 0.669 3.963 1.108 1.330 1.81 90306
S42S 105.8 0.685 0.689 3.756 1.205 1.473 1.84 79410
S52S 108.3 1.025 0.853 4.438 1.246 1.685 1.85 74495
S12L

200 Large

83.3 0 1.653 3.738 1.948 1.661 1.89 48426
S22L 95.0 0.165 1.606 4.175 1.897 1.976 1.96 33046
S32L 84.1 0.356 1.401 3.898 1.763 1.820 1.95 39323
S42L 105.8 0.685 1.364 4.134 1.766 2.043 1.95 46551
S52L 108.3 1.025 1.406 4.180 1.853 2.229 2.02 37318
S14S

400 Small

79.1 0 0.996 3.526 1.548 1.465 1.83 74841
S24S 73.1 0.165 1.020 3.681 1.389 1.431 1.81 65911
S34S 77.0 0.356 0.899 3.619 1.409 1.485 1.88 75695
S44S 88.0 0.685 0.768 3.504 1.288 1.282 1.90 58987
S54S 89.5 1.025 1.042 5.243 1.539 2.948 1.91 65816
S14L

400 Large

79.1 0 2.532 5.228 2.640 2.254 1.90 32512
S24L 73.1 0.165 2.262 5.044 2.245 2.223 1.91 34871
S34L 77.0 0.356 1.679 3.691 2.003 1.896 1.96 43197
S44L 88.0 0.685 2.121 5.302 2.287 2.652 1.99 35591
S54L 89.5 1.025 2.471 3.718 2.600 1.748 2.06 30309
Note. Small: sample sectioned from step of 5 mm height. Large: sample sectioned from step of 20mm height. SD: standard deviation.
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Figure 11: (a) Elemental distribution of Si, La, Sr, and P corresponding to a backscattered electron image showing La-rich platelet and
surrounding Si particles in 100 ppm Sr-modified A356 alloy containing 1.025%wt.% La; (b) EDS spectrum of the La-rich platelet. Note the
presence of P at the center of the Sr (circled areas).

deviation increased from ±5.7 to ±23.5, indicating a wide
range of Si particle sizes and distributions. At∼1 wt.%La level,
a tendency for modification is observed, as demonstrated
by Figures 13(a) and 13(c). The variations in the Si particle
characteristics in the same series of alloys with the addition of
∼100 ppm Sr are shown in Table 5(b). The average Si particle

area is about 1.5 𝜇m2 ±3.6 regardless of the solidification rate
and La concentration as displayed in Figures 13(b) and 13(d).

3.3. Porosity. Liao et al. [24] studied the effect of Sr addition
on porosity formation in directionally solidified A356 alloy.
Their results showed that the growth rate of pores decreases
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Figure 12: (a) Backscattered electron image showing Ce-rich platelets in Sr-modified A356 alloy containing 1.025%wt.% Ce and elemental
distribution of (b) Ce, (c) Sr, and (d) EDS spectrum corresponding to (a).

with the reduction in local liquid temperature, while it
fluctuates violently during directional solidification.Addition
of Sr weakens this fluctuation and decreases the average
growth rate of pores. Addition of Sr has a considerable
influence on the size distribution of pores.

The modification of Al-Si casting alloys was analyzed by
Sigworth [25]. Modification may change the relative forma-
tion of porosity and shrinkage in a casting. The modifiers
strontium and sodium are poisoned by phosphorus, anti-
mony, and bismuth. Consequently, the levels of these impu-
rities should be monitored carefully in secondary alloys.

The effect of Sr content on porosity formation in a
directionally solidified Al-12.3 wt.% Si alloy was investigated
byHengcheng et al. [26]who suggested that Sr solute in liquid
Al-Si alloys can diffuse into oxide inclusions to form loose
oxide aggregations which are more active nucleation sites for

porosity. Stunov [27] concluded that, in Al-Si-Mg alloys, Sr
has a negative effect on the level of gas porosity and on the
distribution of shrinkage porosity.

The effect of the metallurgical parameters on porosity
formation examined in the present study was limited to the
variable angle mold and the step-like mold. Figure 14 shows
the general distribution of porosity in Sr-free degassed A356
alloy castings obtained from the variable angle mold heated
at 350∘C, using different angles. As can be seen, the high
solidification rate associated with the thin plates of the zero-
degree angle castings may lead to the formation of hot spots
within the casting as denoted by the black circled areas.

Figures 15(a) and 15(b) show two examples of the porosity
observed in samples of Sr-modified A356 alloys containing
La obtained from the 15∘ variable angle mold.These pores are
associated with thick oxide films (white arrows), as inferred
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Figure 13: Examples of the eutectic Si particles observed in A356 alloy following addition of Sr, La, or Sr + La in samples obtained from the
small section (200∘C) of the step-like mold casting.

Figure 14: Porosity distribution in degassed A356 alloy castings obtained from the variable angle mold heated at 350∘C.

from the X-ray images of oxygen and strontium distribution
corresponding to Figure 15(b), as shown in Figures 15(c) and
15(d). It should be kept in mind that these X-ray images were
taken from deep pores. Thus, the distribution may have been
affected by the pore morphology. Another important obser-
vation noted from Figure 15 is that the fragmentation of the
La-rich platelets appears to occur in a similar manner to that
reported for the fragmentation of 𝛽-Al5FeSi platelets [28].

Porosity measurements were carried out on nonmodified
and Sr-modified La-containing A356 alloys as a function of
La content, using samples obtained from the step-like mold
castings.The obtained data is documented in Figure 16. Since
the molten metal was properly degassed (humidity in the
vicinity of the melt was about 13%), the amount of dissolved
hydrogen in the molten alloy would be at its threshold
value. Thus, porosity in this case would be caused mainly by
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Figure 15: (a, b) Backscattered electron images showing porosity in Sr-modified A356 alloy samples containing (a) 0.8% La and (b) 1.025%
La; note the presence of thick oxide films (white arrows) (sample SDAS ∼ 42 𝜇m). (c, d) X-ray images showing the distribution of (c) oxygen
and (d) strontium in (b).

shrinkage due to volumetric change during solidification. Liu
et al. [29] reported that Sr oxide is one of the main sources of
porosity due to the high affinity of Sr to react with oxygen. As
was observed from Figure 5, the addition of RE resulted in an
increase in the freezing range so that poor feedability of the
molten metal would be expected.

Figure 16(a) presents the variation in percentage porosity
as a function of solidification rate and the levels of La and Sr
present in the alloy, where “Small” and “Large” correspond to
samples obtained from the small and large steps of the step-
like mold casting (see Figure 1(c)), and the suffixes 200 and
400 indicate the two temperatures of themold during casting.
In the absence of Sr, the total percentage porosity is less than
0.2%which decreases to 0.1%with the increase in the amount
of La to 1.025wt.%.

With 100 ppm Sr addition, a noticeable increase in the
percentage porosity is observed, especially at low solidifica-
tion rate (Figure 16(a)). It should be noted also that increasing
the La content has no specific effect on percentage porosity.
Figure 16(b) illustrates the increase in pore density (measured
by number of pores/mm2) emphasizing the strong role of
modification with Sr coupled with low solidification rate in
the intensity of porosity in the final casting [30].

Figure 17 shows an example of the shape and size of the
type of porosity observed in a 1.025wt.% La-containing A356

alloy sample obtained from the large section of the step-like
mold (mold heated at 400∘C). The La-based intermetallic
phase is seen to precipitate in the form of platelets, sur-
rounded by partially modified eutectic Si. The EDS spectrum
corresponding to the La-containing platelet is shown in
Figure 17(b) indicating that it is composed of Al and La. The
WDS analysis revealed that the composition of these platelets
is Al3La (77.4 at.% Al, 22.6 at.% La). Figure 18 shows the
fragmentation of a La-rich platelet under the same casting
conditions.

4. Conclusions

Based on an analysis of the results obtained in this study, the
following conclusions may be drawn:

(1) Addition of La and Ce rare earth (RE) metals leads
to an increase in the 𝛼-Al precipitation temperature,
lowering at the same time the Al-Si eutectic temper-
ature, resulting in long freezing temperature ranges
and hence poor feedability.

(2) The changes in both𝛼-Al and Si eutectic temperatures
are independent of the undercooling.

(3) Addition of Sr to RE-treated alloys eliminates their
effect on the microstructure during solidification.
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Figure 16

(4) Rare earth metals have a minor effect on the refine-
ment of the eutectic silicon particles whereas Sr is the
dominating modifying agent.

(5) According to the atomic radius ratio, 𝑟La/𝑟Si is 1.604
and 𝑟Ce/𝑟Si is 1.559, theoretically, which shows Ce to
be a more effective modifier than La.

(6) Strontium has a strong affinity for reacting with rare
earth metals, which results in reducing its effective-
ness as a eutectic Si modifier.

(7) The presence of traces of P observed in the A356 alloy
samples leads to a reaction between P and Sr in the
Sr-modified alloys, forming a complex compound
which acts as a nucleation site for the precipitation of
RE-rich phases.

(8) Porosity occurs mainly due to shrinkage and oxide
films. In the absence of Sr, addition of rare earth
metals, especially at high concentration, reduces the
percentage of shrinkage porosity.
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Figure 17: (a) Secondary electron image showing porosity in A356 alloy containing 1.025wt.% La and no Sr (sample SDAS ∼ 42𝜇m). (b) EDS
spectrum corresponding to the La-rich phase platelet (black arrow) in (a).
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Figure 18: Secondary electron image of La-rich platelet within a pore in Sr-modified, high (1.025%) La-containing A356 alloy (sample SDAS
∼ 42 𝜇m).

(9) Addition of Sr causes fragmentation of the rare earth
intermetallics similar to that observed for the 𝛽-
Al5FeSi iron intermetallic phase.
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The present paper reports the synthesis of AlCoCuFeMnNi high entropy alloy (HEA) with arc melting process. The as-cast alloy
was heat treated at 900∘C for 8 hours to investigate the effect of heat treatment on the structure and properties. Microstructural
and mechanical properties of the alloy were analyzed together with the detailed phase analysis of the samples. The initially as-
cast sample was composed of two separate phases with BCC and FCC structures having lattice parameters of 2.901 Å and 3.651 Å,
respectively. The heat-treated alloy displays microsized rod-shaped precipitates both in the matrix and within the second phase.
Rietveld refinement has shown that the structure was having three phases with lattice parameters of 2.901 Å (BCC), 3.605 Å (FCC1),
and 3.667 Å (FCC2). The resulting phases and distribution of phases were also confirmed with the TEMmethods. The alloys were
characterizedmechanicallywith the compression and hardness tests.The yield strength, compressive strength, andVickers hardness
of the as-cast alloy are 1317 ± 34MPa, 1833 ± 45MPa, and 448 ± 25Hv, respectively. Heat treatment decreases the hardness values
to 419 ± 26Hv. The maximum compressive stress of the alloy increased to 2123 + 41MPa while yield strength decreased to 1095 ±
45 with the treatment.

1. Introduction

Traditional alloy design approach is based on mixing of one
or two primary elements with known properties and minor
elements are added in order to improve their properties.
According to conventional strategy for developing new alloy
systems, multiprincipal elements can lead to the formation of
intermetallic compounds and complex microstructures. Yeh
et al. [1] and Cantor [2] have broken this thinking pattern
with the development of high entropy alloys (HEA). High
entropy alloys are the systems with usually more than five
principle elements at levels of 5–35 at % [3–5]. Due to high
configurational entropy of these systems, FCC and BCC solid
solutions were generally formed rather than intermetallics
and complex phases [6–8]. It has been shown that some
alloy systems designed with HEA approach show excellent
mechanical [8–10] and high-temperature properties [6] and
wear [11] and high-temperature softening resistance [12] and

so forth and they are suitable for many applications. In many
cases the best balance of properties may be achieved for a
multiprincipal element alloy consisting of more than one
solid solution phase [8, 13].

Within the high entropy alloy systems, AlCoCrFeNi
alloy is the one which has extensively been studied [14,
15]. It is well established that the properties of the alloy
system depend on the composition. In the current study,
we modified this alloy system by replacing Cr with Cu and
Mn was added as new alloying element. The system was
synthesized with arc melting method and characterized with
respect to crystal structure, phase stability, microstructure,
and mechanical properties. The sample was heat treated at
900∘C for 8 hours to see high-temperature properties. The
resultant microstructures and phases were analyzed before
and after heat treatment with the method of X-ray diffrac-
tion, scanning electron microscopy, transmission electron
microscopy, compression test, and microhardness test.

3

__________________________ WORLD TECHNOLOGIES __________________________

https://doi.org/10.1155/2017/1950196


WT

2. Experimental Method

Equiatomic amount of high purity Al (99.9%), Co (99.9%),
Cu (99.9%), Fe (99.9%), Ni (99.9%), and Mn (99.9%) was
melted in an arc furnace under argon atmosphere. Approx-
imately batches of 3 grams were melted in a water-cooled
copper mold. The ingot was remelted three times in order to
increase homogeneity.The specimen was evaluated at as-cast
condition and heat treated at 900∘C in an argon atmosphere
for 8 hours and furnace cooled.

The phases are characterized with X-ray diffraction
method using a Bruker D8 ADVANCE X-ray diffractometer
(XRD) with copper target operated at 40 kv 30mA. The
lattice parameters and crystal structures as well as volume
fractions were obtained from the Rietveld refinement of
X-ray data with MAUD program [16]. Compositional and
microstructural analysis were carried out using FEI Nova
NanoSEM 430 equipped with EDS detector.

Thin-foil specimens were prepared by mechanical thin-
ning followed by ion milling and were observed under a
transmission electron microscope (200 kV TEM, JEM-2100F,
JEOL, Tokyo, Japan).

Mechanical properties were evaluated by uniaxial com-
pression tests on samples with 3mm diameter and 4.5mm
length by using an Instron 5582 testing system with a strain
rate of 10−3 s−1. Three compression tests were performed to
obtain average value. The hardness values were measured
using 4.903N load for 10 sec.The reported hardness valuewas
an average of at least 10 measurements.

3. Results and Discussion

3.1. Phase Analysis. Figure 1(a) shows the X-ray diffraction
(XRD) pattern of the as-cast sample with the aforementioned
composition. Detailed Rietveld refinement of the XRD data
shows that as-cast sample is composed of two solid solution
phases with body centered cubic (BCC) and face centered
cubic (FCC) crystal structure. The lattice parameters of the
BCC solid solution and FCC solid solutions are found to
be 2.901 Å and 3.651 Å, respectively. The relative fractions of
these two phases are 65.66% (BCC) and 34.34% (FCC).

The alloy was heat treated at 900∘C for 8 hours. After
heat treatment, a second FCC phase with similar lattice
parameter appeared on XRD data with BCC phase seen in
as-cast sample remaining in the structure (Figure 1(b)). The
lattice parameters of the two FCC phases are calculated to be
3.667 Å and 3.605 Å, while the lattice constant of BCC phase
is determined to be 2.893 Å. The relative fractions of these
phases are found to be 26.82%, 19.53%, and 53.65, respectively.
The corresponding phases, their lattice parameters, and
volume fractions of these two conditions have been listed
in Table 1. Rietveld refined X-ray diffractogram of the heat-
treated sample is given in Figure 2. It should be noted here
that we see the transformation of some fraction of BCC and
FCC phases to another FCC phase which we will call FCC-2
from now on.

3.2. Microstructure and Chemical Composition Analysis. Fig-
ure 3(a) presents the backscattered electron image of the as-
cast alloy. It is seen from the image that the microstructure
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Figure 1: X-ray diffractograms for AlCoCuFeMnNi (a) before heat
treatment and (b) after heat treatment.
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Figure 2: Rietveld refined X-ray diffractogram of heat-treated
sample.

contains a main phase exhibiting relatively darker contrast
and another phase with brighter contrast, which is consistent
with XRD results. The overall atomic composition which is
obtained from energy dispersive spectroscopy (EDS) analysis
of the as-cast sample and point analysis of the darker and
brighter phases is given in Table 2. It can be seen that the
darker phase is enriched with Al while brighter regions are
enriched with Fe and Cu.

Heat treatment of the sample leads to the formation
of more complex microstructure, which is supported by
X-ray diffraction analysis, Figure 3(b). A closer look to
the microstructure reveals that rod-shaped precipitates are
visible within both darker and brighter areas (refer to Fig-
ure 3(c)).

As it can be seen from the SEM image there seems to
be four regions. These regions can be named as (1) the dark
matrix phase (MP) and (2) bright precipitates within matrix
phase (PM) and (3) bright secondary phase (SP) and (4)
dark precipitates within secondary phase (PS). To understand
the nature of these regions, point elemental analyses are
applied to each region and these values are also included
in Table 2. Although the resulting quantitative values have
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Table 1: Rietveld Refinement results of the as-cast and heat-treated sample.

Phase Lattice parameter (Å) Phase fractions (%)

As-cast BCC 2.901 65.66
FCC 3.651 34.34

Heat-treated
BCC 2.893 53.64
FCC-1 3.667 26.83
FCC-2 3.605 19.53

Table 2: Chemical composition of the as-cast and heat-treated alloys.

Al Mn Fe Co Ni Cu
As-cast

Bright 12,04 17,28 20,32 16,40 13,94 20,04
Dark 21,49 15,36 15,12 16,07 17,35 14,61

Heat-treated
SP 9,92 15,67 14,87 12,51 12,76 34,28
PS 19,12 15,53 17,12 16,00 16,41 15,82
PM 16,25 15,41 17,12 14,96 14,19 22,08
MP 21,78 15,28 17,07 18,03 18,25 9,60

Overall 17,92 16,70 16,19 15,87 16,27 17,07

(a) (b)

Secondary phase (SP)
Dark precipitates within

secondary phase (PS)

Matrix phase (MP)

Bright precipitates within
matrix phase (PM)

(c)

Figure 3: Backscattered SEM images of the (a) as-cast and (b) heat-treated sample. (c) A closer look to the heat-treated sample.
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Figure 4: Elemental mapping of the heat-treated high entropy alloy.

restricted accuracy due to small sizes of phases, the values can
give rough information related to compositional distribution
among four regions. The values in Table 2 show that compo-
sition of thematrix phase (MP) is found to be rich in Al while
bright secondary phase (SP) is rich in Cu.

In order to verify the compositional variation within the
microstructure, the elemental mapping was carried out and
the colored maps are given in Figure 4. It is seen that the
matrix phase has more Al, Co, and Ni than the secondary
phase which is rich in Cu.The needle-like precipitates within
the matrix are enriched with Cu.

3.3. Transmission ElectronMicroscopy Analysis. Theobtained
phase distribution has further been verified with TEM analy-
sis.The similarmicrostructure obtained from SEM analysis is
observed inTEM.Bright fieldTEM image for the heat-treated
sample is shown in Figure 5(a). The upper inset (b) shows
diffraction pattern from matrix region (MP) and is found to
haveBCC structurewith [102]BCCzone axis. Similarly lower
inset (c) has been obtained from the precipitate in matrix
(PM) and has FCC structure from [031] FCC zone axis.
Crystal structure of the second phase is also determined using

selected area diffraction pattern. The diffraction patterns are
obtained from the bright field image shown in Figure 5(d)
and the patterns are indexed for the second-phase particle
(upper inset, (e)) and for the precipitate in second phase
(lower inset, (f)). The structures have been found to be FCC
from [211] FCC zone axis and BCC from [311] BCC zone
axis, respectively. To summarize TEM images and diffraction
patterns, it can be said that the matrix phase (MP) and dark
precipitates within secondary phase (PS) are found to be BCC
with the same lattice parameter while secondary phase (SP)
and bright precipitates withinmatrix phase (PM) are found to
be FCC phases with two different but close lattice parameters.

3.4. Mechanical Analysis. Figure 6 shows the engineer-
ing stress-strain curve of heat treated AlCoCuFeMnNi
HEA under compression at room temperature. The yield
strength (𝜎𝑦) and compressive strength (𝜎max) values of
AlCoCuFeMnNi HEA are 1095 ± 45MPa and 2123 ± 41MPa,
respectively. The values before heat treatment were also
shown in Figure 6 and measured to be 1317 ± 34 and 1833 ±
45MPa, respectively. Increase in compression strength of the
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Figure 5: TEM image and corresponding SAED patterns of bulk AlCoCuFeMnNi HEA after heat treatment. (a) Bright field image showing
the primary and secondary phases. (b) SAED pattern of the matrix from [102]BCC zone axis; (c) SAED pattern of FCC needle-like precipitates
from [031]FCC zone axis; (d) bright field image showing the second phase and needle-like precipitates within; (e) SAED pattern of the second
phase particle from [211] FCC zone axis; (f) SAED pattern of the needle-like precipitates within secondary phase from [311]BCC zone axis.

material can be related to the small sized precipitates within
the heat-treated sample [17].

The microhardness value of the AlCoCuFeMnNi alloy
was 448± 25Hvwhile with heat treatment it wasmeasured to
be 419± 26Hv.Adecreasewas observed in themicrohardness
values with heat treatment since there is a decrease in
the volume fraction of BCC phase, which exhibits higher
hardness/strength than that of the FCC phases, consistent
with what has been previously reported [17–19].

4. Conclusion

In the current study, we investigate the effect of heat treatment
on the microstructure and phase distribution and on the
mechanical properties of the alloy.We observe that two phase
structures which were initially FCC and BCC structure were
converted into three phase structures with one BCC and two
FCC structures with heat treatment. The SEM micrographs
show that the phases of HEA exhibit rod-shaped precipitates
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Figure 6: Engineering stress-strain curve of bulk AlCoCuFeMnNi
HEA under compression.

within both the matrix and second phase. TEM analyses
verify that these three phaseswere distributed as the FCCpre-
cipitates (PM) in BCC matrix (MP) and as BCC precipitates
(PS) in FCC second phase (SP). These two FCC phases have
close lattice parameters as 3.605 Å and 3.667 Å. This change
in microstructure and phase constitution was accompanied
by a corresponding progressive decrease in microhardness
with decreasing BCC content, clearly indicating that the
BCC microstructure is substantially harder than the FCC
microstructure. The corresponding increase on mechanical
strength value was thought to be related to small sized
precipitates within the structure.
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Electron beam welding of a titanium alloy (Ti-6Al-4V) and a kovar alloy (Fe-29Ni-17Co) was performed by using a Cu/Nb multi-
interlayer between them. Microstructure and composition of welded joints were analyzed by means of optical microscopy,
scanning electron microscopy, energy dispersive spectroscopy, and X-ray diffraction. Mechanical properties of welded joints were
evaluated by microhardness and tensile strength tests. Results indicated that in case of 0.22mm thickness of Nb foil, micro-
structure of the titanium alloy side was mainly composed of Ti solid solution and some intermetallic compounds such as FeTi and
CuTi2, whereas in case of 0.40mm thickness of Nb foil, the appearance of weld was more uniform and hardness of the weld zone
decreased sharply. However, tensile strength of welded joints was increased from 88.1MPa for the 0.22mmNb foil to 150MPa for
the 0.40mm Nb foil. It was found that thicker Nb foil could inhibit diffusion of Fe atoms towards the titanium alloy side, thus
promoting the formation of Ti solid solution and a small amount of CuTi2 and eliminating FeTi. In addition, in both cases,
Cu0.5Fe0.5Ti was found in the fusion zone of the titanium alloy side, which had an adverse effect on mechanical properties of
welded joints.

1. Introduction

Titanium alloys are widely used in nuclear, aerospace, and
chemical industries because of their high corrosion re-
sistance, light weight, high specific strength, and other high-
temperature properties [1]. It is known that kovar alloys have
similar coefficient of thermal expansion (CTE) with hard
glass (borosilicate) and are highly applied in the field of
electronic industry [2, 3]. Joining titanium and kovar alloys
can achieve a combination of their advantages to improve
performance of products to meet the needs for aerospace

and electronic packaging applications [4, 5]. In previous
studies, friction welding [6], diffusion welding [7], and laser
welding [8] were used to weld titanium alloys and iron-base
alloys intimately without interlayers between them. Kundu
et al. [9] showed that when titanium was diffusion bonded to
a 17-4PH stainless steel, FeTi and Fe2Ti were produced. If
friction stir welding of titanium and steel was carried out in
an overlapped manner, the interface exhibited a layer-
shaped structure containing FeTi and Fe2Ti, which were
unfavorable to the quality of welded joints [10]. Satoh et al.
[4] found that coarse intermetallic TiFe dendrites formed in
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the main fusion zone, which was adverse to properties of
welded joints. Chen et al. [11] joined 201 stainless steel and
TC4 titanium alloy by laser welding. It was found that if the
laser beam was offset on the side of titanium alloy, more
intermetallic compounds (IMCs) and cracks were produced.
According to these research results, it appears that the
challenge in connecting titanium and kovar alloys is the
formation of brittle IMCs (Fe2Ti and FeTi).

In order to avoid the production of excessive brittle
IMCs, it is desirable to control the mixing of chemical
components by adding a metal interlayer. Pardal et al. [12]
found that the generation of IMCs could not be avoided
when titanium and 316L stainless steel were joined by using
cold metal transfer welding technology with CuSi-3 filler.
However, IMCs were produced, which had lower hardness
than Fe-Ti IMCs. Özdemir and Bilgin [13] prepared solid-
state diffusion-bonded joints of a TC4 titanium alloy and
a stainless steel by using copper foil as an interlayer. It was
found that the increase of the strength of welded joints was
attributed to the formation of Cu-Ti and Cu-Ti-Fe IMCs,
which had a lower hardness than Fe-Ti IMCs. Tashi et al. [14]
investigated the diffusion bonding process of a titanium
alloy and a stainless steel using an Ag-based alloy interlayer.
It was found that the toughness of welded joints was im-
proved because of the production of TiAg. Similarly, TiAg
was also produced at the interface during diffusion welding
of a TC4 titanium alloy and a stainless steel using an Ag
interlayer [15]. Yildiz et al. [16] studied the joint perfor-
mance of diffusion-bonded pure titanium onto a ferritic
stainless steel by inserting a Ni interlayer, and Ti-Ni IMCs
were found in the joint. In addition, Oliveira et al. [17]
showed that if TC4 titanium alloy was laser welded to NiTi
alloy with Nb interlayer, the (Ti, Nb) solid solution was
produced in the titanium alloy side and no brittle IMCs were
observed, which were beneficial to the increase of the quality
of welded joint. Similarly, Zhou et al. [18] applied the laser
welding technique to join the TC4 titanium alloy and
NiTiNb alloy by adding Nb filler wire. It was found that the
addition of a Nb filler wire could inhibit the amount of
IMCs, such as NiTi and Ti2Ni, and all the welds are com-
posed of a dendritic (Nb, Ti) solid solution and some IMCs.

Technically, it is viable to connect these materials using
electron beam welding, which possesses certain advantages
such as high energy density, accurate control of the heating
position, and production of a narrowed heat-affected area.
In order to prevent dispersion of electron beam and oxi-
dation of materials, the welding process is carried out in
a vacuum environment [19, 20]. Hence, electron beam
welding was used to connect titanium and iron-base alloys
[21, 22]. Tomashchuk et al. [23] attempted to weld titanium
alloy to 316L stainless steel with Cu filler by electron beam
welding. 2ey only found a small amount of Fe2Ti at the
interface between the fusion zone and stainless steel. Wang
et al. [24] applied the electron beam welding technique to
join a titanium alloy and a stainless steel by inserting
a metallic foil such as V, Ni, Cu, and Ag. It was found that
filler metals could inhibit the formation of Fe-Ti IMCs.
Moreover, Wang et al. [25] investigated the electron beam
welding process of dissimilar Ti/steel metals using a V/Cu

multi-interlayer, and found that the formation of Ti-Cu and
Ti-Fe phases was evidently prevented so as to improve the
quality of welded joints.

Developments of aerospace and electronic packaging
industries have demanded for multifunctional components
with high mechanical and physical properties and flexibil-
ities in design while at a low cost. In this study, the TC4
titanium alloy (Ti-6Al-4V) and 4J29 kovar alloy (Fe-29Ni-
17Co) which are used in aerospace and electronic packaging
industries were diffusely bonded by an electron beam
welding to investigate their interfacial microstructures and
intermetallic compounds. Cu/Nb multi-interlayers was used
to improve the welding quality. When other welding
parameters were identical, effects of the thickness of Nb
foil on the quality of welded joints could be determined. 2e
influence of the thickness of Nb foil on weld appearance,
microstructure, and mechanical properties of welded joints
were examined, and the fracture and forming mechanism of
the welded joints were analyzed. To the best of our
knowledge, electron beam welding of dissimilar TC4 and
4J29 with Cu/Nb multi-interlayer has not been reported
previously. Our work demonstrated that the electron beam
welding method can be used effectively to control the for-
mation of brittle IMCs, thus improving the joint quality and
mechanical properties.

2. Experimental Procedure

2.1. Materials and Preparation. Materials used in this ex-
periment were a TC4 titanium alloy and a 4J29 kovar alloy,
which were machined into 50mm× 30mm× 2mm plates.
2eir composition and some physical properties are listed
in Tables 1 and 2, respectively. 2e interlayer used in the
welding process was a composite of bilayers composed of
a pure Cu foil and a pure Nb foil. Prior to welding, metal
surfaces were ground, polished, washed with acetone and
alcohol, and dried in air. Two kinds of Cu/Nbmulti-interlayers
were prepared. One was a composite of a 0.53mm thick pure
Cu foil and a 0.22mm thick pure Nb foil, named as EBW-1
sample; and another one was a composite of a 0.53mm thick
pure Cu foil and a 0.40mm thick pureNb foil, named as EBW-
2 sample.

2.2. Welding Method and Processing Parameters. In this
experiment, an electron beam welding machine (Germany,
PTR EBW 300/5-60 PLC) was used to join materials, and
a schematic diagram of the electron beam welding is given in
Figure 1. Firstly, the interface between Cu foil and kovar
alloy was welded, and electron beam was shifted by 0.1-
0.2mm to the kovar alloy side to achieve the better bonding.
2en, the electron beam was placed in the middle of the Nb
foil. 2e welding parameters are shown in Table 3.

Table 1: Chemical composition of base metals (wt.%).

Alloy Mn Si C Fe Co Ni Ti Al V N H O
TC4 — 0.15 0.1 0.3 — — Bal 6 4 0.05 0.015 0.2
4J29 0.4 0.2 0.02 Bal 17.3 29 — — — — — —
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WT2.3.TestWork. �eoverall fusion of welds was evaluated and
analyzed. Specimens for microstructural observation were
prepared and etched using two reagents. �e cross sections
of the titanium alloy side was corroded by a mixture acid
solution (20mL HNO3 20mL HF, and 80mL H2O), and the
kovar alloy side was corroded by the aqua regia (25mL
HNO3 and 75mL HCl). Microstructural observations of
welded joints were investigated by an optical microscope
(OM, Axio CamMRc5) and a scanning electron microscope
(SEM, QUANTA FEG 250). Spot and line scan analyses were
used to evaluate distribution of elements by the SEM
equipped with an X-ray energy-dispersive spectrometer
(EDS). �e micro-Vickers (HXD-100TM/LCD) hardness
measurement was conducted across the weld zone under
a test load of 100 gf and a dwell time of 15 s. �e tensile test
was performed by electronic universal testing machine
(WDW-3100) at room temperature, and the displacement
speed was 0.1mm/min. At last, fracture morphology was
observed and analyzed using SEM. Phase identi�cations
were conducted at the fracture surface of tensile samples by
micro X-ray di�raction (XRD, PANalytical-Empyrean). �e
operating current was 25mA and the voltage was 50 kV
using a Cu target. �e scanning range was 30–90° (2θ) at
a speed of 2°/min.

3. Results and Discussion

3.1. Weld Appearances. Figure 2 shows the surface ap-
pearance and the cross sections of welds using two Cu/Nb
multi-interlayers with di�erent Nb thickness. It is found that
the thickness of Nb foil can alter the distribution and transfer
of energy in the weld, a�ecting the welding quality. In both
cases, it is found that the weld surfaces are ¡at and con-
tinuous without obvious defects such as pits, spatter, or
cracks. However, the melting amount of metals on both sides
is uneven, and the Cu zone appears as a convex shape. �e
energy absorbed by copper is too intense which results in

quick melting of metals. During the cooling process, the
volume of solidi�ed metal is too large to form a uniform
weld. Wang et al. [25] investigated the quality of dissimilar
metal joints of a titanium alloy and a stainless steel, obtained
by electron beam welding. It was found that large energy
input led to excessive expansion of metals, and cracks were
formed during its cooling. �e residual stress, generated at
the interface, can result in a reduction of properties of the
welded joints due to the di�erent CTEs between copper and
kovar alloy. In this work, as the melting volume of copper is
too large, this e�ect is exacerbated. Moreover, the large
melting volume may contribute to the formation of IMCs in
the fusion zone to decrease properties of weld joints.
Generally, the occurrence of the convex shape on copper
should be avoided [26]. In case the thickness of Nb foil is
0.40mm, the weld appearance is more uniform, and convex
shape almost disappears, as shown in Figure 2(b). �erefore,
a thicker Nb foil e�ectively improves the phenomenon of
convex shape.

3.2. Microstructure of the Weld Zone of Welded Joints.
Figures 3 and 4 show the cross sections of welds using two
di�erent Cu/Nb multi-interlayers. �e cross sections of
welds were taken from the location, which were indicated
by white dashed lines, as shown in Figures 2(a) and 2(b). In
both cases, melting of welded joints is relatively uniform,
and there are no obvious defects. In case the thickness of Nb
foil is 0.22mm, compared with the kovar alloy side, the fusion
zone of the titanium alloy side is narrower, existed with some
unmelted interlayer areas, as shown in Figure 3(a). Previously,
Gao et al. [10] welded titanium to a steel by using friction stir
welding and found the existence of FeTi and Fe2Ti. It was
reported that Fe-Ti-Cu IMCs formed in the weld zone when
electron beam welding of a titanium alloy and a stainless steel
was carried out with a Cu interlayer [23]. �erefore, it is
possible that Fe-Ti and Fe-Ti-Cu IMCs are formed in the weld
zone of our sample. In case the thickness of Nb foil is
0.40mm, a small fraction of Nb foil is melted and the melting
mainly occurs on the right side of Nb, as shown in Figure 4(b).
However, the fusion zone of the kovar alloy is fully penetrated
by a large area of molten metals, and some unmelted Cu
regions still exist due to the improper control of beam o�set or
the insu¦cient heat input, as shown in Figure 4(a). Tom-
ashchuk et al. [23] reported a factor responsible for the
melting of metals during electron beam welding. �ey found
that the size and direction of beam o�set can alter the melting
of metals and the formation of IMCs. In both cases, it is found
that the interlayers are insu¦ciently melted in the weld, es-
pecially the Nb interlayer, which will result in the low re-
sistance and low ductility of welded joints. �e unmelted
interlayers will become weak places in the weld and are easily
broken by the action of external forces, which impairs the

Table 2: Physical properties of base metals.

Alloy Density (g·cm−3) Melting point (°C) Linear CTE (10−6 K−1) Tensile strength at room temperature (MPa)
TC4 4.55 1,725 7.14 978
4J29 8.1 1,460 4.7 548

Titanium alloy Pass II

Pure Nb

0.22/0.40 0.53

Pure Cu

Pass I Kovar alloy

Figure 1: Schematic experimental conditions of dual-pass welding
procedure.
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Table 3: Welding parameters used in dual-pass welding.

Sample Accelerating
voltage (kV)

Beam
current (mA)

Welding
speed (mm/s)

Interlayer
thickness (mm)

EBW-1 55 6 7 Cu: 0.53
Nb: 0.2255 5.5 7

EBW-2 55 6 7 Cu: 0.53
Nb: 0.4055 5.5 7

2 mm

(a)

1 mm

(b)

2 mm
1 mm

Figure 2: Surface appearance and the cross sections of welds: (a) EBW-1 with 0.53mm Cu and 0.22mm Nb; (b) EBW-2 with 0.53mm Cu
and 0.40mm Nb.

(a)
TC4

200 µm 200 µm

(b)
Cu 4J29

Figure 3: 2e cross section of the weld of welded joint EBW-1: (a) the titanium alloy side; (b) the kovar alloy side.

(a) Cu

4J29

200 µm

(b)

Nb TC4

200 µm

Figure 4: 2e cross section of the weld of welded joint EBW-2: (a) the kovar alloy side; (b) the titanium alloy side.

37Microstructure and Mechanical Properties of Electron Beam-Welded Joints of Titanium TC4 (Ti-6Al-4V) and Kovar...

__________________________ WORLD TECHNOLOGIES __________________________



WTstrength of the welded joint. However, the occurrence of this
phenomenon can be improved by increasing the input of
energy during the welding.

3.3. Microstructure of Titanium Alloy Side Interface. Ti is an
active element which easily forms IMCs with multiple metal
elements during the welding process, as shown in the mi-
crostructure of the titanium alloy side previously [24]. For
the welded joint EBW-1, Figure 5(a) shows the micro-
structure of the fusion zone of the titanium alloy side. It is
found that the melted part is mainly concentrated on the
titanium alloy side. Because of the higher thermal con-
ductivity of Nb relative to the titanium alloy, Nb has faster
energy dissipation. In addition, the specific heat of titanium
alloy is higher than that of Nb, so the energy intake from the
electron beam on the titanium alloy side is higher than that
on the Nb side [27]. 2e fusion zone mainly consists of three
phases according to its morphology characteristics, that is,
the dark phase (A zone), gray phase (B zone), and columnar
gray phase (C zone), as labelled with A, B, and C in Figure 5(a),
respectively. For the welded joint EBW-2, there are just two
phases in the fusion zone of the titanium alloy side. One is
a dendritic phase (D zone), and the other one is a netted phase
(E zone), as shown in Figure 5(b). Moreover, the dendritic
phase mainly exists in the fusion zone of the titanium alloy
side. 2e reason is that high local undercooling leads to the
accelerated nucleation to refine grains and the formation of
dendrites under the high cooling rate. Li et al. [28] also found
that high cooling rate influenced the solidification behavior of
microstructure.

To identify phase compositions of the fusion zone, EDS
was performed on zones A through E in Figure 5, and the

results are shown in Table 4. Referring to the compositional
analysis results and relevant Cu-Fe-Ti ternary phase dia-
gram [29] and Ti-Nb binary phase diagram [30], several
phases are recognized as listed in Table 4. It is identified
that the dark phase (A zone), gray phase (B zone), and
columnar gray phase (C zone) are composed of β-Ti solid
solution and FeTi. However, there are certain differences
between these phases because of their different average
atom numbers between A, B, and C zones [11]. By contrast,
the dendritic phase (D zone) and netted phase (E zone)
have a high content of Ti, as shown in Table 4. Similarly, it is
identified that the dendritic phase is β-Ti solid solution and
the netted phase is composed of β-Ti solid solution and
CuTi2. 2erefore, it is proved that a thicker Nb foil can
inhibit the diffusion of a large amount of Fe atoms towards
the titanium alloy side, thus promoting the production of Ti
solid solution and the deduction of IMCs. Li et al. [31]
prepared laser welded joints of a TiNi shape memory alloy
and a stainless steel using Ni interlayer. It was found that
a thicker Ni foil could inhibit the production of brittle
IMCs (TiFe2 and TiCr2).

Composition profiles of major elements across the ti-
tanium alloy/fusion zone are obtained from line scanning
analysis in SEM, as indicated along the red lines in Figure 5,
and results are presented in Figure 6. For the welded joint
EBW-1, results show that the contents of Nb and Fe ele-
ments are decreased, and the content of Ti element is in-
creased gradually from the fusion zone side to the titanium
alloy side, as shown in Figure 6(a). Moreover, enrichment of
Ti element is found across the interface of the titanium
alloy/fusion zone, and the thickness of interface layer is
about 1-2 μm. For the welded joint EBW-2, the fusion zone
and interface layer are enriched in Ti and Nb elements.
According to Ti-Nb binary phase diagram [30], they are
mainly composed of Ti solid solution. Similar phenomenon
was observed when Torkamany et al. [27] welded a pure Nb
and a titanium alloy using the laser welding method. In
addition, the thickness of interface layer is increased to about
2–4 μm, as shown in Figure 6(b). It is found that the thicker
Nb foil suppresses energy transfer to the Cu side to increase
the energy input of the Nb side. 2en, the diffusion of Nb
atoms is promoted, resulting in increased Nb content in
interface layer, so the thickness of interface layer is in-
creased. When Tan et al. [32] welded a magnesium alloy and

(a)

Nb

(b)

Nb

Figure 5: Microstructure of the fusion zone of the titanium alloy side: (a) EBW-1; (b) EBW-2.

Table 4: 2e main chemical compositions of different zones (at %)
in the fusion zone.

Zone Ti Fe Cu Nb Potential phase
A 51.5 19.5 16.0 13.0

β-Ti(s,s) + FeTiB 52.7 21.0 14.7 11.6
C 56.8 15.8 11.7 15.7
D 73.6 2.2 2.0 22.1 β-Ti(s,s)
E 66.4 7.0 8.4 18.2 β-Ti(s,s) +CuTi2
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a titanium alloy by laser welding, similar phenomenon was
found. Moreover, because the thickness of interface layer
was kept far below 10 μm, metallurgical bonding can be
achieved well, which is bene�cial to welded joints strength.
�erefore, in case the thickness of Nb foil is 0.22mm, mi-
crostructure of the fusion zone of the titanium alloy side is
mainly composed of Ti solid solution and FeTi; while in case
the thickness of Nb foil is 0.40mm, microstructure of the
fusion zone of the titanium alloy side mainly consists of Ti
solid solution and CuTi2.

3.4. Mechanical Properties of Welded Joints

3.4.1. Microhardness Analysis of Welded Joints. Figure 7(a)
shows microhardness distribution across the cross section of
the welded joint EBW-1. �e average hardness values of

titanium and kovar alloys are 330HV and 160HV, re-
spectively. It is noticed that the maximum hardness of the
fusion zone is about 710HV, which is higher than that of the
substrate. According to the previous microstructure anal-
ysis, the change in hardness value was associated with the
formation of brittle FeTi, which caused the increased
hardness value [12]. Figure 7(b) shows microhardness dis-
tribution across the cross section of the welded joint EBW-2.
It is found that the maximum hardness of the fusion zone is
about 520HV due to the production of brittle IMCs, whereas
the minimum hardness value is about 90HV. Moreover, the
hardness of the fusion zone adjacent to the kovar alloy is
decreased sharply, and the hardness of the fusion zone
adjacent to the titanium alloy is decreased to about 450HV.
�e thicker Nb foil can inhibit the di�usion of a large
amount of Fe atoms to avoid the production of the brittle
IMCs, so the overall weld hardness is decreased. �ese
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results are consistent with the analysis in Section 3.3, and
similar phenomenon occurred in a study about the in¡uence
of thickness of Cu interlayer on weld hardness [28]. Hence, it
is observed that thicker Nb foil can e�ectively decrease the
hardness of the fusion zone to enhance properties of welded
joints.

3.4.2. Tensile Strength and Fracture Behavior of Welded
Joints. Figure 8 shows fracture surfaces of welded joints
using two di�erent Cu/Nb multi-interlayers. �e fracture
location of both of samples is located in the fusion zone of
the titanium alloy side rather than the location of the
maximum hardness value of welds. �is fact indicates that
not only IMC hardness but also IMC volume is the major
factor for the failure location of welded joints. With the
production of IMCs is in the fusion zone of the titanium
alloy side, the failure is more likely to initiate in this zone.
Pardal et al. [12] used a CuSi-3 alloy to braze titanium to

a 316L stainless steel. It was also found that the failure lo-
cation was located in the zone with a high content of IMCs
rather than in the zone with the maximum hardness value.
Figure 8(a) exhibits the fracture surface of the welded joint
EBW-1. A rough and lacerated fracture surface is found,
which is the characteristic of a quasicleavage fracture. In
addition, an obvious crack along the thickness direction of
the weld appears at the fracture surface. In case the thickness
of Nb foil is 0.40mm, as shown in Figure 8(b), the fracture
surface of welded joints still exhibits typical brittle charac-
teristics. However, compared with the welded joint EBW-1,
the fracture surface is relatively smoother.

To investigate the fracture origins of welded joints, XRD
is performed on the fracture surfaces of both samples, as
shown in Figure 9. �e location and the intensity of some
di�raction peaks are slightly di�erent to the standards. �e
reasons are complex element compositions of the fusion
zone and some distortion of crystal lattice [11]. �e results
show that the β-Ti solid solution exists on both fracture

(a) (b)

Figure 8: Fracture surface morphologies of welded joints: (a) EBW-1; (b) EBW-2.
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Figure 9: XRD patterns of fracture surface of welded joints: (a) EBW-1; (b) EBW-2.
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WTsurfaces, which has a higher intensity of the diffraction
peaks. 2is confirms that the fracture location of welded
joints is located in the fusion zone of the titanium alloy side.

However, for the welded joint EBW-1, it should be noted
that FeTi observed in SEM is not detected by XRD, while
some other IMCs (CuTi2 and Cu0.5Fe0.5Ti) appear, as shown
in Figure 9(a). Some of IMCs in this study are discontinuous
and inhomogeneous in distribution and their contents are
relatively low, and thus they may not be detectable, although
some phases could be detected [11]. Besides, the fracture
location is not exactly consistent with the position analyzed
in SEM, and thus certain discrepancies may exist. For the
welded joint EBW-2, β-Ti solid solution and CuTi2 are found
by XRD, while some oxides appear such as Al2O3 and FeO,
which are produced by oxidation reaction when the sample
is exposed in the air, as shown in Figure 9(b). In addition,
Cu0.5Fe0.5Ti also is found in the fracture surface which would
enhance the brittleness of welded joints. 2e formation of
Fe-Ti-Cu phase also occurs in electron beam welding of
titanium alloy and stainless steel [24]. And when Tashi et al.
[14] welded a titanium alloy and a stainless steel by diffusion
welding, Fe-Cu-Ti IMCs were also found in the weld, which
resulted in the degradation of the toughness of welded joints.

In both cases, the tensile strength of welded joints is far
lower than that of the substrate, as shown in Figure 10. In
case the thickness of Nb foil is 0.22mm, tensile strength of
welded joints is 88.1MPa. With the increase of the thickness
of Nb foil to 0.40mm, tensile strength of welded joints is
increased to 150MPa. According to the above analysis, the
effects of thicker Nb foil on tensile strength are mainly
attributed to the production of Ti solid solution and a small
amount of soft CuTi2, as well as the absence of FeTi. Due to
the good plasticity and toughness of Ti solid solution and
lower brittleness of CuTi2 than that of FeTi, welded joints’
tensile strength is increased obviously. Relevant conclusion
was also obtained when Li et al. [28] welded a TiNi alloy and
a stainless steel using laser welding.

3.5. Bonding Mechanism. According to the above analysis,
thicker Nb foil effectively inhibits the diffusion of a large
amount of Fe atoms towards the titanium alloy side and
restrains the formation of FeTi in the fusion zone of the
titanium alloy side, and thus the tensile strength of welded
joints is increased to 150MPa. 2e fusion zone of the kovar
alloy side is fully penetrated with large volume of melted
metals, though some unmelted Cu regions exist. Combined
the Cu-Fe-Ti ternary phase diagram [29] and the Ti-Nb
binary phase diagram [30], the formation process of the
fusion zone of the titanium alloy side mainly includes four
steps as follows: firstly, partial surfaces of materials contact
with each other because of the pressure of fixture, and
materials have a certain deformation. 2en materials begin
to melt and the fusion zone is gradually formed due to
energy input. 2e Ti, Nb, Cu, and Fe atoms diffuse and mix
in the fusion zone, and the Ti element and Nb element
diffuse towards the interface, as shown in Figure 11(a).
Secondly, when the temperature decreases to about 1760°C,
the Ti atom in the liquid at the front of liquid/solid interface
saturates inducing the nucleation of β-Ti solid solution
phase. Because the fusion zone has a higher temperature, the
Ti, Nb, Cu, and Fe atoms are still in the state of full diffusion,
as shown in Figure 11(b).2irdly, as the temperature further
decreases, from the interface to the fusion zone, dendrites
begin to form due to the reduction of temperature gradient
and the increase of constituent super cooling [33], as shown
in Figure 11(c). Lastly, when the temperature decreases to
about 850°C, remaining elements begin to precipitate along
the grain boundary to form netted phases, which are
composed of β-Ti solid solution and IMCs (CuTi2 and
Cu0.5Fe0.5Ti). Meanwhile, layer-shaped β-Ti solid solution is
formed at the interface, as shown in Figure 11(d). Hence, it is
concluded that connection of the titanium alloy side is
achieved by physical contact, elemental diffusion, nucleation
and growth of grains, and formation of β-Ti solid solution
and IMCs.
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Figure 10: 2e tensile curves of the welded joint and the substrate: (a) the substrate; (b) welded joints.
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4. Conclusions

In this study, Cu/Nb multi-interlayers were used to conduct
electron beam welding of a TC4 titanium alloy and a 4J29
kovar alloy. Microstructure and mechanical properties of
welded joints were investigated, and conclusions were
summarized as follows:

(a) With the addition of Cu/Nb multi-interlayers, weld
surfaces were found to be flat and continuous
without obvious defects. Increasing the thickness of
Nb foil promoted the formation of Ti solid solution
in the fusion zone, which was beneficial to the im-
provement of welded joints’ toughness.

(b) In case the thickness of Nb foil was 0.22mm, mi-
crostructure of the fusion zone of the titanium alloy
side was mainly composed of Ti solid solution and
FeTi; while in case the thickness of Nb foil was
0.40mm, microstructure of the fusion zone of the
titanium alloy side mainly consisted of Ti solid

solution and CuTi2. Moreover, in both cases,
Cu0.5Fe0.5Ti was formed in the fusion zone that
increased the welded joint brittleness.

(c) As the thickness of Nb foil was increased from
0.22mm to 0.40mm, tensile strength of the welded
joint was enhanced from 88.1MPa to 150MPa, and
hardness of the weld zone decreased sharply. It was
found that a thicker Nb foil could inhibit the dif-
fusion of a large amount of Fe atoms towards the
titanium alloy side, thus promoting the formation of
Ti solid solution and a small amount of soft CuTi2
and eliminating FeTi. Due to the good plasticity and
toughness of Ti solid solution and reduced brittle-
ness of CuTi2 compared with FeTi, welded joints’
tensile strength was increased obviously.
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A castMg-8Al-1Zn-1Camagnesium alloy wasmultipass hot rolled at different sample and roll temperatures.The effect of the rolling
conditions and reduction in thickness on themicrostructure andmechanical properties was investigated.The optimal combination
of the ultimate tensile strength, 351MPa, yield strength, 304MPa, and ductility, 12.2%, was obtained with the 3mm thick Mg-8Al-
1Zn-1Ca rolled sheet, which was produced with a roll temperature of 80∘C and sample temperature of 430∘C. This rolling process
resulted in the formation of a bimodal structure in the 𝛼-Mg matrix, which consequently led to good ductility and high strength,
exclusively by the hot rolling process.The 3mm thick rolled sheet exhibited fine (mean grain size of 2.7 𝜇m) and coarse grain regions
(mean grain size of 13.6 𝜇m) with area fractions of 29% and 71%, respectively. In summary, the balance between the strength and
ductility was enhanced by the grain refinement of the 𝛼-Mg matrix and by controlling the frequency and orientation of the grains.

1. Introduction

A new approach for limiting environmental impact [1]
while increasing the speed of a vehicle, by reducing its
weight through the replacement of aluminum alloy with
lightweight magnesium alloy, has attracted the attention
of many researchers [2]. The main disadvantages of using
magnesium alloys in a vehicle relate to their combustibility
and unsatisfactory mechanical properties. In addition, there
is a need to be able to fabricate high strength sheets with a
thickness of 3mm, which approximates the thickness of the
sheets that are currently being used. Sakamoto et al. reported
that, by adding calcium to amagnesium alloy, the combustion
temperature can be increased by more than 250∘C [3].
Improvements in the mechanical properties of the magne-
sium alloys have been achieved by adding different elements
[4, 5], applying texture control during forging [6–8], and
grain refinement [9]. In most of these studies, rolling [6–9]

was used to form the sheets, using extrudedmaterial [5, 10, 11]
as the starting material.

By focusing on the rolling conditions of magnesium
alloys, Sakai reported that, when an AZ31Mg alloy is pro-
cessed above the recrystallization temperature, there is no
tearing; the critical upset ratio is 30% per pass, and the
obtained mean grain size is 6 𝜇m after multipass rolling with
reheating [12]. Using twin-rolled cast alloy, AMX1001 (mean
grain size (d) = 53 𝜇m; initial plate thickness = 3mm), Noda
et al. performed rolling at a roll temperature of 250∘C and
a sample temperature of 200∘C and obtained an elongation
of 8% at a tensile strength of 400MPa [13]. Using extruded
sheets of the AZ61 alloy (d = 19 𝜇m) and AM60 alloy (d =
20𝜇m) with thicknesses of 2mm, Huang et al. performed
hot rolling to achieve a thickness of 0.8mm and attained
an elongation of 26.1% at a tensile strength of 263MPa [6].
Kim et al. heated an extruded plate with a thickness of
2mm to 200∘C and rolled it to a thickness of 0.7mm using
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Table 1: Chemical composition (mass%) of the Mg-8Al-1Zn-1Ca
alloy.

Al Ca Zn Mn Cu Ni Si Fe Mg
7.99 0.959 1.076 0.28 0.0014 0.0004 0.0074 0.0022 bal.

different peripheral roll speeds at a roll temperature of 200∘C
and obtained an elongation of 9–11% at a tensile strength of
394MPa [7].

The hot rolling of the magnesium alloys have been
performed as described above; the initial grain sizes of the
samples were as small as 20–50 𝜇m, and high strength or high
ductility was achieved by thinning. In other words, there have
been no studies reporting a process for fabricating a rolled
sheet with a thickness of 3mm with high strength and high
ductility, starting from a cast material with a coarse structure.
In this study, we rolled Mg alloys to a total reduction ratio of
75%.We used various materials and rolling temperatures and
investigated the influence of the thick-plate rolling conditions
on the strength, ductility, and structure.

2. Experiments

In this study, AM60B metal, Mg-30%Ca metal, pure-metal
Zn (99.5%), and pure-metal Al (99.7%) were weighed and
dissolved to obtain the target composition of the AZX811
alloy,Mg-8Al-1Zn-1Camass%.Thematerials were heated and
melted in a steel crucible under an inert argon atmosphere.
Then, 0.2MPa Ar gas was bubbled for 20min when the
melt temperature reached 680∘C. After dissolution in the Ar
atmosphere and subsequent stirring, the samples were cast by
antigravity suction casting [17] with a cooling rate of 12 K/s.
Antigravity suction casting was conducted by sinking the
down sprue 300mm into the melt in a SS400 steel mold
(95mm in width, 15mm in thickness, and 2m in length),
ensuring that the melt was not exposed to the atmosphere
during casting. The chemical compositions of the AZX811
cast material are listed in Table 1. The compositional analysis
was performed by X-ray fluorescence (JEOL JSX-1000S). To
prepare samples for rolling, the cast material was machined
into plates measuring 12mm (𝐻) × 90mm (𝑊) × 200mm
(𝐿). A two-stage rolling mill was used for the rolling. The
rolling samples were heated to 350∘C in an electric furnace
and then rolled to a thickness of 3mmwith a rolling reduction
of 1mm/pass.The samples were water-cooled after the rolling
process; the heating and holding periods were 1min in each
interpass period. The roll temperature was set to 250∘C, and
the roll peripheral speed was set to 10m/min.

For tensile tests, samples were cut to a gauge length
of 30mm, 5mm in width, and 3mm in thickness by
machining, with the longitudinal direction parallel to the
rolling direction. The tensile test was performed at room
temperature, with an initial strain rate of 1.1 × 10−3 s−1. The
elongation after fracture wasmeasured by a noncontact video
extensometer (Instron, Type5565, and AVE2). Samples for
microstructure observations were prepared by mechanical
grinding, polishing, and subsequent etching. The samples
were etched using a solution of picric acid (6 g) in ethanol

(100mL), acetic acid (8mL), and distilled water (10mL).
The structure was observed by optical microscopy (Keyence
VHX-2000) and scanning electron microscopy (SEM, JEOL
JCM-6000, and JSM-7100F) at an accelerating voltage of
15 kV. The crystallographic orientation was measured using
electron backscatter diffraction (EBSD) after ion-polishing of
the cross section, parallel to the rolling direction. In relation
to the amount of the intermetallic compounds, the area ratio
was calculated using a Sigma Scan Pro 5 image analysis
software and the grain size was measured by the linear
intercept method. The compound formed on the material
was qualitatively analyzed by X-ray diffraction (XRD, Rigaku,
Smartlab) using a sample measuring 20mm × 20mm.

3. Experimental Results and Discussion

3.1. Structure and Mechanical Properties of the Cast Materials.
Table 2 lists the mechanical properties of the cast materials,
while Figures 1(a)–1(f) show optical and SEM images. The
mean grain sizes of the gravity-cast and antigravity-suction-
cast materials are 550 𝜇m and 144 𝜇m, respectively. With
the decrease in the grain size of the magnesium, the area
ratios of the intermetallic compound became 13% and 9%
in the gravity-cast and antigravity-suction-cast materials,
respectively, as shown in Figures 1(b) and 1(e). The ultimate
tensile strength (UTS) and elongation of the antigravity-
suction-cast material are 188MPa and 2.3%, respectively. A
comparison between Figures 1(c) and 1(f) showed that the
intermetallic compounds were formed discontinuously along
the grain boundary, in the antigravity-suction-cast material.
Note that Kleiner et al. used a semisolid cast alloy ofAZorigin
(Al content = 7–9wt%) to clarify that the ductility is improved
by discontinuous scattering in themagnesium region or along
the grain boundary, rather than because of the continuous
appearance of the beta phase [16]. Yamamoto et al. reported
that the strength and ductility are drastically improved when
the size of the 𝛼-Mg region is reduced to less than 5 𝜇m in
theAX43 alloy fabricated by semisolid injectionmolding [18].
Although the elongation of the cast AZX811 alloy is as low as
2.3%, compared to the mechanical properties of the as-cast
magnesium alloys [14, 17, 19] formed by other methods, as
listed in Table 2, it is thought that the degree of elongation
decreases and high values of the yield strength (YS) and UTS
are achieved because an intermetallic compound is formed
when 1 mass% of calcium is added.

3.2. Grain Refinement and Improvement of the Mechanical
Properties by Multipass Rolling. Figure 2 shows the rela-
tionship between the strength, mean grain size d, and total
reduction ratio R, observed by multipass rolling to a plate
thickness of 12 to 3mm at a roll temperature (𝑇𝑅) of 250

∘C
and a sample temperature (𝑇𝑆) of 350

∘C. Because fine grains
are formed around the coarse grains at a total reduction ratio
of 42% or more, the mean grain sizes for the coarse and
fine grain areas are also shown in the figure. When the total
reduction ratio is 42%, the YS and UTS are 274MPa and
300MPa, and the mean grain size decreases to 23 𝜇m. Even
if the total reduction ratio is increased to 75%, the YS and
UTS are 289MPa and 322MPa, respectively, and the mean
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Table 2: Mechanical properties of several Mg cast alloys.

Casting process Materials YS (MPa) UTS (MPa) Elongation (%) Ref.
Squeeze casting AZ91 104 183 4.5 [14]

Rheocasting AZ91 105 171 3.4 [14]
AZ71 98 185 4.7 [14]

Thixocasting AZ80 102 187 3.5 [14]
AX43 117 130 0.5 [15]

Gravity casting AZX811 130 167 1.5 This work

Antigravity suction casting AZX811 167 188 2.3 This work
AMX1001 122 150 2 [16]

200 m

d；Ｐ？. = 550 m

(a)

100 m

f＝ＩＧＪ. 13%

(b)

50 m

(c)

200 m

d；Ｐ？. = 144 m

(d)

100 m

f＝ＩＧＪ. 9%

(e)

50 m

(f)

Figure 1: Optical and SEM micrographs of the (a)–(c) gravity-cast and (d)–(f) antigravity-suction-cast alloys. The high-magnification SEM
micrographs are shown in (c) and (f).

grain size is 7.6 𝜇m. Figure 3 shows the relationship between
YS and elongation for 𝑑−1/2, as the degree of improvement
in strength and the degree of grain refinement are reduced
at a total reduction ratio of 42%. The relationship between
YS and 𝑑−1/2 was divided into two linear-gradient (k value)
regions. The point of contact between the two straight lines
corresponds to R = 42%. There have been many reports

addressing the Hall-Petch equation for magnesium alloys,
where the value of k is known to depend on the processing
temperature [7], grain size [7, 14, 15], sampling direction [8,
15], twin formation [8, 20], and rolling texture [8, 14]. Figure 4
shows the texture variation resulting from multipass rolling.
Both the OM structure and the inverse pole figure (IPF)
map indicate that, in the multipass rolling of cast materials,
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Figure 2: Effect of the total reduction ratio on the strength (yield
strength (YS) and ultimate tensile strength (UTS)) and mean grain
size of the test specimen.Themean grain sizes of the fine and coarse
grain regions are shown.

twinning deformation occurs inside the coarse grain if the
total reduction ratio is less than 42%, thus increasing the
difference between the grain boundary directions. The size
reduction in the magnesium region because of dynamic
recrystallization (DRX) is the dominant factor affecting the
strength improvement. On the other hand, if the total reduc-
tion ratio exceeds 42%, in general, coarse grains are refined
and an intermetallic compound is formed along the boundary
of the grains of magnesium, acting as a stress concentration
source. Fine grains of less than 7 𝜇m are formed around the
grains because of DRX. The IPF map shows that the mean
grain size reaches 6.6 𝜇m (area ratio = 44%) at R = 42% in the
fine grain area and 7.9𝜇m (𝑓fine = 75%) at R = 75%. On the
other hand, the grain size reached 37.7𝜇m (𝑓coarse = 56%) in
the coarse grain area and 15.6 𝜇m (𝑓coarse = 25%) at R = 75%.
Even in a magnesium alloy with added calcium, although the
mechanism of the grain refinement acts in the same way as
in a AZ series magnesium alloy [6, 7, 21], it is likely that,
in the refining of magnesium grains, different factors act in
the regions with the total reduction ratio greater than or less
than 42%. The intermetallic compound suppresses the grain
growth during the heating and holding periods.

Xu et al. showed that the size of the areas around the
grain boundary decreased because of the fine dispersion of
the beta phase by DRX [22]. del Valle et al. reported that,
within the grains, shear deformation and the introduction
of twins generate sites of DRX [21]. Although intermetallic
compounds were not identified in this study, the optical
images shown in Figure 4, the twinning microstructures in
the IPF map, and the fine grain region within the magnesium
region are consistent with these reports. Jain et al. concluded
that the mean grain size has no significant influence on the k
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Figure 3: Hall-Petch plots and changes in the elongation as a
function of (mean grain size)−1/2 under various reduction ratios of
the hot-rolled AZX811 alloy. The yield stress of the DC alloy and the
total reduction ratio (R) are indicated by the open circle.

value, based on their investigation of the Hall-Petch equation
using an extruded AZ31 alloy, for which d = 13–140 𝜇m
[15]. However, the influence of the mean grain size cannot
be disregarded, because in case of a cast material such as
AZX811 alloy, an intermetallic compound exists around the
dendrite; the magnesium regions become small as the total
reduction ratio increases, and the intermetallic compound
aligns parallel to the rolling direction.

3.3. Influence of the Rolling Temperature on the Structure
and Mechanical Properties. Figure 2 suggests that the rate of
strength improvement decreases as the difference in themean
grain size between the coarse and fine grains of the mag-
nesiumdecreases with an increase in the total reduction ratio.
Therefore, in order to fabricate a sheet thickness of 3mm,
a sheet thickness of 6mm was used as a starting material
for finish rolling and the influence of the rolling conditions
shown in Table 3 on the structure and mechanical properties
was investigated. Table 3 shows the mechanical properties of
sheet thickness of 6mm. Figure 5 summarizes YS, UTS, and
the elongation for each rolling condition. Upon comparing
cases 1 and 2, it was found that the UTS does not change at𝑇𝑅
of 250∘C, while the elongation increases from 9.5 to 17.9% as a
result of increasing 𝑇𝑆. A similar tendency is also observed
at 𝑇𝑅 = 80∘C, and a UTS of 351MPa and an elongation
of 12.2% were obtained in case 4 (𝑇𝑆 = 430∘C). When the
results were compared to those obtained for the multipass
rolling discussed in Section 3.2, in case 4 and in the region
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Figure 4: Optical micrographs and inverse pole figure maps of the AZX811 hot-rolled alloy. Total reduction ratios are as follows: (a), (d) 8.3%;
(b), (e) 42%; and (c), (f) 75%.

Table 3: Variation in the rolling conditions for samples 6–3mm
in thickness. The mechanical properties and mean grain size of the
6mm thick alloy are provided.

Case
Roll
temp.
(∘C)

Sample
temp.
(∘C)

Rolling
speed

(m/min)

𝑡 = 6mm
sample

properties
The multipass
rolling process 250 350

10

𝑑 = 17.7 𝜇m
YS 281MPa
UTS 312MPa

E1 6.6%

1 250 250
2 250 430
3 80 250
4 80 430

of R = 42–75%, the UTS increased from 22MPa to 59MPa
in the multipass rolling, as a result of controlling 𝑇𝑅 and 𝑇𝑆
during the rolling.

For each rolling condition, Figure 6 shows the relation-
ship between the area ratio (𝑓) of the fine grain region, YS,
UTS, and elongation, assuming that the plate is rolled to a
thickness of 3mm. The YS and UTS values increased while
the elongation decreased from 18 to 2% as the area ratio of the
fine grain area increased. Therefore, to compare the internal
texture of the rolling materials between case 3, which does
not show elongation because of the highmechanical strength,
and case 4, in which the mechanical strength and elongation
are balanced, Figures 7(a) and 7(b) show the IPFmap and the
distribution of the grain sizes.

The mean fine grain size and the area ratio are 2.7 𝜇m
(𝑓fine = 29%) and 13.6 𝜇m (𝑓coarse = 71%) in case 4 and
2.9 𝜇m (𝑓fine = 65%) and 9.7 𝜇m (𝑓coarse = 35%) in case 3. In
case 3, the area ratio of the fine grain area is 65%, but the IPF
map shows residual shear deformation caused by the rolling.
While both materials showed equivalent image-quality (IQ)
levels, a residual processing strain was observed in case 3,

49Effect of Reduction in Thickness and Rolling Conditions on Mechanical Properties and Microstructure of Rolled...

__________________________ WORLD TECHNOLOGIES __________________________



WT
0

5

10

15

20

25

30

35

40

The multipass
rolling process

El
on

ga
tio

n,


(%
)

Solid symbol: TR at 250∘C
Gray solid symbol: TR at 250∘C
Open symbol: TR at 80∘C

150

200

250

300

350

400

450

250 300 350 400 450200
Sample temp., T (∘C)

N
om

in
al

 st
re

ng
th

,
(M

Pa
)

Figure 5: Relationship between the sample temperature and the
mechanical properties of case 1 to case 4 and the multipass rolling
process result (Section 3.2). The circle, triangle, and square symbols
represent UTS, YS, and El, respectively.

where the black areaswith a confidence index (CI) level of less
than 0.1 remain. On the other hand, the grain size difference
between the areas of the fine and coarse grains in case 4 is 1.6
times greater than that in case 3, and the structure indicates
that coarse grains surround the fine grains. The grain size
distribution shows that, in case 3, the first peak appears at
a mean grain size of 1.3 𝜇m; however, the second peak does
not appear subsequently. In case 4, the first peak appears at
a mean grain size of 1.3 𝜇m and the second peak appears at a
mean grain size of 10–13 𝜇m. Subsequently (up to d = 30 𝜇m),
the area ratio decreases slowly.

Kato et al. reported that, for homogeneous materials, the
strength and ductility can be improved by the presence of
connecting fine grains (0.32𝜇m) around the coarse grains
(29.2𝜇m), although this was only reported for pristine
copper [23]. Park and Yanagimoto reported that a warm or
hot compression test of 0.2% carbon steel with a bimodal
structure, which shows two peaks in the grain distribution,
reveals balanced strength and ductility characteristics [24].
The characteristics of the internal structure of the material
hot rolled at 𝑇𝑅 = 80∘C and 𝑇𝑆 = 430∘C are in agreement
with those in the reports discussed above. In other words, to
improve both the strength and elongation of the AZX811 alloy
exclusively by rolling, it is important for the structure to show
a bimodal distribution.

3.4. Rolling Feasibility and Macrorolling Ability. It is well-
known that an edge crack develops actively in high strength
Mg alloy during the hot rolling process. In this study, for the
AZX811 alloy with 1 mass% of added Ca, cracks are likely
to occur through the formation of Al-Ca compounds [25].
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Figure 6: Relationship between the area fraction of the fine grain
ratio in the observation field and the mechanical properties under
rolling conditions of case 1 to case 4 and the results of the multipass
rolling process (Section 3.2).The circle, triangle, and square symbols
represent UTS, YS, and El, respectively.

Figure 8 presents the appearance of the AZX811 rolled sheet
at each roll temperature (𝑇𝑅), sample temperature (𝑇𝑆), and
sheet thickness. For the sheet thickness of 6mm, edge cracks
could not be observed on the rolled sheet. We investigated
the edge cracks and the total crack length for rolled sheet
thicknesses of 5 to 3mm, as shown in Figure 8. At the 𝑇𝑆 of
250∘C, large edge cracks propagated at the𝑇𝑅 of 80

∘C (case 3)
and 250∘C (case 1). On the other hand, as 𝑇𝑆 was increased to
430∘C, the number and length of the edge cracks decreased
regardless of the 𝑇𝑅 (case 2 and case 4), indicating that the
AZX811 alloy has a good roll-ability. In case 2 and case 4,
only minor edge cracks were observed on the rolled sheet.
By increasing 𝑇𝑅 from 80∘C to 250∘C, the sheets were pro-
duced without any obvious edge cracks for each sheet thick-
ness.

The number of edge cracks and the total crack length
weremeasured along the area of 100mm length, in each sheet
thickness [26].The result is depicted in Figure 9.The number
of edge cracks increased with decreasing sheet thickness
for each rolling condition. When rolling is performed at
a sample temperature of 250∘C (case 3), the total crack
length and the edge cracks reach 200mm and 20 pieces,
respectively. On the other hand, when rolling was performed
at a 𝑇𝑆 of 430

∘C (case 2 and case 4), the number of edge
cracks increasedwith decreasing sheet thickness, but the total
crack length did not indicate significant propagation of the
cracks. In the rolling process of the AZX811 alloy, it was
necessary to set 𝑇𝑆 to a high enough temperature to produce
a rolled sheet with high strength and elongation and less edge
cracks.
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Figure 7: (a) Inverse pole figure maps of the 3mm thick rolled sample and (b) the grain size distribution diagram. The grain size and area
fraction are shown in the IPF maps.
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4. Conclusion

The influence of the rolling rate, temperature, and inter-
mediate heat treatment was investigated for the fabrication
of metal plates with high strength and high ductility using

incombustible cast AZX811 alloy as the starting material. In
the rolling of cast materials, an improvement in the intensity
of the materials was found to depend on the fineness of the
magnesium grains up to 42% of the total reduction ratio. On
the other hand, at 42%ormore of the total reduction ratio, the
linear gradient of the Hall-Petch equation changed partially
because of the mechanism of grain refining, as affected by the
intermetallic compound. Both the strength and ductility are
improved by the formation of a bimodal structure, and the
material with a plate thickness of 3mm showed the greatest
tensile strength at 351MPa and an elongation of 12.2%.
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,e effects of thickness reduction, feed ratio, and ball diameter, and their coupling effects, on the average relative stress triaxiality
during spinning are discussed via simulation results. ,e relationships among the parameters and the average value of relative
stress triaxiality (AVRST) are fitted with multiple nonlinear functions to calculate the optimal process parameters. According to
the trend of stress triaxiality, the corresponding process parameters are calculated for the minimum average value of relative stress
triaxiality (AVRST). Room temperature experiments performed on an AZ31 magnesium alloy thin-walled tube with the optimal
parameters reveal an improvement of cracking of the tube surface. ,e study reveals changes in the minimum AVRSTand aids in
selecting the process parameters to improve plastic performance.

1. Introduction

,e ball-spinning process (Figure 1) employs a support ring,
conical ring, screw tube, and numerous balls that collectively
constitute the ball-spinning mold. ,e ball-spinning mold is
present on the outer wall of the workpiece.,emold and the
workpiece rotate relative to each other, and the mold moves
along the axis of the workpiece to produce the axial feed.
,en, the workpiece placed outside the mandrel comes into
contact with the balls, and the workpiece is compressed to
produce plastic deformation. ,e main parameters for the
ball-spinning process are shown in Figure 2, where R is the
ball radius, Δt is the thickness reduction, f is the feed ratio,
and α is the spinning angle.

Rotarescu [1] performed a theoretical derivation and
finite-element simulation to establish the relationship be-
tween the parameters for ball spinning. Abd-Eltwab et al. [2]
studied the effects of processing variables pertaining to ball

spinning on the forming load and the quality of the formed
sleeves and determined the optimum values of these vari-
ables. Li et al. [3] obtained a formula for calculating the ball-
spinning pressure under the assumption of a plane strain
state. Zhang et al. [4] analyzed the folding defects formed by
ball spinning at the bottom of the inner grooves of copper
tubes according to the results of finite-element analysis.
Jiang et al. [5, 6] simulated the ball spinning of a nickel-
titanium shape memory alloy tube by the rigid-viscoplastic
finite-element method and investigated the interface com-
patibility of the composite tube of copper and aluminum
during ball spinning. In [7], the finite-element method was
used to simulate the thin-walled tube ball spinning, and the
reasonable process parameters were obtained. Kuss and
Buchmayr [8, 9] carried out a finite-element simulation and
an experiment on the surface cracking phenomenon, which
affects the spinning of the workpiece. Jiang et al. [10, 11]
simulated multipass backward ball spinning and carried out
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a study on the in�uence of the ball size on deformability of
thin-walled tubular part with longitudinal inner ribs.

As mentioned above, previous research on the ball-
spinning process parameters mostly considered the in�u-
ence of single-process parameters on the spinning tube,
without taking into account the coupling e�ects of various
parameters. As a result, when a process parameter changes,
the remaining process parameters cannot be correspond-
ingly adjusted.

2. Theoretical Basis and Related Hypotheses

Because of the close-packed hexagonal structure of the metal
atom, the magnesium alloy shows poor plasticity and can be
easily broken during spinning. �erefore, it is important to
select appropriate process parameters to improve the plastic-
forming ability and thus ensure surface quality.

Internal factors such as deformation temperature, de-
formation speed, and deformation methods as well as other
external factors a�ect the deformation behavior of magne-
sium alloys. At present, a large number of studies on the
mechanical properties of magnesium alloys are gradually
transferred from normal temperature and quasi-static
conditions to di�erent temperatures and di�erent strain
rates, including fracture strength and fracture ductility [12].

Rod parameter, soft coe�cient, and stress triaxiality are
the commonly used stress state parameters for studying the
deformation and fracture of a metal. From multidirectional
tension tomultidirectional compression, the stress triaxiality
and di�erent stress states show a signi�cant monotonic
change; hence, it is imperative to describe the stress state of
the material.

�e research results show that ductile fracture caused by
plastic deformation is a�ected by parameters such as strain
rate and temperature as well as the stress triaxiality [13, 14].
With an increase in stress triaxiality, the equivalent elastic
modulus and equivalent yield stress of a magnesium alloy
increase, but its fracture strain gradually decreases [15]. At
present, a single stress or strain fracture criterion cannot
explain the failure fracture behavior under the complex
stress state of a magnesium alloy material. Considering the
relationship between the stress triaxiality and the fracture
strain as the core of the fracture criterion can help explain

the magnesium alloy failure behavior in di�erent stress
states.

�e stress triaxiality σ∗ force is given by

σ∗ �
σm

σ
,

σm �
σ1 + σ2 + σ3

3
,

σ �
�������������������������������
1
2

σ1 − σ2( )2 + σ2 − σ3( )2 + σ3 − σ1( )2[ ]
√

,

(1)

where σm is the spherical stress; σ1, σ2, and σ3 are maximum,
intermediate, and minimum principal stresses, respectively;
and σ is the von Mises equivalent stress.

Generally, the smaller the σ∗ value, the larger is the
plastic deformation limit of the material and the better is the
plastic-forming ability. El-Magd and Abouridouane [16]
studied magnesium alloys and found that, under dynamic
loading conditions (_ε> 10−3), there was an increase in de-
formation when the strain rate increased.

From the aspect of cracking of the material surface, the
fracture failure of the metal is related to the strain rate and
temperature in addition to the stress triaxiality. �e most
widely accepted and used fracture failure criterion is the
Johnson–Cook fracture failure model, which is expressed as
follows [17]:

εf � D1 + D2 exp D3σ
∗( )[ ] 1 + D4 ln _ε( ) 1 + D5T

∗( ), (2)

where εf is the fracture strain; σ∗ is the stress triaxiality; σe is
the Mises equivalent stress; D1, D2, D3, D4, andD5 are the
material constants; _ε is the strain rate; and T∗ is a temper-
ature parameter.

According to the literature [17], in formula (2), stress
triaxiality is the most important factor a�ecting the fracture
strain; when the hydrostatic pressure increases, the fracture
strain decreases rapidly. �e fracture strain mainly depends
on the hydrostatic pressure state and is less dependent on the
strain rate and temperature.

Screw tube
Workpiece

Mandrel

Supporting ring
Conical ring

Ball

Figure 1: Schematic of ball spinning.

R

Δt

α

f

Figure 2: Process parameters for ball spinning.
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�us, stress triaxiality is the decisive factor for the
fracture strain of a given material at medium and low strain
rates. Although stress triaxiality and equivalent fracture
strain can be calculated based on tested data, the material
failure strain is not the same as the equivalent fracture strain.
Hence, the actual relationship between equivalent strain and
stress triaxiality cannot be determined experimentally. For
this reason, a numerical simulation must be performed to
obtain the accurate stress triaxiality of the specimen.

�is study analyzes the change rule for the average value
of relative strain triaxiality in the deformation in�uence zone
during the ball spinning of an AZ31 magnesium alloy thin-
walled tube. A method for selecting the process parameters
based on the stress triaxiality is presented.

Ball spinning is a complex stress-strain process, and the
material stress-strain curve changes with the stress state;
hence, calculation of the real stress triaxiality is very di�cult.
Based on the above analysis, the �nite-element calculation in
this paper has been carried out with the following conser-
vative processing: the strain rate is in the medium-low range
and has little e�ect on the fracture strain; the simulation and
experiment are carried out at room temperature, so the e�ect
of temperature on the fracture strain is neglected; a bilinear
model of the stress-strain relationship of the material is used
in the �nite-element model.

�us, the stress triaxiality value at each point is not the
true stress triaxiality but a relative representation of the
stress triaxiality. �e main purpose is to explore the change
in stress triaxiality with di�erent parameters and to provide
a qualitative reference for the selection of process parameters
toward a small stress triaxiality.

3. Finite-Element Simulation of Ball Spinning

3.1. Model Establishment. In this study, the commercial
�nite-element software ABAQUS is used to simulate the
spinning process. �e model is simpli�ed accordingly. �e
support ring, screw tube, and conical ring are ignored, and
ball movement is directly de�ned. �e ball, thrust ring, and
mandrel are de�ned as analytical rigid bodies, and only the
tube is de�ned as the elastoplastic body. �e eight-node
linear hexahedral element C3D8R is used, and the plastic
deformation region is remeshed. As the local deformation is
large, an enhanced hourglass control is set up. �e �nite-
element model is shown in Figure 3.

To compare the e�ects of di�erent process parameters on
the stress state of the workpiece (a thin-walled tube),
multiple simulations must be conducted. Based on the above
discussion, the elastic modulus and yield stress of the
workpiece-magnesium alloy tube are given in a simple bi-
linear model [18] in Table 1. �e material properties and
process parameters of the tube are shown in Table 1.

3.2. Boundary Condition Settings. In order to maximize the
�t of the actual spinning conditions, the boundary condi-
tions for the simulation process are set as follows:

(1) During spinning, the ball rotates in a three-dimensional
manner. Hence, the simulation limits its three directions

of translational freedom to retain the rotation
freedom.

(2) �e tube is in frictional contact with the mandrel and
thrust ring at a friction coe�cient of 0.08. �e
contact between the ball and the magnesium alloy
material with lubrication corresponds to a friction
coe�cient of 0.1.

(3) �e mandrel is fed axially with the workpiece, and
the remaining directions of freedom are restricted.

3.3. Data Extraction from Simulation Results. In ball spin-
ning, besides the metal extrusion by the ball just below the
ball, the nearby area is also a�ected. �us, this study con-
siders the contact area between the ball and tube and the
surrounding vicinity as a single ball-deformation-a�ected
area (Figure 4).

�e average value of relative stress triaxiality (AVRST) in
the a�ected zone is taken as the basis for the selection of
process parameters, which is mainly in the following
considerations:

First, the ball and the workpiece are theoretically in the
point contact state, so the actual deformation-a�ected area is
very small. �e location of the extreme value of stress tri-
axiality is usually not the position of the maximum position
of the stress, and the AVRST can weaken the in�uence of
�uctuations in the extreme value of stress triaxiality of an
isolated unit.

Second, the balls are circumferentially distributed along
the circumference of the workpiece, and the contact and
noncontact states of the ball are continuously repeated at the
same point on the workpiece. �is repeated state is con-
tained in the deformation-a�ected zone.

�erefore, it is more reasonable to use the change in the
AVRST in the deformation-a�ected zone to investigate
the plastic-forming ability of the deformation zone of the
workpiece.

Ball

Mandrel

Workpiece

Figure 3: Finite-element model.
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Along the circumferential direction of the workpiece

shell, the tension zone between two balls appears at intervals,
immediately below the ball; eight units are taken from each
side in the ball feeding direction to constitute the deformation-
affected zone.

,e stress triaxiality value of each element in the set is
extracted, as shown in Table 2.

As mentioned above, the stress triaxial values are rela-
tive, but its change can be derived from multiple sets of
process parameters; this can qualitatively guide the selection
of the process parameters in favor of plasticity improvement.

4. Results of Finite-Element Calculation

,e three main process parameters—ball diameter, thick-
ness reduction, and feed ratio—affect the stress state of the
workpiece during spinning, and the coupling effects between
these parameters are also significant. ,erefore, the re-
lationships between one of these parameters and the other
two parameters are studied.

,e AVRST in the deformation-affected zone under
different parameter configurations for each group in Table 3
is plotted as a graph. Cloud diagrams of relative stress tri-
axiality by the finite-element method, corresponding to each
group of process parameters, are extracted. ,e areas in
which the relative stress triaxiality is greater than zero are set
in white color for significant distinction, as shown in Figures
5–10, for each graph and cloud diagram.

5. Discussion

According to the calculated data, the relative stress triaxiality
for different ball diameters, amounts of thinning, and feed
ratios is analyzed and discussed as follows.

5.1. Effect of Ball Diameter. As seen in Figure 5, as the ball
diameter gradually increases, the AVRST in the deformation-
affected zone decreases first and then increases. ,is obser-
vation indicates that excessively small or excessively large
ball diameters are not suitable for the plastic deformation
capacity.

As can be seen from curves 1 and 3 in Figure 5, the
minimum AVRST in the deformation-affected zone appears
at R� 3mm, while the spinning angle is

α � arccos
R−Δt

R
� arccos

3− 0.2
3

� 21°. (3)

Curve 2 shows the minimum value when R� 4.5mm,
and the corresponding spinning angle is

α � arccos
R−Δt

R
� arccos

4.5− 0.3
4.5

� 21.04°. (4)

,is angle is consistent with the best spinning angle
obtained by the production practice mentioned in the lit-
erature [19].

From the contrasting trend for curves 1 and 3 in Figure 6,
it is seen that with an increase in the ball diameter, the
difference in AVRST increases. ,e corresponding AVRST
plotted on curves 1 and 3 increases rapidly, but curve 2 is
relatively flat. ,is indicates that when a larger ball diameter
is used, a smaller feed ratio and larger thickness reduction
should be adopted.

To analyze the distribution of stress triaxiality in Figure
6, a nodal flow vector diagram of the section of the contact
area between the ball and the workpiece is extracted, as
shown in Figure 11.

Notably, the contact area of the ball is squeezed during
spinning. In this case, the relative stress triaxiality is small.
During the movement of the ball along the circumference of
the workpiece, the material flow velocity is lower on the
adjacent front and rear areas of the ball than in the ball
contact area.,us, the frontal pressure and rear tensile stress
states are formed.

Moreover, a band-like tensile stress region is generated
on the workpiece surface in the direction of about 45° be-
cause of the large shearing stress.

When the ball diameter is small, the deformation area is
also small. In this case, the relative stress triaxiality in most
areas is small and negative. With an increase in ball diameter,
the area of plastic deformation and the area in which the
relative stress triaxiality is positive increase, but the relative
stress triaxiality pole value decreases from 5.16 to 4.71.

Moreover, when the ball diameter is R� 4mm, the min-
imum value of relative stress triaxiality is larger than that at
R� 3mm, and this minimum value generally appears imme-
diately below the ball. ,is indicates that as the ball diameter

Table 1: Properties and process parameters of the blank tube.

Tube material Elastic modulus
(MPa)

Poisson’s
ratio

Yield stress
(σs)

Outside diameter
of tube (mm)

Tube-wall
thickness (mm) R (mm) Δt (mm) f (mm/r)

Magnesium
alloy (AZ31B) 44800 0.31 180 18 1.5

2.5 0.1 0.1
3 0.2 0.15
3.5 0.3 0.2
4 0.4 0.25
4.5 0.5 0.3

Figure 4: Deformation-affected area.
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increases, the plastic limit of the material decreases, and
particularly, the extent of the thickness reduction is diminished.
Moreover, when the ball radius increases, the extremum of
relative stress triaxiality in the tension region increases, so
excessively small ball diameters are highly undesirable.

5.2. E�ect of �ickness Reduction. In Figure 7, the AVRST
decreases �rst and then increases with increasing thickness
reduction.�is observation indicates that excessively high or

low thickness reductions are not conducive for ductile-
forming ability. From the three curves in Figure 7, when
the ball diameter is R� 3mm, the thickness reduction
corresponding to the minimumAVRST is 0.2. When the ball
diameter is R� 4.5mm, the thickness reduction corre-
sponding to the minimum AVRST is 0.3. �ese two values
satisfy the following relation:

Δt � R 1− cos 21°( ). (5)

Table 2: Average stress triaxial value for di�erent process parameters.

No. R Δt f TRIAX No. R Δt f TRIAX No. R Δt f TRIAX
1 2.5 0.2 0.2 −0.7413 13 2.5 0.3 0.1 −0.1733 25 4.5 0.3 0.2 −0.8001
2 3.5 0.2 0.2 −0.9252 14 2.5 0.3 0.15 −0.4531 26 4.5 0.4 0.2 −0.6585
3 4 0.2 0.2 −0.8034 15 2.5 0.3 0.25 −0.4681 27 4.5 0.5 0.2 −0.6274
4 4.5 0.2 0.2 −0.7574 16 2.5 0.3 0.3 −0.2836 28 3 0.1 0.2 −0.6487
5 2.5 0.2 0.3 −0.6020 17 2.5 0.2 0.1 −0.4014 29 3 0.2 0.2 −1.0312
6 3.5 0.2 0.3 −0.7252 18 2.5 0.2 0.15 −0.6340 30 3 0.4 0.2 −0.5260
7 4 0.2 0.3 −0.5834 19 2.5 0.2 0.25 −0.7329 31 3 0.5 0.2 −0.4594
8 4.5 0.2 0.3 −0.5074 20 3 0.2 0.1 −0.5552 32 3 0.1 0.3 −0.5487
9 2.5 0.3 0.2 −0.5699 21 3 0.2 0.15 −0.8883 33 3 0.3 0.3 −0.5886
10 3 0.3 0.2 −0.8416 22 3 0.2 0.25 −0.9686 34 3 0.4 0.3 −0.3063
11 3.5 0.3 0.2 −0.7552 23 3 0.2 0.3 −0.8766 35 3 0.5 0.3 −0.2050
12 4 0.3 0.2 −0.7634 24 4.5 0.1 0.2 −0.4416

Table 3: Process parameters.

Process parameters Di�erent ball diameters R (mm)
Δt (mm) 0.2 0.2 0.3
f/mm/r 0.2 0.3 0.2
R (mm) 2.5, 3.0, 3.5, 4.0, 4.5
Process parameters Di�erent amounts of thinning Δt (mm)
f/mm/r 0.2 0.3 0.2
R (mm) 3 3 4.5
Δt (mm) 0.1, 0.2, 0.3, 0.4, 0.5
Process parameters Di�erent feed ratios f (mm)
R (mm) 2.5 2.5 3
Δt (mm) 0.2 0.3 0.2
f/mm/r 0.1, 0.15, 0.2, 0.25, 0.3

2.5 3.0 3.5 4.0 4.5

–1.0

–0.9

–0.8

–0.7

–0.6

–0.5

TR
IA

X

Curve 1 ∆t = 0.2, f = 0.2
Curve 2 ∆t = 0.3, f = 0.2 
Curve 3 ∆t = 0.2, f = 0.3 

R (mm)

Figure 5: Graph of change in AVRST with ball diameter.
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TRIAX
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+0.00e + 00
–2.48e – 01
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–7.43e – 01
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–1.24e + 00
–1.49e + 00
–1.73e + 00
–1.98e + 00
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–3.72e + 00
–3.96e + 00
–4.21e + 00
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–5.70e + 00
–5.94e + 00

(Mean: 75%)
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–4.67e + 00
–4.92e + 00
–5.16e + 00
–5.41e + 00
–5.65e + 00
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(Mean: 75%)

(c)

Figure 6: Cloud diagram of relative stress triaxiality for di�erent ball diameters. (a) R� 2.5mm, f� 0.2mm/r, and Δt� 0.2mm. (b)
R� 3mm, f� 0.2mm/r, and Δt� 0.2mm. (c) R� 4mm, f� 0.2mm/r, and Δt� 0.2mm.
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Figure 7: Graph of change in AVRST with thickness reduction.
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Figure 8: Cloud diagram of relative stress triaxiality for di�erent amounts of thinning. (a) R� 3mm, f� 0.2mm/r, and Δt� 0.1mm.
(b) R� 3mm, f� 0.2mm/r, and Δt� 0.2mm. (c) R� 3mm, f� 0.2mm/r, and Δt� 0.4mm.
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Figure 9: Graph of change in AVRST with feed ratio.
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�is correspondence implies that the optimum spinning

angle is always about 21°, which is consistent with the
analysis results in Section 5.1.

When the thickness reduction exceeds the optimum value,
the growth of curves 2 and 3 is faster than that of curve 1. �e
smaller the ball diameter, the more sensitive is the change in
the AVRST to the thickness reduction. Since there are in-
tersections between curve 1 and curves 2 and 3, the in�uence
of ball diameter on the AVRST exceeds the in�uence of feed
ratio when the thickness reduction exceeds that corresponding
to the intersection. �erefore, when the thickness reduction is
large, the ball diameter match should be �rst considered. As
the thickness reduction increases, curve 2 grows more rapidly
than curve 3; that is, as the thickness reduction increases,
a larger feed ratio leads to a poor stress state. �erefore, when
the ball diameter is the same, the feed ratio should be reduced
accordingly when the thickness reduction increases.

Figure 8 shows that the minimum value of relative stress
triaxiality decreases with an increase in the thickness reduction,

and that its maximum value decreases �rst and then decreases
with an increase in the thickness reduction.With an increase in
the thickness reduction, the area similar to an inclined strip,
where the relative stress triaxiality is greater than 0 decreases
and the inclination angle progressively decreases; however, the
tensioned area between the two balls increases gradually.
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–6.54e – 01
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Figure 10: Cloud diagram of relative stress triaxiality under di�erent feed ratios. (a) R� 3mm, f� 0.1mm/r, and Δt� 0.2mm. (b) R� 3mm,
f� 0.2mm/r, and Δt� 0.2mm. (c) R� 3mm, f� 0.3mm/r, and Δt� 0.2mm.

Ball contact area
R

Direction of ball rolling

Figure 11: Flow vector diagram of nodes of cross section at the
contact area center.
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WTIn addition, with an increase in the thickness reduction,
the area of the unspun section of the workpiece in which the
relative stress triaxiality is greater than 0 shows a decreasing
trend.�is is because as the thickness reduction increases, the
radial spinning force component increases faster than the
axial force and tangential force component [20]; therefore,
a larger thickness reduction is advantageous for reducing
circumferential torsional failure and axial pressure buckling.

5.3. E�ect of FeedRatio. As seen in the three curves in Figure
9, the AVRST �rst decreases and then increases with in-
creasing feed ratio. �is plot indicates that an excessively
large or small feed ratio is not conducive for improving the
plastic-forming ability of the tube, and all the feed ratios
corresponding to the minimum AVRST is about 0.2. By
comparing curve 1 and curve 2, it can be seen that, at a larger
thickness reduction, we must use a smaller feed ratio to
achieve better stress states. By comparing curve 2 and curve
3, it can be seen that when the ball diameter increases, the
feed ratio used should also be high for a smaller AVRST.

Figure 10 shows that when the feed ratio is small, the
AVRST of the deformation-a�ected zone is large. �e area
mainly distributed in the spinned region, where the relative
stress triaxiality is greater than 0 is large, but the maximum
relative stress triaxiality is 2.27, which is smaller than that for
the other cases, indicating that it is di�cult to break the
material under these conditions.

6. Multivariate Nonlinear Function Fitting

From the above analysis, the trend of AVRSTwith the change
of process parameters is obtained, so the nonlinear function is
�tted according to the existing calculation data in the fol-
lowing text. So that when a process parameter changes, it is
easy to match the remaining process parameters.

According to the simulation results, the three-variable
cubic polynomial is selected as �tting function. During the
�tting analysis using the standard ternary cubic polynomial
model, it is found that a signi�cant collinearity relationship
exists among the four items of RΔtf, RΔt, Rf, and Δtf in the
polynomial. However, when these four items are applied
into the �tting functionmodel, themodel becomes distorted,
and the �tting results are not estimated.�erefore, these four
items on the standard ternary cubic polynomial model are
eliminated, and the �nal �tting function model is attained
consequently as follows:

Table 4: Fitting function coe�cient.

a1 a2 a3 a4 a5 a6 a7 a8
−2.84E− 01 −5.49E+ 01 −4.49E+ 01 −7.78E− 02 3.64E− 01 −1.41E+ 01 −3.92E− 01 −4.06E+ 00

a9 b1 b2 b3 c1 c2 c3 d
2.42E+ 01 3.07E+ 00 6.02E+ 01 6.15E+ 01 −1.10E+ 01 −1.64E+ 01 −1.95E+ 01 1.52E+ 01

Table 5: Fitness determination parameters.

RMSE SSE R R2 DC
0.032591414 0.037177010 0.987666548 0.975485211 0.975485211

0 5 10 15 20 25 30 35

–1.0

–0.8

–0.6

–0.4

–0.2

0.0

TR
IA

X

Data point number

Result of FEM
Result of fitting function

Figure 12: Comparison of the measured values of the average stress triaxiality and the calculated values of the �tting function.

Figure 13: Experimental equipment.
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Rd � a1R

3 + a2Δt
3 + a3f

3 + a4R
2Δt + a5R

2f

+ a6Δt
2f + a7RΔt

2 + a8Rf2 + a9Δtf
2 + b1R

2

+ b2Δt
2 + b3f

2 + c1R + c2Δt + c3f + d.

(6)

�e data in Table 2 are used, and the results are shown in
Table 4.

�e �tting degree of the �tting function is also con-
sidered, and the determination parameters are shown in
Table 5.

�e plot in Figure 12 compares the compatibility be-
tween the results of FEM and �tting function.

In Figure 12, the compatibility between the measured
value of the AVRST and the calculated value of the �tting
function is high with no point of complete deviation, so the
�tting function model given in this paper is reliable.

At the given range of ball diameter of 2.5mm≤R≤ 4.5mm,
thickness reduction of 0.1mm≤Δt≤ 0.5mm, and the feed ratio
of 0.1mm/r≤ f≤ 0.3mm/r, the optimal process parameters that
correspond to the minimum AVRST are obtained as follows:
R� 3.01, Δt� 0.205, and f� 0.208.

7. Experimental Verification

�e material used in the experiment is a magnesium alloy
AZ31B extruded tube. �e horizontal spinning machine
used in the experiment is shown in Figure 13, and it can
achieve feed ratios of 0.1, 0.2, and 0.3mm/r.

However, the inner diameter of the conical ring is limited,
so the ball diameter cannot be changed arbitrarily to adjust the
range of thickness reductions. �erefore, the experimental ball
diameter is �xed R� 3.0mm, and the experiment only explores
the changes of thickness reduction and feed ratio. In linewith the
previous �nite-element analysis, the number of balls used in the
experiment is 9, and the spinning mold is �lled with grease.

To clearly observe the tube surface after spinning for
comparative analysis, the spinned tube surface is examined
by an ultradepth microscope.

Spinning experiments are carried out for di�erent
thickness reductions and feed ratios. �e experimental re-
sults are shown in Figures 14 and 15.

Figure 14(a) shows that the pipe surface is smoother and
shows minor cracks. In Figure 14(b), the surface �nish is the
highest, and there are no obvious cracks except for the
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Figure 14: Tube after spinning at di�erent thickness reductions. (a) R� 3mm, f� 0.2mm/r, and Δt� 0.1mm. (b) R� 3mm, f� 0.2mm/r,
and Δt� 0.2mm. (c) R� 3mm, f� 0.2mm/r, and Δt� 0.4mm.
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original scratches on the surface of the tube.�e tube surface
in Figure 14(c) is seriously damaged, and deep cracks are
visible along the tube circumference.

In Figure 15(a), the pipe surface shows no obvious cracks
and debris but displays a poor and dim �nish. Figure 15(b) is
the same as Figure 14(b). In Figure 15(c), the surface shows
visible cracks and a rolled skin, and the micrographs reveal
a stack of layers on the surface.

It can be seen from the experimental results that the
quality of the spinned tube is closely related to the AVRST,
and the failure of the tube after spinning is consistent with
the simulation results. It is thus demonstrated that the
method for using the AVRST to characterize the plastic-
forming ability of the material is feasible.

8. Conclusion

In this paper, the in�uence of the process parameters on
the stress state of the spinning deformation zone during
ball spinning is described by �nite-element simulation.
�e relationship among the three parameters—ball di-
ameter, feed ratio, and thickness reduction—and the average

stress triaxiality are discussed. Finally, spinning exper-
iments are carried out, and the following conclusions are
drawn.

�e AVRST for the ball-spinning deformation �rst
decreases and then increases with changes in the three
main process parameters. Excessively large or small values
of the ball diameter, feed ratio, and thickness reduction are
not conducive for improving the plastic-forming ability of
the tube. When a large thickness reduction is used, a large
ball diameter can improve the stress state. When the feed
ratio is large, the ball diameter is reduced, and the stress
state in the deformation-a�ected zone is improved; in-
creasing the ball diameter and reducing the feed ratio is
bene�cial for improving the plastic-forming capacity of
the tube. �e �tting formula used in this paper can predict
the AVRST of the deformation-a�ected zone of the
workpiece accurately within a certain range of process
parameters.
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During the transient phase of filling a casting running system, surface turbulence can cause the entrainment of oxide films into
the bulk liquid. Previous research has suggested that the entrained oxide film would have a deleterious effect on the reproducibility
of the mechanical properties of Al cast alloys. In this work, the Weibull moduli for the ultimate tensile strength (UTS) and %
elongation of sand cast bars produced under different casting conditions were compared as indicators of casting reliability which
was expected to be a function of the oxide film content. The results showed that the use of a thin runner along with the use of
filters can significantly eliminate the surface turbulence of the melt during mould filling which would lead to the avoidance of the
generation and entrainment of surface oxide films and in turn produce castings with more reliable and reproducible mechanical
properties compared to the castings produced using conventional running systems.

1. Introduction

Due to their unique properties, the usage of aluminium alloys
in different industrial sectors has grown dramatically in the
last decades. Their high elasticity, high electrical and thermal
conductivity, and high strength-to-weight ratio allowed them
to be widely adopted in the automotive and aerospace
industries [1, 2]. However, the mechanical properties of Al
castings were found to be greatly affected by the presence of
double oxide film defects (or bifilms) which were reported to
not only reduce the tensile strength and fatigue limit of the
castings but also increase their variability [3–6].

Bifilms were suggested to result from the surface distur-
bance duringmetal flowwhich causes the surface of the liquid
metal to fold over onto itself.This causes the upper and lower
oxidized surfaces of the folded-over metal to come together
and trap a layer of the mould atmosphere between them,
creating a double oxide film defect [7–12]. This defect is then
incorporated into the bulk liquid in an entrainment action,

which typically constitutes a crack in the solidified casting, as
shown in Figure 1 [4]. Oxide films were also shown to act as
nucleation sites for hydrogen porosity and iron intermetallics
[13, 14]. Such consequences were found to have detrimental
effects on the mechanical properties of the castings produced
[15]. Results of research performed by Green and Campbell
[16] and Nyahumwa et al. [17] suggested that aluminium
alloys usually achieve just a small fraction of their intended
properties while these defects are present.

Several researchers had explained themechanism respon-
sible for the entrainment of bifilms in Al castings that usually
occurs during pouring of the metal into the mould by
introducing the concept of the critical velocity. The critical
velocity (𝑉𝑐) is the flow velocity at the mould entrance (the
ingate) abovewhich entrainment of surface oxide filmswould
occur [18] and is commonly written as the following:

𝑉𝑐 = 2(
𝛾𝑔
𝜌
)
1/4

, (1)

7
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Air Oxide layer

Liquid Al

(a)

Double oxide
film defect

(b)

Figure 1: The formation of a double oxide film defect. (a) Surface turbulence leads to a breaking wave on the metal surface, and (b) the two
unwetted sides of the oxide films come into contact with each other as the bifilm is entrained into the bulk liquid metal [4].

Table 1: Chemical composition of the alloy used.

Element Si Fe Cu Mn Mg Cr Ni Zn Pb Sn Ti Al
% 0.11 0.10 0.01 0.01 5.00 0.01 0.01 0.01 0.01 0.01 0.02 Bal

where 𝜌 is the density of the melt in kg/m3, 𝛾 is the surface
tension in N/m, and 𝑔 is the gravity acceleration in m/s2. For
liquid aluminium, 𝛾 = 1Nm−1 and 𝜌 = 2400 kgm−3; hence,
the critical velocity can be estimated to be about 0.5ms−1.
If the mould-entry velocity exceeds the critical velocity, the
surface of the melt would be forced to propel upwards,
achieving a height sufficient to enfold its oxide surface as it
falls back under gravity [13, 18]. Results of the experiments by
Runyoro and coauthors [19], Halvaee and Campbell [20], and
Bahreinian et al. [21] for different Al andMg alloys suggested
that the critical velocity would be between 0.4 and 0.6ms−1.

It was suggested that only bottom-gated filling systems
can produce reliable castings if the ingate velocities are to
be kept below the critical velocity which might prevent
the surface turbulence of the molten metal during pouring
and reduce the possibility of entraining the oxidized surface
inside the bulk liquid [22]. In this work, two different
parameters were considered: the height of the runner and the
use of filter. The effect of these parameters on the creation
of oxide films in Al castings and by implication on the
tensile properties of the resulting castings was determined.
Understanding these issues could lead to the development of
techniques by which oxide film defects might be reduced or
eliminated in aluminum castings.

2. Experimental Work

In this study, castings of Al-5 wt.%Mg alloy were produced
via gravity casting. Chemical composition of the alloy used
is given in Table 1. Four different casting experiments were
carried out. In each experiment, two resin-bonded sand
moulds were prepared, with the shape and dimensions shown
in Figure 2, each producing 10 test bars. The moulds were
then held under partial vacuum of about 0.5 bar for 2 weeks
before casting, which was suggested in an earlier work to
remove the solvent of the resin binder from themoulds and in
turnminimize the hydrogen pick-up by the liquidmetal from
the mould during casting [23]. Two different heights of the
runner (thin (10mm) and thick (25mm)) were considered.
For each runner height, castings were produced with and

Pouring
basin

Mould

Sprue
Castings

Location of filter prints
Runner bar

100

11

Figure 2: Shape and dimensions of the sand mould used in the
experiment (dimensions are in mm).

without the use of filters. The experimental plan is shown in
Table 2.

In each experiment, about 6 kg of the aluminium alloy
was melted in an induction furnace. Once the temperature
of the melt reached 850∘C, the crucible containing the liquid
metal was placed in a vacuum chamber, where the melt was
held at about 800∘C, under vacuum of about 0.2 bar for two
hours, a procedure intended to remove previously introduced
bifilms from the melt [24, 25]. The melt was then argon-
degassed using a lance for 1 h before pouring from a height
of about 1 meter into the sand moulds. In Experiments 2
and 4, two 10 PPI (pores per linear inch) ceramic filters,
of dimensions 50 × 50 × 20mm, were placed in the filter
prints at the locations shown in Figure 2. The adopting of
thin runner along with the use of filters during pouring was
intended to reduce themelt velocity at the ingate whichmight
minimize the possibility of having surface turbulence of the
molten metal during mould filling with the corresponding
entrainment of the surface oxide films. The filters were
expected to play an additional role which was the removal of
inclusions from the melt.

After solidification, the castings were machined into
tensile test bars of a cylindrical cross section of 10mm
diameter with a gauge length of 100mm, which were pulled
to fracture with a strain rate of 1mm/min. The fracture
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Figure 3: Weibull distribution of (a) ultimate tensile strength and (b) % elongation of Al-5Mg alloy specimens from different experiments
listed in Table 1.

Table 2: Experimental plan.

Experiment number Runner height (mm) Filters used
1 25 No
2 25 Yes
3 10 No
4 10 Yes

surfaces of the samples were subsequently examined using
scanning electron microscopy (SEM), equipped with energy
dispersive X-ray (EDX) analysis, for the evidence of oxide
film. The tensile results were evaluated using a Weibull
statistical analysis approach to assess the influence of different
casting parameters, typically the runner height and the use of
filters, on the variability of the mechanical properties of the
castings.

It should be emphasized that, in this work, the melt was
kept under partial vacuum for two hours before pouring to
remove most, or perhaps all, previously existing oxide films.
In addition, the amount of hydrogen in the final casting was
minimized by keeping the sandmoulds under partial vacuum
for two weeks before being used which would allow them to
lose most of the solvent and therefore minimize the amount
of hydrogen picked up by the melt from the mould. Finally,
the melt was degassed before pouring to reduce its hydrogen
content. These arrangements were considered to eliminate
the effect of any other parameter rather than the casting
conditions on the mechanical properties of the resulting
casting.

3. Results

The two-parameter Weibull distribution was used to analyze
the scatter in the mechanical properties of the Al-5Mg
alloy castings produced under different casting conditions,
as it was suggested to be more appropriate than a normal
distribution [26, 27]. The Weibull modulus (the slope of the
line fitted to the log-logWeibull cumulative distribution data)
is a single value that shows the spread of properties; a higher
Weibull modulus reveals less variability among the studied
properties.

Weibull plots of the UTS and % elongation of the test
bars cut from all castings (see Table 2) are represented
in Figures 3(a) and 3(b), respectively. The values of the
correlation coefficients (𝑅2) suggested that the data points
expressing both the UTS and % elongation values were
linearly distributed. It was noted that, for both the UTS and
% elongation, the Weibull moduli (the slope of the trend
line) of the castings from Experiment 4, where filters and the
thin runner were used, were the highest among all castings.
Figures 4(a) and 4(b) show plots of the Weibull moduli of
the UTS and % elongation of the Al alloy versus the height
of the runner with and without the use of filters. Weibull
modulus of the UTS, when the runner height was 25mm and
without the use of filters, was 8.58. Decreasing the runner
height to 10mm increased the modulus to 13.41, while the
use of filters increases the modulus to 17.99. Nevertheless, the
use of 10mm thick runner accompanied by the use of 10 PPI
filters caused the Weibull modulus to increase to 41.45. Also,
an elongation modulus of 3.39 was obtained for the casting
produced using a runner height of 25mm and without the
use of filters. Castings with Weibull moduli of 8.36, 15.94, or
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Figure 4: Plot of runner height versus (a) Weibull modulus of UTS and (b) Weibull modulus of % elongation.

30.22 were obtained when a 10mm thick runner was used,
when filters were implemented, or when both the thin runner
and the filters were adopted.

Plots of the position parameter (the characteristic stress at
which 1/𝑒 of the samples survived) [26] of both the UTS and
% elongation of the Al alloy versus the height of the runner
with and without the use of filters are represented in Figures
5(a) and 5(b), respectively. The position parameter showed
a similar behavior to that of the Weibull moduli of both the
UTS and % elongation. The use of thin runner together with
the utilization of filters caused the position parameter of both
the UTS and % elongation to increase from 134 to 200MPa
and from 24% to 43%, respectively.

Oxide film defects were found on all the fracture surfaces
of test bars investigated from Experiments 1, 2, and 3. Only
the fracture surfaces of the specimens from Experiment 4
were found to be free of oxide films. Figures 6–8 show
SEM images of bifilm defects found on the fracture surfaces
of test bars from Experiments 1–3, respectively, while an
SEM micrograph of the fracture surface of a specimen from
Experiment 4 is presented in Figure 9. The fracture surfaces
were always selected from test bars that showed the lowest
tensile strengths. Analysis by EDXwas carried out at locations
marked with “X” where it is suggested that MgO existed on
the surfaces.

4. Discussion

In earlier studies of the effect of oxide films on themechanical
properties of different Al castings, themould design shown in
Figure 2 (using a 25mm thick runner and without the use of

filters) was suggested to cause severe surface turbulence of the
melt during mould filling which resulted in the creation of a
significant amount of oxide films [23]. In the present work,
the poor mould design, shown in Figure 2, was deliberately
used in Experiment 1.This was expected to cause the velocity
of the molten metal at mould entrance (the ingate velocity)
to firmly exceed the critical velocity.This would lead to oxide
film entrainment, which was subsequently confirmed by the
SEM examination of the fracture surfaces (see Figure 6).This
caused a significant reduction in theUTS and% elongation of
the casting produced in Experiment 1 (position parameters of
134MPa and 24%, resp.) and also increased the scatter of both
properties (Weibull moduli of 8.6 and 3.4, resp.), as shown in
Figures 4 and 5.

In an attempt to reduce the ingate velocity, two different
methodologies were considered in this study: the use of
filters and decreasing the runner height (Experiments 2 and
3, resp.). Each of the two approaches showed a noticeable
reduction of the amount of oxide films on the fracture
surfaces of the specimens from castings in these experiments,
as shown in Figures 7 and 8, respectively.This resulted also in
a perceptible improvement of both the Weibull moduli and
position parameters of the UTS and % elongation, as shown
in Figures 4 and 5.

However, the use of 10 PPI filters seems to have a stronger
effect on enhancing the mechanical properties than the effect
of reducing the runner height, especially for the Weibull
moduli. This could be due to their secondary role in the
removal of inclusions out from the melt. For instance, the
reduction of runner height from 25 to 10mmwithout the use
of filters (Experiment 3) increased the Weibull modulus of
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Figure 5: Plot of runner height versus (a) position parameter of UTS and (b) position parameter of % elongation.

2mm

(a)

Spectrum 2

(keV)
876543210

Full scale 9287 cts
Cursor: 3.782 (127 cts)

Mg

Si

O

Al

(b)

Figure 6: (a) An SEM image of the fracture surface of a specimen from Experiment 1; (b) EDX analysis at the location marked “X” in (a).

the UTS by about 56%. Conversely, a rise of such modulus
of about 109% was achieved through the use of filters while
keeping the runner height at 25mm.

Combination of the two methodologies was found to
considerably improve themechanical properties.TheWeibull
moduli of the UTS and % elongation experienced a remark-
able boost of about 380% and 790%, respectively. Also, the
position parameter of the UTS increased by about 50%, while
that of the % elongation was almost doubled. It could be

suggested that the use of thin runner could eliminate the
jetting of the molten metal during its journey through the
runner. In addition, the use of filters seems to help in reducing
the acceleration of the incoming flow of liquid metal inside
the runner before entering the mould cavity.This allowed for
more quiescent filling regime of the mould cavity and in turn
led to a reduction of the ingate velocity to less than 0.5m/s,
which minimized the amount of entrained oxide films and
correspondingly enhanced the mechanical properties. This
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Figure 7: (a) An SEM image of the fracture surface of a specimen from Experiment 2; (b) EDX analysis at the location marked “X” in (a).
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Figure 8: (a) An SEM image of the fracture surface of a specimen from Experiment 3; (b) EDX analysis at the location marked “X” in (a).
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Figure 9: (a) An SEM image of the fracture surface of a specimen from Experiment 4; (b) EDX analysis at the location marked “X” in (a).

could be demonstrated via the SEM image in Figure 9 that
did not show any oxide fragment on the fracture surface,
which was also confirmed by the accompanied EDX analysis
results. These results were in agreement with the results
obtained by Dai et al. [28], Eisaabadi Bozchaloei et al. [29],
andNyahumwa et al. [17], who suggested that optimization of

the design of the running system and the use of filters in the
running systemmight help keep the ingate velocity below the
critical velocity which could eliminate the possibility of oxide
film entrainment. The implication of these results is that the
optimization of the runner system design and improving the
flow behavior during mould filling could significantly reduce
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the production of oxide films so that the mechanical strength
and reliability of aluminium alloy castings can be enhanced.

5. Conclusions

(1) Entrained bifilm defects reduce the mechanical prop-
erties of Al-5Mg alloy castings.

(2) Theuse of a 10mm thick runner increased theWeibull
moduli of the UTS and % elongation by about 56%
and 147%, respectively, while the use of 10 PPI filters
increased the moduli by 109% and 368%, respectively.

(3) Adopting the 10mm thick runner along with the use
of 10 PPI filters resulted in a substantial improvement
of the Weibull moduli of the UTS and % elongation
by about 380% and 790%, respectively, perhaps due to
the improvedmould filling conditions that eliminated
the chance of oxide film entrainment.

(4) The more careful and quiescent the mould filling
practice, the higher the quality and reliability of the
castings produced.
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The present work is focused on estimating the optimal machining parameters required for photochemical machining (PCM) of an
Inconel 718 and effects of these parameters on surface topology. An experimental analysis was carried out to identify optimal values
of parameters using ferric chloride (FeCl3) as an etchant. The parameters considered in this analysis are concentration of etchant,
etching time, and etchant temperature. The experimental analysis shows that etching performance as well as surface topology
improved by appropriate selection of etching process parameters. Temperature of the etchant found to be dominant parameter in
the PCM of Inconel 718 for surface roughness. At optimal etching conditions, surface roughness was found to be 0.201 𝜇m.

1. Introduction

The Inconel 718 superalloy has a variety of industrial applica-
tions like aircraft engines, submarines, space vehicles, and so
forth due to its distinctive properties. However, machining of
this material becomes one of the key issues due to its hard
nature. Photochemical machining is nontraditional micro-
machining processes. It produces flat metallic components
which are free from burr and stress. In PCM, metal removal
takes place through dissolution of metal atoms in chemical
solution. It involves etching of metal from the restricted area
using photo tool assisted photoresist. In present days, the
PCM is acting a vital role in the precision parts manufac-
turing in industries like aerospace, automobile, electronics,
ornament, medical, and so forth. The products made by
using PCM are useful in the microelectromechanical system
(MEMS) and nanoelectromechanical system (NEMS) [1, 2].

Inconel 718 is an important nickel based super alloy and
it is used for various engineering applications. It especially
is used in aerospace, marine, nuclear, and food processing
applications [3]. This nickel alloy resists spalling during
temperature fluctuations by developing a tightly sticking

oxide scale. Inconel 718 has applications in high temperature
and high pressure condition [4].

Saraf and Sadaiah studied effect of magnetic field on
the etch rate of SS316L [5]. Patil and Mudigonda conducted
experiments on Inconel 718 for understanding the effects of
control variables such as speed of cutting, rate of feed, and
depth of cut on surface finish and residual stresses at different
level of parameters [6]. Qu et al. carried out the study on
Monel 400 using PCM. Study shows that rolling direction
affects etch rate [7]. For the first time Bruzzone and Reverberi
introduced simulation in PCM. For this, a 2D Monte Carlo
simulation model was used and experimental value was
performed [8]. Çakir studied the effect of ferric chloride
etchant on Aluminum as Al etching is the critical issue in
the PCM industry [9]. Ho et al. performed the chemical
machining, analysis of nanocrystalline nickel and predicted
the effect of etchant concentration on etching quality [10].
Çakir et al. carried out comparative analysis of the copper
etching process with ferric chloride and cupric chloride
etchant. Etching rate was observed more with ferric chloride
etchant while smooth surface quality was produced with
cupric chloride etchant [11]. Allen and Almond discussed
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Figure 1: SEM image of Inconel 718 before machining.

Element Wt. (%)
C 5.69
O 3.73
Al 2.07
Si 0.86
Nb 0.95
Ti 1.27
Cr 19.68
Fe 13.34
Ni 52.42
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14.0012.0010.008.006.004.002.00

Figure 2: EDAX profile of Inconel 718.

issues in Quality Control (QC) for ferric chloride etchant in
PCM Industries [12].

Literature shows that no investigation has been reported
on surface topology in PCM. Inconel 718 is a difficult to cut
alloy and it is having wide range of applications. It can be
machined using Electro Discharge Machining, laser beam
machining, and so forth where stresses are induced during
machining.The PCM is stress and burr free process in which
no significant study has been observed on Inconel alloys.The
effect of process parameter on surface topology is a critical
issue in PCM. This study investigates the photochemical
machining of Inconel 718 for the first time.

2. Materials and Methods

2.1. Material. The material selected for experimentation was
Inconel 718.The plate of 250 × 250 × 1mmwas taken initially
for measurement of surface roughness value. The initial
values of surface roughness were taken at different places on
the workpiece and the average value was observed as 1.98 𝜇m.
The specimens were prepared in size of 20 × 20mm. The
scanning electron microscopy (SEM) image of unmachined
Inconel 718 is as shown in Figure 1. Energy Dispersive X-Ray
Analysis (EDAX) profile as presented in Figure 2 provides the
chemical composition of Inconel 718.

Work surface

Reaction

DiffusionDiffusion

Boundary layer ProductsReactants

Figure 3: Photochemical machining mechanism.

Table 1: Input parameters.

Parameter Levels for experimentation
Level 1 Level 2 Level 3

Temperature (∘C) 45 50 55
Etchant conc. (g/L) 500 550 600
Time (min) 20 30 40

2.2. Machining Mechanism. In photochemical machining,
metal removal takes place by etching. There are three major
stages observed (Figure 3).

(a) Ions or molecules from etchant solution diffused
towards the exposed film on thework surface through
the boundary layer.

(b) Due to chemical reaction between etchant exposed
film soluble and gaseous byproducts formation takes
place.

(c) A byproduct from the surface of work piece gets
diffused through the boundary layer into the etchant
solution.

2.3. Experimental Procedure. The different steps followed in
PCM experimentation are given in Figure 4.

The specimens were cleaned by using ultrasonic cleaner.
Solution used for cleaning contains deionizer water with the
1% of hydrochloric acid. The cleaned surface was observed
under SEM for surface alterations and EDAX for the chemical
composition. The specimens were machined by using FeCl3
(ferric chloride) as etchant. The design of experiments is
based on full factorial (3k) methodology. From past litera-
ture, it has been observed that the parameters which have
significant effect on the response parameter of PCM [13–
18] are concentration of etchant, etching temperature, and
etching time. The preliminary experimentation has been
carried out by using one factor at a time method for deciding
the ranges of process parameters. The process parameters
selected are etchant concentration, etchant temperature, and
etching time with three levels each as shown in Table 1.
For this combination of process parameters, 27 experiments
are required to be carried out using a full factorial method.
Also, response parameter as surface roughness (𝑅𝑎) values is
included in Table 2.
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Table 2: Experimental layout with coded and actual values.

Run
Coded values Actual values

Surface finish
𝑅𝑎 (𝜇m)Temperature (∘C) Concentration (g/L) Time

(min) Temperature (∘C) Concentration
(g/L)

Time
(min)

01 1 1 1 45 500 20 0.660
02 1 1 2 45 500 30 0.535
03 1 1 3 45 500 40 0.480
04 1 2 1 45 550 20 0.479
05 1 2 2 45 550 30 0.462
06 1 2 3 45 550 40 0.457
07 1 3 1 45 600 20 0.450
08 1 3 2 45 600 30 0.418
09 1 3 3 45 600 40 0.399
10 2 1 1 50 500 20 0.390
11 2 1 2 50 500 30 0.375
12 2 1 3 50 500 40 0.339
13 2 2 1 50 550 20 0.298
14 2 2 2 50 550 30 0.297
15 2 2 3 50 550 40 0.296
16 2 3 1 50 600 20 0.281
17 2 3 2 50 600 30 0.278
18 2 3 3 50 600 40 0.271
19 3 1 1 55 500 20 0.268
20 3 1 2 55 500 30 0.257
21 3 1 3 55 500 40 0.252
22 3 2 1 55 550 20 0.210
23 3 2 2 55 550 30 0.207
24 3 2 3 55 550 40 0.207
25 3 3 1 55 600 20 0.205
26 3 3 2 55 600 30 0.203
27 3 3 3 55 600 40 0.201

2.4. Experimental Setup. Experimental set-up for PCM of
Inconel 718 is shown in Figure 5. Etching bath is used
for carrying out experiments. It consists of an insulated
cover which maintains the temperature inside the bath. The
temperature controller is used to control the temperature of
the bath with accuracy of ±1∘C. The measurement of surface
finish (𝑅𝑎) was carried out by using Taylor Hobson talysurf
profilometer.

3. Results and Discussion

The statistical analysis for the influence of process variables
on surface roughness was made with the help of Mean
Effective Plots and Analysis of Variance (ANOVA). Thus,
the effect of process variables on response parameters was
analyzed to obtain optimized condition for low surface
roughness and a high material removal rate.

3.1. Analysis of Surface Roughness (𝑅𝑎). Table 3 shows the
analysis of variance (ANOVA) for surface roughness. From

ANOVA results, it was observed that the effects of pro-
cess parameters are significant on surface finish values.
For temperature and concentration it shows selected range
is nearly 100% significant and for the time it is about
95.1% significant. The most statistically significant factor was
temperature.

Figure 6 indicates the main effect plot for the surface
roughness of the photochemically machined Inconel 718.The
main effect plots showed that the surface roughness was
decreased with an increase in levels of input parameters. The
etching temperature, concentration, and time in decreasing
order of importance are control variables having an effect on
𝑅𝑎.

At 45∘C temperature, the reaction of ferric chloride
with Inconel 718 was just initiated, so initially the surface
roughness was observed more. As the temperature increases,
the viscosity of etchant reduces. Therefore, it results in
improved penetration of cation across the diffusion layer.
At high temperature, etchant attack is not along the grain
boundaries but rather distributed over grain areas, leading to
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Table 3: Summary of ANOVA for surface roughness.

Source Degree of freedom Adj. sum of square Adj. mean of square 𝐹-value 𝑃 value
Temperature 2 0.310680 0.155340 167.80 0.000
Concentration 2 0.043659 0.021830 23.58 0.000
Time 2 0.006500 0.003250 3.51 0.049
Error 20 0.018515 0.000926
Total 26 0.379354

Step 1: 
specimen 
selection

Step 2: 
cleaning

Step 7:
statistical 
analysis

Step 5: 
cleaning

Step 3: 
SEM analysis

Step 4: 
photochemical 

machining

Step 6: SEM and
surface roughness

measurement

Figure 4: Flow chart of PCM experimentation.

Base

Temperature 
controller

Specimen

Etchant 
bath

Specimen 
holder

FeCl3

Figure 5: Experimental set-up.

Table 4: Summary of ANOVA for surface roughness.

Concentration
in grams/liters

Sample weight
before etching

in grams

Sample weight
after etching in

grams

Weight loss
in grams

(A) 500 0.977 0.958 0.019
(B) 550 0.971 0.956 0.015
(C) 600 0.982 0.970 0.012

a smoother surface. Hence it was seen from main effect plots
as the temperature increases, the surface roughness decreases.

It was seen that as the concentration of etchant increases,
etching rate decreases (as shown in Table 4 and Figure 7).

When etchant concentration is high, movement of cation
across the diffusion layer becomes difficult as ferric chloride
becomes more viscous. Thus, the reduced rate of diffusion
leads to better surface finish. The time of reaction has a
very less effect on surface roughness as temperature and
concentration play a vital role for machining purposes.

Figure 8 shows the interaction plots between control
parameter and the response variable. It can be seen that
there is a significant decrease in the surface roughness value
with increase in temperature, concentration, and time. As
temperature increases the surface roughness value decreases;
for 500 g/L concentration at temperature 45∘C the average
surface roughness value recorded was 0.56 𝜇m and at 55∘C
it was 0.259 𝜇m (refer Figure 8(a)).The time is less significant
parameter for surface roughness as there is very less change
in surface roughness values with increase in time for the
constant temperature as shown in Figure 8(b). For 20-
minute etching time, average 0.44 𝜇m surface roughness was
recorded for 500 g/L concentration and 0.31 𝜇m for 600 g/L
concentration (refer to Figure 8(c)).

3.2. Surface Morphology

3.2.1. SEM Analysis. Figure 9(a) shows the microstructure
of unmachined Inconel 718 and Figure 9(b) shows the
microstructure of Inconel 718 after machining. Using opti-
mum etching parameter of 55∘C temperature, 600 g/L, and
40 minutes time of etching the machining of Inconel 718 was
carried out. The machined surface gives smaller grain size as
compared to the unmachined surface. The machined surface
also shows small clusters of alloying element chlorides which
may adhere to the machined surface due to fusion.
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Main effects plot for surface finish
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Figure 6: Main effect plot for roughness (𝑅𝑎).
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Figure 7: Graph of sample weight loss against concentration at 50∘C
and 20 Minutes of etching.

3.2.2. Sample Microstructure of Inconel 718. The microstruc-
ture of the Inconel 718 samples aftermachiningwas examined
with Nikon microscope. The microstructure of specimens
before machining is shown in Figure 10(a) and after machin-
ing is shown in Figures 10(b), 10(c), and 10(d) for constant
concentration of etching solution at 600 g/L and time of
etching at 40min. with change in temperature as 45∘C,
50∘C, and 55∘C, respectively. There is a significant effect of
etchant temperature observed on the microstructure and the
machining marks become smoother with an increase in the
temperature.

As the temperature is increased from 45∘C to 55∘C the
surface roughness decreases. At temperatures 45∘C, 50∘C,
and 55∘C, the roughness value 𝑅𝑎 is found to be 0.399 𝜇m,
0.271𝜇m, and 0.210 𝜇m, respectively, and the roughness
profile for the same is shown in Figures 11, 12, and 13.

The material removal initiated by the corrosion phe-
nomenon in photochemical machining. The formation of
passive layers is generally affected by chloride ions which
eventually lead to corrosion. Very less corrosion sites are
nucleated at low temperature and thus a rough and unde-
sirable surface is produced. At higher etchant temperatures,
corrosion sites nucleated are more which gives uniform
corrosion and leave a better surface finish. This can be seen
fromFigure 14. At lower temperature (45∘C) void formation is
observed (Figure 14(a)) resulting in higher surface roughness.
The good intergranular and intragranular corrosion during
etching (Figure 14(b)) is observed which leads to a better
surface roughness at higher temperature (55∘C).

4. Conclusions

For machining of Inconel 718, photochemical machining is
found to be a suitable machining process. The experimental
investigation was carried out to analyze the influence of
control variables on surface roughness in PCM. Findings of
the above study are as follows:

(i) Higher temperature resulted in better surface finish as
the etchant reacts with more grain area for uniform
surface alterations.

(ii) As the etchant concentration increases, the surface
roughness decreases.

(iii) The optimum surface finish, 𝑅𝑎 as 0.201 𝜇m was
observed at temperature 55∘C, etchant concentration
600 g/L, and time 40min.

(iv) Time shows less effect on surface roughness as com-
pared to temperature and concentration.
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Figure 8: Interaction plots: (a) temperature and concentration, (b) temperature and time, (c) etchant concentration and time.
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Figure 9: SEM images showing the surface morphology of Inconel 718.
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(a) (b)

(c) (d)

Figure 10: Microstructures of photochemically machined Inconel 718. (a) Before machining (b) at 45∘C; after machining (c) at 50∘C; after
machining (d) at 55∘C; after machining (etchant concentration: 600 g/L and etching time: 40 minute).
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Figure 11: 2D roughness profile of Inconel 718 specimen (parameters: temperature: 45∘C, concentration: 600 g/L, and time: 40 minutes).
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Figure 12: 2D roughness profile of Inconel 718 (parameters: temperature: 50∘C, concentration: 600 g/L, and time: 40 minutes).
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Figure 13: 2D surface roughness profile of machined Inconel 718 (parameters: temperature: 55∘C, concentration: 600 g/L, and time: 40
minutes).
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Figure 14: SEM image for a specimen photochemically machined at (a) 45∘C and (b) 55∘C.

Nomenclature

PCM: Photochemical machining
FeCl3: Ferric chloride.
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(e dispersoid precipitation behavior during the solutionizing and aging of Al-xwt.%Cu-1.0 wt.%Mn alloys (x� 2.0, 4.5, and 7.5) and
contribution to mechanical properties were investigated using tensile testing and microstructural characterization. A shell-core
structure of primary α-Al dendrites is found in Al-Cu-Mn alloys, in which the Cu content in the shell is higher than that in the core.
(e area of shell zone (Cu-rich) increases with an increase in Cu content in the alloy. Large amounts of fine dispersoid Al-Cu-Mn
particles precipitate in solution. An alloy with low Cu content results in only the TMn (Al20Cu2Mn3) particles being precipitated.
However, in an alloy with high Cu content, AlCu3Mn2 particles are first found to precipitate beside TMn. However, this precipitation
behavior is uneven. (e precipitation zones in the solution microstructure are consistent with the Cu-rich regions in the as-cast
microstructure. A number of fine particles (dozens nanometer in size) are first found to precipitate on the rod-like TMn particles
during the aging phase. (e redissolution and granulation of the eutectic CuAl2 phase during the solutionizing process result in the
formation of particle-free bands between the precipitation zones. (e tension test at 300°C demonstrates that the increase in high
temperature strength is due to the dispersoid precipitation during solutionizing, and the precipitation behavior in the aging phase has
little or no effect, however, largely improves the tensile strength at room temperature. High temperature strength is significantly
increased with an increase in Cu content, which correlates to an increase in number and decrease in size of TMn and
AlCu3Mn2 particles.

1. Introduction

Because of their good high temperature performance, Al-Cu-
Mn alloys, such as 2519 and 2219 as well as A2219, have been
used in structural parts for auto and space vehicles working at
higher temperature environment [1–4]. In order to further
improve the high-temperature mechanical properties, con-
trolling the size and number of strengthening precipitates
with high thermal stability is of great importance.

In Al-Cu-Mn alloys, the main strengthening phases at
high temperature have been proposed to be the TMn and θ
phases. For 2× 24 alloys, the interaction between the dis-
location motion and dispersoid precipitates of TMn
(Al20Cu2Mn3) and θ (CuAl2) phases play key roles in
strengthening at high temperature [5–8]. For the 2× 24

alloys (Al-Cu-Mg-Mn alloys), large amounts of rod-like
T-phase (Al20Cu2Mn3) dispersoid particles are pre-
cipitated in ingot homogenization or solution treatment
processes [9, 10]. Chen et al. [11] reported that the over-
whelming majority of particles of the TMn phase take a shape
of a rod in the Al-5Cu-1Mn alloy after solutionizing. Chen
et al. [12] produced Al-4.6Cu-Mn ribbons using melt
spinning, and during this process, rod-like TMn dispersoids
with a diameter of 120–160 nm formed during the aging
process at 190°C. (e work of Wang et al. [13] was in
agreement, reporting a rod-like TMn phase in Al-Cu-Mn
alloys that have the lattice parameters a� 2.41 nm,
b� 1.25 nm, c� 0.78 nm. Using CBED (convergent beam
electron diffraction), Park and Kim [14] determined the
structure parameters of the TMn phase of a� 2.345 nm,
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b� 1.183 nm, and c� 0.729 nm. Recently, Shen et al. [10]
proposed that the TMn phase belongs to a space group of
BBMM (Brownian bridge movement model) with lattice
parameters of a� 23.98 Å� , b� 12.54 Å� , and c� 7.66 Å� using
near-atomic resolution chemical mapping. Feng et al. [9]
adopted HRTEM and high-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM) to
confirm that the TMn phase has an orthorhombic structure.
Many studies report that the dispersoid Al-Cu-Mn com-
pound particles precipitated during the solutionizing are the
TMn phase, but another crystal structure of an Al-Cu-Mn
compound with formula AlCu3Mn2 was proposed as a sin-
gle-phase system using X-ray and neutron diffractometer
traces [15]. (ere are many reports in the literature focusing
on the crystal structure of Al-Cu-Mn precipitates. However,
the conditions during precipitation from a supersaturated
aluminum solution and strengthening effect are not un-
derstood and require further study.

PFZ (precipitation-free zone) often occurs at the grain
boundaries in Al-Cu alloys. It is widely accepted that it is the
escaping of both the vacancies and solute atoms of Cu into
the grain boundary during aging course that leads to the
formation of PFZ. (e formation of PFZs has an important
influence on mechanical properties, especially on antistress
corrosion property. Li et al. [16] reported that the width of
the PFZs became larger with increasing aging time of the Al-
Zn-Mg-Sc-Zr alloy. Muntiz and Cotler [17] thought that the
smaller the width of PFZs is, the higher the tensile strength
is. Both the precipitation behaviors of TMn particles during
solutionzing and θ particles during aging are formed fromAl
solution; however, it is not clear whether PFZs occur during
solutionizing.

In this study, the microstructure and mechanical
properties of three Al-xwt.%Cu-1.0 wt.% Mn alloys at
ambient and elevated temperatures were investigated to find
the precipitation behavior of TMn and AlCu3Mn2 phases in
the Al-Cu-Mn system alloy and their contribution to the
mechanical properties of the alloy.

2. Experimental Procedures

(ree nominal Al-xwt.%Cu-1.0Mn alloys (x� 2.0, 4.5, and
7.5) were prepared by melting pure Al (99.7%) ingot and
Al-20Cu and Al-10Mn master alloys in a resistance-heated
furnace with the graphite crucible of 3 kg capacity. (e
prepared alloys are marked as A1, A2, and A3, respectively,
for 2, 4.5, and 7.5 wt. % of Cu contents. MAX× LMF15
spectrum was used to measure the chemical composition of
the studied alloys, as listed in Table 1. After processing, the
melts were poured into a metal mold with a cavity size of
170mm× 100mm× 20mm which was preheated at 250°C
for at least 5 h.

Parts of the obtained castings underwent a heat treat-
ment: solutionized at 525°C for 6 h + 535°C for 6 h (a
modified T6 state), followed by quenching in warm water
and then aging at 170°C for 4 hrs. Metallography samples
were cut from the castings. Optical microscope, SEM with
GENESIS 60S X-ray EDS, and transmission electron

microscopy (TEM) were applied to characterize the mi-
crostructure of as-cast, as-solutionized, and T6 samples.
Tensile test samples (based on Chinese standard: GB/T228-
2002) were also cut from the castings with a gauge size of
35×10× 3mm3. (e tensile testing was performed on
a CMT4503 electronic universal testing machine with a rate
of 1mm/min at 25°C and 300°C. (e data of mechanical
properties are taken as an average of 3 samples.

3. Results and Discussion

3.1. Precipitation Behaviors during Solutionizing. Figure 1
shows the microstructure of the studied alloys as-
solutionized. At the first sight, it seems that these optical
photos are not qualified. Actually, it is a great number of
precipitates that lead to this fuzziness. High-magnification
photo (Figure 1(d)) clearly exhibits the fine dispersoid
particles precipitated during the solutionizing course of the
Al-Cu-Mn alloys. Here, the area where precipitation par-
ticles exist is designated as the precipitation zone (PZ). Of
more importance, this precipitation behavior is uneven. (e
contour of the primary dendrites of the α-Al phase is dimly
discernible, meaning that no or few particles are precipitated
in the inner of dendrites (here, named as no particle zones,
NPZs). It is seen that the area of NPZs is decreased with Cu
content in the alloy, that is, the area of PZs is increased. And
also there are a number of continuous or semicontinuous
PFBs (precipitation-free bands) among the PZs. SEM image
of the A2 alloy as-solutionized more powerfully illustrates
this precipitation characteristic (Figure 2(a)). (e EDS re-
sults (Figure 2(b)) suggest these precipitated particles
contain high level of Al, Cu, and Mn, being an Al-Cu-Mn
compound. Figure 2 also shows a PFB (marked by Arrow 3)
and CuAl2 particle that are survived from the solutionizing
course.

Figure 3 shows the TEM images and EDS results of the
precipitates in the studied alloys as-solutionized and SAD
patterns of representative precipitation particles. TEM images
exhibit that most of them take a shape of the rod, long or short
in size, consistent with [9–11, 18]. Usually, the composition
detected by TEM-EDS is much more accurate than that by
SEM-EDS. In the A1 alloy with a lowCu content of about 2 wt.
%, TEM-EDS result indicates the precipitation particles are
Al-Cu-Mn compoundwith a Cu/Mn atomic ratio close to 2 : 3
(Figure 3(b)). Feng et al. [9], Shen et al. [10], and Chen et al.
[11] thought the rod-like particles precipitated in the sol-
utionized 2× 24 alloy and Al-5Cu-1Mn alloy are TMn phase
with a formula of Al20Cu2Mn3. Liao et al. [18] also observed
short rod-like dispersoid particles of the Al-Cu-Mn com-
pound in the solutionized Al-Si-Cu-Mn alloy and identified it
as TMn (Al20Cu2Mn3) by calculating the SAD patterns.
According to the phase diagram of the Al-Cu-Mn system [19],

Table 1: Chemical composition of the studied alloys (wt.%).

Alloy Cu Mn Si Mg Fe Al
A1 2.04 0.998 0.064 0.0009 0.130 Bal.
A2 4.54 0.917 0.059 0.0004 0.131 Bal.
A3 7.41 1.01 0.061 0.0006 0.138 Bal.
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in the Cu-rich corner, the most possible phase of Al-Cu-Mn
compounds is TMn. (us, the precipitates in the A1 alloy are
thought to be the TMn phase. Calculation of the SAD pattern
in Figure 3(c) further demonstrates it, having an ortho-
rhombic structure with lattice parameters a� 2.420 nm,
b� 1.250 nm, and c� 0.772 nm that is consistent with Wang’s
et al. [13] and Park and Kim’s [14] models. But A2 and A3
alloys with high Cu content are about 4.5 wt.% and 7.0 wt.%,
respectively, besides TMn precipitates (such as Arrow 2 in
Figure 3(e) and EDS in Figure 3(f) and Arrow 4 in Figure 3(i)
and EDS in Figure 3(j)), and another Al-Cu-Mn precipitation
particles are found (such as Arrow 1 in Figure 3(e) and
Arrow 3 in Figure 3(i)), in which the EDS results (Figures 3(d)
and 3(h)) indicate they have an almost same Cu/Mn atomic
ratio of 3 : 2. In 1968, Johnston and Hall [15] identified the

crystal structure of the Cu3Mn2Al compound in its single-
phase system by X-ray and neutron diffractometer traces: it
is a cubic Laves phase with the 8 manganese atoms ordered
at the geometrically larger A sites, while the copper and
aluminum atoms are randomized in the 16-fold B sites, and
its parameter is 6.9046 Å. In this study, the calculation of
the SAD pattern of this compound (Figure 3(g)) suggests
that it has a simple cubic structure with a � 0.6904 nm,
equal to AlCu3Mn2 (PDF card no.: 23-0760). (us, these
Al-Cu-Mn precipitation particles with a Cu/Mn atomic
ratio of 3 : 2 found in the as-solutionized A2 and A3 alloys
are identified as AlCu3Mn2. Now, it is concluded that, in
the Al-Cu-Mn alloy with a low Cu content, there are only
TMn (Al20Cu2Mn3) dispersoid particles precipitated during
the solutionizing course, but in the alloy with a high Cu

100 μm
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100 μm

(b)

100 μm

(c)

20 μm

PFBs
NPZs

PZs

(d)

Figure 1: Optical microstructure of the studied alloys as-solutionized, showing PZs (precipitation zones), NPZs (no precipitation zones),
and PFBs (precipitation-free bands): (a) A1 alloy; (b) A2 alloy; (c) A3 alloy; (d) large magnification photo of the A2 alloy.
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Figure 2: SEM image showing the precipitated particles (a) and its EDS results marked by Arrow 1 (b) in the A2 alloy as-solutionized
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content, AlCu3Mn2 particles are demonstrated to pre-
cipitate beside TMn particles. From Figure 3, it is also worth
to note that the number of precipitation particles is in-
creased with Cu content in the alloys; however, the particle
size is decreased simultaneously, which will exert impact to
the tension properties.

To deeply understand this precipitation behavior during
solutionizing, uneven precipitation of the TMn phase, and
formation of PFBs among the PZs, it is necessary to carefully
characterize the microstructure as-cast. Figure 4 shows the
optical microstructure of the A1, A2, and A3 alloys as-cast.
(ere are particulate-like or continuous/semicontinuous
network constitutes in the interdendritic area. (ey are
eutectic resultants during the final stages of nonequilibrium
solidification of the Al-Cu-Mn alloy: L→ α-Al + θ and
L→ α-Al + θ+TMn [19–21]. SEM images of three constitute
and their EDS results in Figure 5 demonstrate it. With Cu
content in the alloy, the amount of network θ phase is in-
creased in the eutectic resultants (Figure 5).

It is very interesting to note that, in Figure 4, there are
two contrasts on primary α-Al dendrites, like a shell-core
structure. (e part in the core of dendrites is partly bright,
and the shell around the core is partly grey. In SEM image
(Figure 6(a)), the core of dendrites presents as dark-grey and
the shell as light-grey. EDS results of two regions are il-
lustrated in Figures 6(b) and 6(c), respectively, suggesting
that Cu content in the shell is much higher than that in the
core; however, Mn content is almost equal. EPMA diagrams
in Figure 7 show the distribution of Cu, Fe, andMn elements
in the microstructure of the A2 alloy as-cast. It demonstrates
again that the shell of dendrites is much more Cu-rich than
the core. And except for a few regions with the TMn phase,
the other regions where CuAl2 phase exists alone are highly
Mn-poor. Now, the shell region of α-Al dendrites can be
denoted as the Cu-rich region. (e Al-rich corner of the
Al-Cu-Mn phase diagram is rather complicated [19]. (e
physic process for the formation of this obvious shell-core
structure of primary α-Al dendrites is still unknown.

Of more importance, the area of Cu-rich regions is in-
creased with Cu content in the alloy (Figure 4). Carefully
comparing Figure 1 with Figure 4, it is found in surprise that
Cu-rich regions in as-cast microstructure are highly consis-
tent with the precipitation zones in as-solutionized micro-
structure. It is just in the Cu-rich regions that precipitation of
TMn and AlCu3Mn2 dispersoid particles occurs. Due to
nonequilibrium solidification, a shell-core structure of pri-
mary α-Al dendrites is formed. In Cu-rich regions, Cu
content is about 5 wt.% (Figure 6(c)), very close to the
maximum solubility of Cu solute in Al solution in the Al-Cu
binary system. In other words, these Cu-rich regions are
supersaturated actually. In the course of solutionizing at
525°C for 6 hrs + 535°C for 6 hrs, part of the eutectic CuAl2
phase formed during nonequilibrium solidification is forced
to redissolve into the Al matrix. In the A1 alloy with only
2 wt.% Cu content, the eutectic CuAl2 phase is dissolved
completely (Figure 8(a)); however, in the A2 and A3 alloys,
there are some eutectic CuAl2 particles which survived
(Figures 8(b) and 8(c), resp.). Eutectic CuAl2 phase is located
in the Cu-rich regions (Figure 4). (e redissolution of these
regions further enhances the degree of supersaturation. Even
at 535°C of solutionizing temperature, it is supersaturated.
(us, it is the supersaturation of the Cu solute in the Al
solution that drives the precipitation of TMn and AlCu3Mn2 to
occur in the Cu-rich regions. Because the diffusion coefficient
of manganese in the Al solution is very low (1× 10−12·cm2/s),
much less than that of copper (5×10−9·m2/s) [22], the pre-
cipitated particles of TMn and AlCu3Mn2 phase are fine
and dispersed. With Cu content in the alloy, the area of the
Cu-rich regions is increased, and hence, the area of PZs is
also increased. In the alloy with high Cu content, the degree
of supersaturation becomes larger, and thus, the driving
force for precipitation becomes stronger that leads to an
increase in amount and a decrease in size of the precipitated
particles. But in the core part of dendrites, the Cu solute is
much poor, so no precipitation occurs, forming NPZs in the
original core parts of dendrites.
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FIGURE 3: Transmission electron micrographs of precipitated particles in A1 (a), A2 (e), and A3 (i) alloys as-solutionized; representative EDS
(b) and SAD (c) results of the TMn phase in the A1 alloy; EDS (d) and SAD (g) results of the AlCu3Mn2 phase and EDS (f) of the TMn phase in
the A2 alloy, respectively, marked by Arrows 1 and 2 in (e); EDS results (h, j) of the particles AlCu3Mn2 and TMn in the A3 alloy, respectively,
marked by Arrows 3 and 4 in (i)
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Figure 4: Optical microstructures of three Al-Cu-Mn alloys as-cast: (a) A1 alloy; (b) A2 alloy; (c) A3 alloy.
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Figure 5: Continued.
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As seen in Figure 1, a number of PFBs are formed, and it

becomes more apparent with Cu content in the alloy. Figure 2
more clearly exhibits a PFB between PZs, marked by Arrow 3.
In the PFB, there are some CuAl2 particles which survived.

Arrow 2 in Figure 2 presents the blank region in PZs. Figure 9
illustrates the EDS results of the regions denoted by Arrows 2
and 3. In the blank region in PZs, the content ofMn is still high
to about 0.7 wt.%, and even TMn and AlCu3Mn2 particles have
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Figure 6: SEM image showing the light-grey and dark-grey areas of dendrites in the A2 alloy as-cast (a) and the EDS results of the light-grey
area (b) and dark-grey area (c).
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Figure 7: EPMAmicrostructure in the A2 alloy as-cast, showing the distribution of solute elements of Cu, Fe, and Mn (for interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article).
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Figure 8: SEM images showing the variation of eutectic phases after solution treatment: (a) A1 alloy; (b) A2 alloy; (c) A3 alloy.
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precipitated around it, but in the PFB, noMn trace is detected.
Figure 7 illustrates that the regions where the CuAl2 phase
exists alone are highly Mn-poor. With Cu content in the alloy,
the amount of the eutectic CuAl2 phase formed in form of
nonequilibrium is increased (as seen in Figures 4 and 5).
During the course of solutionizing at 525°C for 6 hrs + 535°C
for 6 hrs, first, this eutectic CuAl2 phase in form of non-
equilibrium has to be redissolved into matrix, and then, the
remaining CuAl2 phase becomes granulated.(is evolution of
redissolution and granulation of the eutectic CuAl2 phase
leaves the band area where it is highly Mn-poor. It is due
to Mn-poor that no precipitation of TMn and AlCu3Mn2
particles takes place there, and thus, PFBs are formed
among the PZs. In the alloy with higher Cu content, the
amount of the eutectic CuAl2 phase that would be dissolved
is increased, and thus, the formed PFBs become more
apparent. It is concluded that it is the redissolution and
granulation of the eutectic CuAl2 phase that lead to the
formation of PFBs between PZs.

3.2. Contribution to Tension Properties. For the A2 alloy, the
tension mechanical properties at different states are as
follows: as-cast, as-solutionized, and T6 that are labeled in
Table 2. In case of the tension test at room temperature
(25°C), solutionizing treatment results in a remarkable in-
crease in both the UTS (ultimate tension strength) and YS
(yield strength) by 74.1% and 74.4%, respectively, without
sacrificing the elongation, and further aging treatment also
considerably increases the UTS (from 256MPa to 369MPa),
YS (from 157MPa to 248MPa), and elongation (from 4.8%
to 6.3%) again. But, under the tension test at 300°C, the case
is different. Solutionizing treatment produces an appreciable
increase in UTS and YS by 29.2% and 36.8%, respectively;
however, further aging treatment does not lead to obvious
improvement of strength both in YS and UTS. Engineering
stress verses strain curves shown in Figure 10 vividly exhibit
the contribution of microstructure evolution to mechanical
properties. (e curves of tension at room temperature in
Figure 10(a) are common as expected. Both the micro-
structure evolutions occurring during the solutionizing and
aging courses contribute to their respective strengthening
effects. Curves in Figure 10(b) reveal the physic process in
strengthening at high temperature. In case of tension at
300°C, for the sample as-cast, hardening occurs with further

plastic deformation beyond yielding, but it merely sustains
for only about 4% strain in total, and then a collapse failure
arrives suddenly. For samples as-solutionized and T6
tempered, the curves of the two samples are almost the same
at the first half stage, with almost equal values both in UTS
and YS. Surely, the values are much higher than that as-cast.
And the hardening behavior also occurs with further plastic
deformation beyond yielding. However, after the hardening
reaches a maximum at about 4 w.% strain in total, slightly
softening occurs. It continues to a much larger strain of
about 8% and 10% in total, respectively, until the final
collapse failure. (is softening is from dynamic recovery or
recrystallization during plastic deformation with a slow
strain rate (about 0.0033 s−1) at high temperature, which
needs more attention. Compared with the sample as-cast,
what support does the samples get (as-solutionized and T6)
to tolerate much larger plastic deformation? In the A2 alloy
as-cast, the microstructure is constituted with the dendritic
α-Al phase and small amount of the eutectic TMn and θ
phases. After solutionizing, a great number of fine TMn and
AlCu3Mn2 dispersoid particles are precipitated in the A2
alloy except for the redissolving of part of the eutectic θ
phase (Figures 1–3 and 8). Once these TMn and AlCu3Mn2
particles are formed during the solutionizing course, they
will almost not change whether in morphology or in size
even when they undergo another thermal history with
a temperature less than the solutionizing temperature. It is
due to its complicated structure and much low diffusion
coefficient of Mn in the Al solution [12, 18, 23]. In the
sample after aging treatment, the needle-like θ′′ and
slender rod-like θ′ phases in the conventional Al-Cu alloy
have not been observed. Conversely, a number of very
fine particles (dozens of nanometers in size) are found
to precipitate on the rod-like TMn particles, as shown in
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Figure 9: EDS results of the regions marked by Arrow 2 (a) and Arrow 3 (b) in Figure 2(a).

Table 2: Tension properties at 25°C and 300°C of the A2 alloy at
different states.

State UTS (MPa) YS (MPa) Elongation (%)

As-cast 25°C 147± 9.0 90± 4.0 4.5± 0.7
300°C 89± 8.0 68± 5.0 6± 0.5

As-
solutionized

25°C 256± 18.0 157± 1.6 4.8± 0.7
300°C 115± 6.0 93± 2.6 6.04± 2.1

T6 25°C 369± 22.0 248± 4.5 6.26± 0.8
300°C 116± 11.0 96± 8.0 8.3± 4.5

91Uneven Precipitation Behavior during the Solutionizing Course of Al-Cu-Mn Alloys and their Contribution to High...

__________________________ WORLD TECHNOLOGIES __________________________



WT
Figure 11(a). Its EDS results (Figure 11(b)) indicate that it
contains a large amount of Cu and Al and a small amount
of Mn and Fe. However, due to its Cu/Al atom ratio close to
1 : 2, these fine precipitates may be the metastable θ phase.
(e precipitation behavior of these fine particles during
aging may be responsible for the considerable increment in
room temperature strength of the T6 samples compared
with the as-solutionized samples. (ese particles pre-
cipitated during the aging course can strengthen the matrix
in case of tension at room temperature. But usually, these
particles formed during aging possess simple structure, and
the diffusion coefficient of the constituents is high, such as
Cu, Si, and Mg in the Al solution, and thus, these particles
will be coarsened quickly even redissolved when they
undergo another thermal history [24–27]. So, the particles
of the Al-Cu-Mn phases and metastable θ phase pre-
cipitated during the solutionizing and aging courses, re-
spectively, remarkably increase the YS and UTS at room

temperature (Figure 10(a) and Table 2). But the micro-
structure evolution occurring in the aging course does not
lead to an improvement in YS and UTS at 300°C (Table 2
and Figure 10(b)). It is a great number of TMn and AlC-
u3Mn2 particles precipitated during solutionizing that
support the samples (as-solutionized and T6) to tolerate
much larger plastic deformation. (at is, the considerable
increments in YS and UTS at 300°C of the A2 alloy as-
solutionized and T6 tempered are almost completely
contributed to the dispersoid precipitation of a great
number of TMn and AlCu3Mn2 particles. Meanwhile, it also
indicates that the precipitation behavior in the aging course
has no or little contribution to high temperature strength.
On other words, if a component is working at a low
temperature or room temperature, aging treatment is
necessary. And if it is at high temperature, such as at/above
300°C, solutionizing treatment is enough, and aging
treatment is completely unnecessary.
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Figure 10: Typical engineering stress-strain curves of the A2 alloy at different states: (a) tension at room temperature; (b) tension at 300°C.
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Figure 11: TEM image showing very fine precipitation particles around/on the rod-like TMn particles in the A2 alloy T6 tempered (a) and its
EDS results (b).
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(e tension mechanical properties at 25°C and 300°C

of the studied alloys after T6 treatment are listed in Table 3.
In case of tension at 25°C, the YS is increased significantly
from 66MPa to 303MPa with Cu content in the alloy
changing from 2.0 wt.% to 7.5 wt.%. But for UTS, the A2 alloy
has the maximum of 369MPa, with about 45MPa higher
than that of the A3 alloy. (e A3 alloy contains 7.5 wt.% Cu,
with a higher Cu content than the A2 alloy (4.5 wt. % Cu). In
as-solutionizedmicrostructure of the A3 alloy, the amount of
the survived eutectic θ phase at grain boundaries is much
higher than that of the A2 alloy (Figure 8). During tension at
25°C, because the amount of the TMn and AlCu3Mn2 par-
ticles in the A3 alloy precipitated during solutionizing is
larger than that in the A2 alloy and its size is also finer, the YS
of the A3 alloy is higher than that of the A2 alloy (Table 3),
but more severe grain boundary brittleness in the A3 alloy
that is induced by the survived θ phase at grain boundaries
makes the matrix lose the ability to tolerate large plastic
deformation at room temperature; thus, only with a smaller
strain, the sample is fractured. As a result, the elongation of
the A3 alloy (about 1.1%) is much less than that of the A2
alloy (about 6.3%), and hence, the UTS is also decreased. In
case of tension at 300°C, both the YS and UTS are increased
with Cu content due to the increased precipitation hard-
ening with the Cu content, consistent with the results in [28].
As concluded above, high temperature strength overridingly
depends on the precipitation behavior during solutionizing.
(e number of particles precipitated during solutionizing is
increased with Cu content in the alloy, and simultaneously,
the particle size is decreased (Figure 3); the survived eutectic θ
andTMn particles at the grain boundaries can also enhance the
ability of grain boundaries to opposite plastic deformation at
high temperature, and thus, the high temperature strength is
considerably increased with Cu content in the alloy.

4. Conclusions

(1) A shell-core structure is found to form on primary
α-Al dendrites in Al-Cu-Mn alloys due to non-
equilibrium solidification, in which the Cu content
in the shell is much higher than that in the core. (e
area of the Cu-rich regions (denoting the shell zones)
is increased with Cu content in the alloy.

(2) A great amount of fine dispersoid Al-Cu-Mn par-
ticles are found to precipitate during the solutio-
nizing course of the studied Al-Cu-Mn alloys. In the
alloy with a low Cu content, only TMn (Al20Cu2Mn3)

particles are precipitated. However, in the alloy with
a high Cu content, AlCu3Mn2 particles are first
demonstrated to precipitate besides TMn. (e AlC-
u3Mn2 phase has a simple cubic structure with
a� 0.6904 nm.

(3) (is precipitation behavior is uneven. Besides the
precipitation zones (PZs), there are no-particles zones
(NPZs) and particle-free bands (PFBs) between PZs.
(e PZs in the as-solutionized microstructure are
highly consistent with the Cu-rich regions in the
as-cast microstructure. It is the supersaturation of the
Cu solute in the Cu-rich regions and very low dif-
fusion coefficient of manganese in the Al solution that
drive the dispersoid precipitation of TMn and AlC-
u3Mn2 to occur in the Cu-rich regions during the
solutionizing course.

(4) (e evolution of redissolution and granulation of the
eutectic CuAl2 phase during solutionizing leaves band
areas where they are highly Mn-poor. It is due to Mn-
poor that no precipitation of TMn particles takes place
there, and thus, PFBs are formed between the PZs.

(5) Results of the tension test strongly demonstrate that,
compared with the samples as-cast, the considerable
increments in YS and UTS at 300°C of the samples
as-solutionized and T6 tempered are almost com-
pletely contributed to the dispersoid precipitation of
a great number of TMn and AlCu3Mn2 particles
during solutionizing, and the precipitation behavior
in the aging course has no or little contribution to it.

(6) High temperature strength of Al-xwt.%Cu-1.0 wt.%
Mn alloy is considerably increased with Cu content,
which is closely tied with the increased number and
simultaneously decreased size of TMn and AlCu3Mn2
particles precipitated during solutionizing.

Conflicts of Interest

(e authors declare that they have no conflicts of interest.

Acknowledgments

(is work was supported by the Jiangsu Key Laboratory
Metallic Materials (Grant no. BM2007204) and the Fun-
damental Research Funds for the Central Universities
(Grant no. 2242016k40011). (e authors are also thankful to
Sha-steel Iron and Steel Research Institute of Jiangsu
Province for their useful assistance.

References

[1] G. Sha, R. K. W. Marceau, X. Gao, B. C. Muddle, and
S. P. Ringer, “Nanostructure of aluminum alloy 2024: seg-
regation, clustering and precipitation processes,” Acta
Materialia, vol. 59, no. 4, pp. 1659–1670, 2011.

Table 3: Tension properties at 25°C and 300°C of the studied alloys
T6 tempered.

Alloy UTS (MPa) YS (MPa) Elongation (%)

A1
25°C 153± 4.0 66± 2.0 8.4± 1.7
300°C 53± 3.3 44± 2.9 11± 6.0

A2
25°C 369± 22.0 248± 4.5 6.26± 0.8
300°C 116± 11.0 96± 11.0 8.3± 4.5

A3
25°C 323± 8.0 303± 3.0 1.08± 0.28
300°C 134± 5.4 101± 4.5 10± 3.6

93Uneven Precipitation Behavior during the Solutionizing Course of Al-Cu-Mn Alloys and their Contribution to High...

__________________________ WORLD TECHNOLOGIES __________________________



WT

[2] D. M. Yao, W. G. Zhao, H. L. Zhao, F. Qiu, and Q. C. Jiang,
“High creep resistance behavior of the casting Al-Cu alloy
modified by La,” Scripta Materialia, vol. 61, no. 12,
pp. 1153–1155, 2009.

[3] X. Li, K. Lei, P. Song et al., “Strengthening of aluminum alloy
2219 by thermo-mechanical treatment,” Journal of Materials
Engineering & Performance, vol. 24, no. 10, pp. 3905–3911,
2015.

[4] A. K. Jha, S. V. S. N. Murty, K. Sreekumar, and P. P. Sinha,
“High strain rate deformation and cracking of AA 2219
aluminum alloy welded propellant tank,” Engineering Failure
Analysis, vol. 16, no. 7, pp. 2209–2216, 2009.

[5] S. C. Wang and M. J. Starink, “Precipitates and intermetallic
phases in precipitation hardening Al–Cu–Mg–(Li) based al-
loys,” International Materials Reviews, vol. 50, no. 4,
pp. 193–215, 2005.

[6] Y. L. Zhao, Z. Q. Yang, Z. Zhang, G. Y. Su, and X. L. Ma,
“Double-peak age strengthening of cold-worked 2024 alu-
minum alloy,” Acta Materialia, vol. 61, no. 5, pp. 1624–1638,
2013.

[7] X. X. Feng, A. M. Kumar, and J. P. Hirth, “Mixed mode I/III
fracture toughness of 2034 aluminum alloys,” Acta Metal-
lurgica et Materialia, vol. 41, no. 9, pp. 2755–2764, 1993.

[8] D. Tsivoulas, J. D. Robson, C. Sigli, and P. B. Prangnell, “In-
teractions between zirconium and manganese dispersoid-
forming elements on their combined addition in Al-Cu-Li
alloys,”ActaMaterialia, vol. 60, no. 13-14, pp. 5245–5259, 2012.

[9] Z. Q. Feng, Y. Q. Yang, B. Huang, M. H. Li, Y. X. Chen, and
J. G. Ru, “Crystal substructures of the rotation-twinned T
(Al20Cu2Mn3) phase in 2024 aluminum alloy,” Journal of
Alloys and Compouds, vol. 583, pp. 445–451, 2014.

[10] Z. Shen, C. Liu, Q. Ding et al., “(e structure determination of
Al20Cu2Mn3 by near atomic resolution chemical mapping,”
Journal of Alloys and Compounds, vol. 601, no. 9, pp. 25–30,
2014.

[11] Z. Chen, P. Chen, and S. Li, “Effect of Ce addition on mi-
crostructure of Al20Cu2Mn3 twin phase in an Al-Cu-Mn
casting alloy,” Materials Science and Engineering: A,
vol. 532, no. 3, pp. 606–609, 2012.

[12] Z. W. Chen, Q. Y. Fan, and K. Zhao, “Microstructure and
microhardness of nanostructured Al-4.6Cu-Mn alloy rib-
bons,” International Journal of Minerals, Metallurgy, and
Materials, vol. 22, no. 8, pp. 860–867, 2015.

[13] S. Wang, C. Li, and M. Yan, “Determination of structure of
Al20Cu2Mn3 phase in Al-Cu-Mn alloys,” Materials Research
Bulletin, vol. 24, no. 10, pp. 1267–1270, 1989.

[14] W. J. Park and N. J. Kim, “Microstructural characterization of
2124 Al-SiCW composite,” Scripta Materialia, vol. 36, no. 9,
pp. 1045–1051, 1997.

[15] G. B. Johnston and E. O. Hall, “Studies on the Heusler alloys-II.
(e structure of Cu3Mn2Al,” Journal of Physics and Chemistry
of Solids, vol. 29, no. 2, pp. 201–207, 1968.

[16] B. Li, Q. L. Pan, C. P. Chen, and Z. M. Yin, “Effect of aging
time on precipitation behavior, mechanical and corrosion
properties of a novel Al-Zn-Mg-Sc-Zr alloy,” Transactions of
Nonferrous Metals Society of China, vol. 26, no. 9, pp. 2263–
2275, 2016.

[17] A. Munitz and C. Cotler, “Aging impact on mechanical
properties and microstructure of Al-6063,” Journal of Ma-
terials Science, vol. 35, no. 10, pp. 2529–2538, 2000.

[18] H. C. Liao, Y. Y. Tang, X. J. Suo et al., “Dispersoid particles
precipitated during the solutionizing course of Al-12 wt%Si-4
wt%Cu-1.2 wt%Mn alloy and its contribution to high

temperature strength,” Materials Science and Engineering:A,
vol. 699, pp. 201–209, 2017.
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)is paper studied the effects of powder size on densification, microstructure, and mechanical properties of the hot isostatic-
pressed 2A12 aluminum alloy powder compact. )e results show that the near-fully dense powder compact can be successfully
achieved and the smaller the powder is, the higher the relative density is. In addition, as the powder size decreases, the precipitated
phases in the powder compact change from continuously point-like distribution at the junctions among powder particles to the
concentrated distribution at the three-way intersections. Compared with the large powder, the tensile strength, yield strength, and
elongation of the compact with the small powder were improved by 14%, 30.8%, and 48.6%, respectively.

1. Introduction

2A12 aluminum alloy (2A12Al) has low density, high spe-
cific strength, and good corrosion resistance, which makes it
widely used for the structural components in aeronautics
and astronautics [1].

)e near-net shaping (NNS) technology has attracted
widespread interests. It is considered as a reliable and low-cost
material forming process. It has great potential to form the parts
with complicated internal cavities, which are difficult to be
fabricated by traditional methods such as forging, machining,
and so on.)eNNS technology is composed of severalmethods:
powder injection molding (PIM), hot isostatic pressing (HIP),
powder forging (PF), and cold isostatic pressing (CIP)/sintering
[2, 3]. Usually, the products fabricated by PIM have inferior
mechanical properties than those using other NNS technologies
[4]. Higher mechanical strength can be obtained through PF,
but this method is restricted to the large-scale components. HIP
is an appropriate forming process for components with large
and complex shapes. In addition, the HIPed parts have a finer
and more homogeneous microstructure than the parts formed
by other NNS technologies, which leads to an enhancement of
the mechanical properties [5, 6].

)e mechanical properties of HIPed parts are influenced
by the densification of the metal powder. )e densification
process includes three main mechanisms: powder compac-
tion and rearrangement, plastic deformation, and diffusion
creep [7–9]. )ese densification mechanisms are significantly
affected by the size and shape of the powder [10]. Longrasso
and Koss investigated the influence of Ti powder shape on
densification during HIP [8]. In addition, many papers
studied the effects of matrix powder size on densification,
hardness, microstructure, and wear resistance of composites
[7, 11, 12]. However, to the authors’ best knowledge, few
studies have focused on the effect of monolithic aluminum
alloy powder size on densification. )erefore, the aim of this
work is to investigate the influence of 2A12Al powder size on
densification behavior, microstructure, and mechanical
properties of powder compacts prepared using HIP.

2. Experimental Procedures

2.1. Original Material. Nitrogen gas-atomized 2A12Al
powder with different average sizes of 195 μm, 124 μm, and
35 μm was used as the original material and defined as
powders 1, 2, and 3, respectively. )ey were supplied by ARI
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Forster (Beijing) Technology Development Co., Ltd. in
China. )e powder size, apparent density, and oxygen
content are listed in Table 1. Among them,D10 indicates that
the powder size smaller than the D10 corresponding size
accounts for 10%. D50 usually represents the average size of
powders. D90 shows that the powder size smaller than the
D90 corresponding size accounts for 90%.)e small powders
with high surface energy are prone to be contaminated,
resulting in a high oxygen content [13]. )e chemical
composition of the 2A12Al powder is given in Table 2.

Figure 1 shows the morphologies and the particle size
distribution of powders. )e powders are nearly spherical in
shape, and the size of the powders 1, 2, and 3 is between 131 and
292μm, 85 and 174μm, and 14 and 67μm, respectively. It can
be found that there are plenty of satellite particles in the small
powders (no. 3; Figure 1(c)), which can be attributed that metal
liquid was broken into small droplets under the impact force.
Compared with the large droplets, small droplets were formed
more per unit time. )e greater surface tension and under-
cooling gave rise to the earlier solidification of small droplets
than large droplets. )e firstly solidified small droplets moved
with a high speed and then collided with large droplets,
resulting in the cold welding.)e small droplets attached to the
surface of large ones form the tiny satellite particles. )ese
satellite particles can be filled into the gap between large
powders, giving rise to a higher apparent density of powder 3.

2.2. HIP Process. Firstly, 2A12Al powders were filled into
a 1060 pure Al (1060Al) circular cylinder capsule with 60mm
internal diameter, 120mm height, and 1mm wall thickness.
)e 1060Al capsule was used because it does not react with the
original material. Subsequently, the capsule was degassed at
a temperature of 400°C by an FJ-620molecular pump until the
vacuum degree was 1.0×10−4 Pa. And then, hot isostatic
pressing was carried out in QIH-15 HIP equipment under the
process parameters of 470°C, 130MPa, and 3 h dwell time.
)ree samples of each powder size were prepared at least.
After HIP, the capsule was removed by machining.

2.3. Microstructure and Mechanical Property. )e relative
density of powder compacts was measured based on Archi-
medes’ principle, and the high-purity water was used in
Archimedes’ experiment. In addition, three HIPed specimens
for each powder size were taken to carry out the tensile tests on
a QJ210 electronic universal testing machine based on GB/T
228-2002 metallic material tensile testing in the ambient
temperature. )e microstructure and fracture morphology of
HIPed 2A12Al powder compacts were observed by a JSM 6010
scanning election microscope (SEM). )e element distribution

was characterized by an energy dispersive spectrometer (EDS,
CamScan-3400). Before SEM and EDS, the specimens were
sectioned, grounded, and polished. )en, the specimens were
etched with the Keller reagent (1.5ml HCl, 2.5ml HNO3, 1ml
HF, and 95ml distilled H2O).

3. Results and Discussion

3.1. .e Variation of Dimension and Relative Density. )ree
samples were prepared using HIP for measuring the density
and dimensional variation. Figure 2 shows the averaged
relative density and the radial and axial dimensional vari-
ation rate of powder compacts with different powder sizes
and measurement positions.

It can be found in Figure 2(a) that the near-fully dense
powder compact can be successfully obtained by HIP. )e
smallest relative density is 96.2% obtained from powders
with 131–292 μm size, which is higher than that prepared by
traditional pressing or sintering (95%) [14]. )e relative
density increases with the decrease of powder size, which is
similar to the results reported by Barringer and Bowen [15],
and the maximum relative density of 97.6% is obtained when
the powder size is between 14 and 67 μm. At the beginning of
HIP, there is a large amount of voids among loose powders
with a contact of point-to-point. With the increase of
pressure, the loose powders translate or rotate and become
close to each other. Besides that, the bridges among the
powders collapse. )erefore, the powder particle rear-
rangement is the main densification mechanism [16, 17].
With the further increase of pressure, the normal stress on
the powder surface increases and the yield stress of powder
particles decreases with the increase of temperature. When
the normal stress exceeds the yield stress, the plastic de-
formation of powder particles begins to occur. At this time,
the plastic deformation of powders becomes the dominant
densification mechanism. With the HIP process being
carried on, the plastic deformation of powders and the
friction among them are increased. Even if the temperature
and pressure increase, the movement of powders is still
restricted [18, 19]. )e smaller the powder is, the easier the
plastic deformation is and the better the densification is.
Following rearrangement and plastic deformation, the
previous interconnected voids are independent of each other
and dispersed uniformly in the powder compact. In addi-
tion, the powder compact already has a certain density. )e

Table 1: Basic characteristics of the powder.

Alloy powders
Powder size (μm)

Apparent density (%) W (O) (%)
D10 D50 D90

Powder 1 131 195 292 62.74 0.12
Powder 2 85 124 174 64.30 0.15
Powder 3 14 35 67 69.96 0.26

Table 2: Chemical composition of the 2A12Al powder (wt.%).

Element Al Cu Mg Ti Si Fe Mn Zn Others
Content Bal. 4.1 1.5 0.15 0.5 0.5 0.4 0.3 0.15
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voids are continuously spheroidized under the driven of the
surface energy. �erefore, the void size decreases and the
contact area of powders increases. With the occurrence of
the spheroidization process, the number and size of the voids
decrease and the relative density increases. �e densi�cation
is mainly achieved by the di�usion of individual atoms or
voids and the creep of the powder particles. �e smaller the

powder is, the easier the spheroidization is and the better the
densi�cation is. �erefore, the smaller powder has the better
densi�cation and the higher relative density.

�e change in relative density gives rise to the dimensional
variation. As shown in Figure 2(b), the negative value indicates
that the powder compact shrinks in both radial and axial di-
rections during HIP. �e trends of the dimensional shrinkage
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Figure 1: �e morphologies of the powders 1 (a), 2 (b), and 3 (c).
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and relative density are consistent. )e radial dimensional
shrinkage rate increased distinctly from12.6% to 17.4%with the
decrease of powder size, while the axial dimensional variation
rate decreased slightly from 2.0% to 0.5% (Figure 2(b)). )e
increase in the radial dimensional shrinkage and the decrease in
the axial dimensional variation rate are more obvious with the
decrease of powder size, which is because the apparent density
is higher and the particle gaps are smaller in the powder
compact with small powders (powder 3) than that with large
powders (powders 1 and 2). With the radial dimensional

shrinkage, the powder compact reaches the dense state quickly,
which might prevent the axial dimensional variation.

Previous research indicated that radial and axial pressure
of the cylinder part is different during HIP, as follows [20]:

Pr �
P(2rL)
2tL

�
Pr

t
, (1)

Pa �
P πr2( 
2πrt

�
Pr

2t
, (2)

where Pr and Pa are the radial and axial pressure; P is the
applied external pressure; and L, r, and t are the height,
radius, and thickness of the capsule, respectively. According
to (1) and (2), the radial pressure is twice the axial pressure;
therefore, the axial dimensional variation rate is smaller than
the radial. In addition, the upper cover was welded with the
cylinder, the rigidity of the welding seam was large, and the
solder was accumulated at the welding, leading to a small
axial dimensional variation rate.

3.2. Microstructure. Figure 3 shows the micrographs of
powder compacts with three different powder sizes after
HIP. No obvious internal voids are observed, indicating that
the near-fully dense powder compacts are achieved. Prior
particle boundary (PPB) of powders was formed because of
a large amount of second-phase particles existing at the
powder boundaries and can be clearly seen in all compacts.
In powders 1 and 2, the powder size is large and uniform; as
a consequence, the PPB of each powder was retained in the
final compacts, and the precipitated phases (as seen in
Figures 3(a) and 3(b)) were distributed at the powder
particle boundaries in the continuous point-like form.
However, in powder 3 (Figure 3(c)), the PPB of satellite
particles almost disappeared, whereas the PPB of larger
particles was apparent, which shows that the precipitated
phases were heavily distributed at the three-way in-
tersections among powder particles, instead of the contin-
uously point-like form at the junctions. In addition, coarse
precipitated phases can be found at the three-way in-
tersections, which are composed of Al, Cu, Mg, and O el-
ements (Figure 3(d)).)e Cu content of the original material
is much lower than precipitated phases at the three-way
intersections. )erefore, it can be deducted that Cu in the
original powder diffused and aggregated at the intersections,
resulting in the formation of Al-Cu-Mg precipitated phases,
which is similar to the results in [15].

It is noted that the PPB tended to be straight and the
angle between boundaries was near 120° after HIP (vertex of
Figure 3(b)) In light of the observation above, it is suggested
that the deformation law of the powder under high tem-
perature and pressure is similar to the grain growth law, that
is, the grain boundary tends to be straight to reduce the
surface area and surface energy. Moreover, the small par-
ticles were annexed by adjacent large particles during
boundary migration. )e angle between boundaries tended
to migrate closer to 120°, which is similar to the results in
[21]. Nevertheless, the polygonal particles would gradually
shrink or grow until the grain size is six. At this time, the
interface is in equilibrium, the particles no longer move, and
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the edges are straight with an angle of 120° [21]. In powder 3,
the large particles contact with each other firstly and then
small particles. In addition, the overall temperature of small
particles was higher than that of large ones [22], and the
plasticity was better. In the further forming process, a ma-
jority of the stress among large particles was undertaken by
small particles. )e deformation of large particles became
slow and even stopped, which is similar to the rigid
movement of the rigid body. )e deformation of small
particles promoted the large-scale movement of particles
[23]. )erefore, the particle boundary deformation of
powder 3 was severe, and part of the small particles even
fused together. For the powders 1 and 2, the shape is more
uniform and the size is larger than powder 3, resulting in
a more difficult particle rearrangement [24]. Hence, the
relative density of powder 3 is higher than that of the
powders 1 and 2, which is consistent with the results of
relative density measurement.

3.3. Mechanical Properties of 2A12 Compacts after HIP.
Table 3 shows the variation of mechanical properties of the

samples fabricated with the three powder sizes. With the
decrease of powder size, the ultimate tensile strength, proof
strength of plastic extension, and elongation of powder
compacts after HIP increased from 265MPa to 308MPa, from
182MPa to 263MPa, and from 1.8% to 3.5%, respectively.)e
precipitated phases were distributed at the junctions in the
continuous uniform point-like form in the powders 1 and 2.
)e effective diffusion connection could not be formed, which
would have a deleterious effect on the mechanical properties.
However, the higher densification and the finer PPB of small
powders are favorable for forming a sound bonded interface,
which improves the mechanical properties. )e tensile
strength, yield strength, and elongation increased by 14%,
30.8%, and 48.6%, respectively. Besides, the oxygen content of
powder 3 was higher than that of the powders 1 and 2. Such
interstitial atoms may act as the obstacles to the dislocation
motions; as a result, the strength would be improved with the
decrease of powder size [21].

Figure 4 is the fracture morphology of powder compact 1
(Figure 4(a)) and powder compact 3 (Figure 4(b)). )e
fracturemorphology of powder compact 2 is similar to powder

Table 3: Mechanical properties of the 2A12Al powder.

Alloy powders Tensile strength Rm (MPa) Yield strength Rp0.2 (MPa) Elongation A (%)
1 265 182 1.8
2 284 191 2
3 308 263 3.5

20 µm
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Figure 3: )e micrographs of the powder compacts (a) 1, (b) 2, and (c) 3 and (d) the EDS map of point A in (c).
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compact 1. In the powders 1 and 2, the fracture only occurred
at the interfaces among particles (arrow 1 in Figure 4(a));
therefore, the fracture feature can be deduced as brittle.
In powder 3, dimples appeared in some areas (arrow 2 in
Figure 4(b)), indicating the ductile fracture characteristic,
which is beneficial for improving the plasticity of the powder
compact. In addition, the alloy element precipitation of
powder 3 was embedded in the interior of particles (arrow 3 in
Figure 4(b)), enhancing the pinning effect and preventing dis-
location movement, which would help to increase the strength.

4. Conclusions

)e following conclusions can be drawn from this study:

(1) Near-fully dense 2A12Al compacts by HIP could be
successfully achieved. )e maximum relative density
was 97.6%, which was obtained with the finest
powder. Moreover, higher relative density was ac-
companied with larger radial and smaller axial di-
mensional variation rates.

(2) )e PPB of large powders tended to be straight, and
the angle between boundaries was near 120° after
HIP. However, the PPB of small powders underwent
larger deformation, some small particles even fused
together, and the PPB of satellite particles almost
disappeared.

(3) With the decrease of powder size, the precipitated
phase changed from continuous point-like distri-
bution at the junctions to the concentrated distri-
bution in three-way intersection of particles, which
made the diffusion bonding of interface tighter and
was beneficial to improve the tensile strength, yield
strength, and elongation.

(4) )e fracture mechanism of the powder compact with
the large powder is brittle fracture, while the plastic
fracture characteristic can be found in the powder
compact with the small powder.
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Aluminum alloys for high-temperature applications have been the focus of many investigations lately. The main concern in such
alloys is to maintain mechanical properties during operation at high temperatures. Grain coarsening and instability of precipitates
could be the main reasons behind mechanical strength deterioration in these applications. Therefore, Al-Cu-Mg-Ag alloys were
proposed for such conditions due to the high stability of Ω precipitates. Four different compositions of Al-Cu-Mg-Ag alloys,
designed based on half-factorial design, were cast, homogenized, hot-rolled, and isothermally aged for different durations.The four
alloys were tensile-tested at room temperature as well as at 190 and 250∘C at a constant initial strain rate of 0.001 s−1, in two aging
conditions, namely, underaged and peak-aged.The alloys demonstrated good mechanical properties at both aging times. However,
underaged conditions displayed better thermal stability. Statistical models, based on fractional factorial design of experiments, were
constructed to relate the experiments output (yield strength and ultimate tensile strength) with the studied process parameters,
namely, tensile testing temperature, aging time, and copper, magnesium, and silver contents. It was shown that the copper content
had a great effect on mechanical properties. Also, more than 80% of the variation of the high-temperature data was explained
through the generated statistical models.

1. Introduction

For decades, the market of lightweight materials has been
growing and enlarging year by year, due to the increasing
demand for energy saving. Aluminum alloys are still one of
the main lightweight materials under investigation. Devel-
opment and design of high strength aluminum alloys to
operate at elevated temperatures is getting great attention.
Applications for high-temperature aluminum alloys include
supersonic aviation and automotive components. However,
stability of precipitates at high temperature is still a major
concern. Strength at elevated temperature starts to deteriorate
after a specific time because of precipitates coarsening. Thus,
the objective of many researches, recently, is to develop and
design new aluminum alloys with precipitates that are stable
at high temperatures. The use of Al-Cu-Mg-Ag aluminum

alloys (AA2139 and AA2519) has increased substantially in
aircraft and military applications due to their low density,
exceptional toughness, and moderately high-temperature
stability [1–3].

The Concorde was the most famous supersonic civil
aircraft. It was adopted by French and British Airways. The
Concorde alloy was 2618A (Al-2.2%Cu-1.5%Mg-1%Fe-1%Ni-
0.2%Si). The precipitates of 2618A are stable at elevated
temperature and this is the reason behind choosing this
alloy; even so, the mechanical properties are not in the same
level when comparedwith conventional aerospace aluminum
alloys like 2024-T6 and 7075-T6 [4]. The temperature on
the skin of the airplane body is about 127∘C, due to air
friction at a speed of Mach 2.05 [5]. Despite its speed, the
Concorde failed economically, because it can only carry up
to 100 passengers and was not able to fly for a long distance.
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Therefore, Al-Cu-Mg-Ag system was proposed to replace
2618A and other conventional aerospace aluminum alloys,
2024-T6 and 7075-T6, in view of the fact that these new alloys
give high thermal stability and good mechanical properties
[5, 6]. Many recent publications [1, 7, 8] have focused on
investigating the evolution of microstructure andmechanical
properties in these alloys.

A superior combination of high thermal stability and
good mechanical properties comes from special precipitates
called Ω [5]. Bakavos et al. [9] used transmission elec-
tron microscopy (TEM) to explore the habit planes of Ω
precipitates. It was found that the habit planes of Ω with
the matrix are {111}𝛼. Regarding the morphology of Ω
precipitates, Lumley and Polmear [10] stated that Ω has an
orthorhombic plate-like shape. For the composition of Ω
phase, researchers are still uncertain about it. Lumley and
Polmear [10] mentioned that the composition ofΩ was close
to that of Al2Cu with Mg and Ag detected at 𝛼/Ω interfaces.
Gable et al. [11] studied the stability of Ω phase at different
aging temperatures of 200 and 250∘C. It was shown that the
density of Ω phase plates decreases intensely if the alloy is
aged at a temperature at 250∘C or higher for 30 minutes or
longer. Also, Gable et al. [11] showed that the thickness of Ω
phase increases significantly if the alloy is aged at 250∘C. Xiao
et al. [12] confirmed this observation where the Ω phases are
thermally stable at temperatures below 200∘C.

Bakavos et al. [9] investigated the precipitates of two
alloys of Al-Cu-Mg with and without silver (Ag) addition.
It was stated that the Ω phase was observed in both alloys.
However, Ω phases in Al-Cu-Mg-Ag were finer compared
with Al-Cu-Mg free of Ag. Gable et al. [11] showed that the
content of Ω phase is related to the content of Mg. Ω phase
works with the other well-known precipitates 𝜃 and 𝑆 to
enhance the mechanical properties significantly. The habit
planes of 𝜃 phases are {001}𝛼 and have a composition of
Al2Cu and tetragonal plate-like shape [9, 13]. For 𝑆 phases, the
habit planes are {001}𝛼 and have a composition of Al2CuMg
and a cubic shape [10]. The dominant phases in the Al-
Cu-Mg-Ag system which has a great effect on enhancing
the mechanical properties are Ω and then 𝜃. 𝑆 has minor
significance [10]. It has been shown [14] that the precipitation
sequence is as follows:

GP zones → 𝜃 → 𝜃 + Ω → 𝜃 + 𝑆 → 𝑆 + 𝜃. (1)

Song et al. [15] studied the mechanical properties of three
alloys, A2618 (Al-2.2%Cu-1.5%Mg-1%Fe-1%Ni-0.2%Si), Al-
8Cu-0.5Mg free of Ag, and Al-8Cu-0.5Mg-0.6Ag, at a wide
range of temperatures from 20 to 300∘C. It was shown
that the alloy with the addition of low content of Ag has
better mechanical properties at low and high temperatures
compared with other alloys. Xia et al. [16] investigated the
effect of heat exposure on the mechanical properties of
the aged alloy (Al-4.72Cu-0.45Mg-0.54Ag-0.17Zr).The aging
process was conducted at a temperature of 165∘C for 2 h
(underaged condition). The heat exposure was implemented

at 200∘C for different times of exposure starting from zero
to 100 h. It was shown that there was an initial increase in
strength with increasing duration of heat exposure, whereas
after 10 h the strength started to decrease.The ultimate tensile
stress (UTS) after 100 h of exposure was about 400MPa,
whereas it was 430MPa before exposure [16].

Liu et al. [17] studied the creep behavior of Al-5.33Cu-
0.79Mg-0.48Ag-0.30Mn-0.14Zr.The study on the three alloys
was conducted at a temperature of 150∘C as well as at stress
of 150 to 300MPa for underaged conditions. It was shown
that the steady creep rates were 0.12, 0.06, 0.03, and 0.01%
per hour at 150, 200, 250, and 300MPa, respectively [17].
Lumley et al. [18] explored the creep behavior of two alloys,
that is, traditional aviation aluminum alloy (Al 2024) and
experimental alloy with composition of Al-5.6Cu-0.45Mg-
0.45Ag-0.3Mn-0.18Zr for two different aging conditions of
underaged and fully hardened (T6) conditions. The creep
test parameters were temperature of 300∘C and stress of
150MPa. It was obvious that the underaged condition gave a
lower creep rate for both alloys. Al 2024 displayed secondary
creep after 200 h and 400 h for T6 and underaged conditions,
respectively, while the experimental alloy with low content
of Ag did not show a secondary creep behavior for both
aging conditions. Based on this result, Lumley and Polmear
[10] investigated the creep behavior of underaged conditions
for the previous experimental alloy that contained a low
amount of Ag extensively at different creep circumstances.
The creep test conditionwas a temperature of 130∘Cand stress
of 200MPa for 20000 h. It was represented that the creep rate
percentage was about 0.4 and there was no secondary creep
observed along the duration of the test [10].

Al-Obaisi et al. [19] studied the aging characteristic of
eight different compositions of Al-Cu-Mg-Ag based on full-
factorial design at three different aging temperatures of 160,
190, and 220∘C for a wide range of aging durations. Statistical
modeling was constructed between hardness values and
process inputs comprising aging temperatures and times,
as well as weight percentages of alloying elements through
Minitab software. It was presented that changing of weight
percentages of alloying elements changed the hardness values
significantly. Also, it was deduced that aging at 190∘C gave
good hardness values with reasonable aging duration that
could be appealing to industry needs [19]. This temperature
was used as an aging temperature for the current study.

Most researchers focused on studying the mechanical
properties of a single composition of Al-Cu-Mg-Ag and
mostly at one aging condition. A complete study of mechan-
ical properties at high temperatures for different aging
conditions and different compositions of Al-Cu-Mg-Ag is
still required. This is the stimulation for the current work.
Based on the fractional factorial design of the experiment,
four alloys were prepared. They were tensile-tested at room
temperature, 190∘C, and 250∘C and at two different aging
conditions (underaged and peak-aged).Thus, themechanical
properties of the four alloys were related to the process
parameters (tensile testing temperature, aging time, and
alloying elements percentage) through statistical modeling.
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Table 1: Chemical compositions of the used alloys.

Alloy number wt.% Cu wt.% Mg wt.% Ag wt.% Al
1 5.0 (+) 0.5 (−) 0.3 (−) Balance
2 3.0 (−) 1.0 (+) 0.3 (−) Balance
3 3.0 (−) 0.5 (−) 0.6 (+) Balance
4 5.0 (+) 1.0 (+) 0.6 (+) Balance

Table 2: Chemical analysis of the investigated alloys (wt.%)∗.

Alloy number Cu Mg Ag Al Cu/Mg ratio
1 5.29 0.46 0.30 Balance 11.5
2 3.24 0.95 0.31 Balance 3.4
3 3.15 0.47 0.62 Balance 6.8
4 5.11 0.96 0.61 Balance 5.32
∗The rest of the alloying elements had the percentages Si ≤ 0.05, Fe ≤ 0.2, Ni ≤ 0.03, Cr ≤ 0.056, Zn ≤ 0.031, Ti ≤ 0.016, and Mn ≤ 0.006.

Table 3: Aging time for each aging condition.

Alloy number Underaged Peak-aged
Aging time Hardness (HV) Aging time Hardness (HV)

1 30min 124 2 h 167
2 30min 103 2 h 132
3 30min 97 8 h 127
4 10min 165 1 h 172

2. Methodology

2.1. Materials Preparation. Three alloying elements, namely,
Cu, Mg, and Ag, were added to Al, with two levels for each,
(−) and (+), based on fractional factorial design. Since it is
a fractional factorial design, four alloys with compositions
presented in Table 1 were cast in a steel mold. If a full factorial
was employed, eight alloys would have been required [19].
The dimensions of the cast ingots were 100 × 40 × 15mm.The
homogenizing process was conducted at 540∘C for 24 h. The
four alloys were elementally analyzed through arc and spark
excitation and the chemical analysis is displayed in Table 2.
Then, the four alloys were hot-rolled at 450∘C. During the
rolling process, 80% of the total thickness was reduced.

Tensile samples were wire-cut from the rolled alloys such
that the tensile axis was parallel to the rolling direction. The
tensile samples had a gage length of 10mm and a cross-
sectional area of 4 × 1.5mm2. Solution treatment was carried
out at a temperature of 540∘C for Alloys 1 and 4 that have
a higher content of Cu (5wt.%) and at 500∘C for Alloys 2
and 3 that have a low content of Cu (3wt.%) to make sure
that all four alloys were taken to a single phase region. Then,
the four alloys were water-quenched. The aging process was
implemented in a salt bath constituted of 50% potassium
nitrate (KNO3) and sodium nitrite (NaNO2) at a temperature
of 190∘C with different aging times, and then the samples
were water-quenched. The corresponding hardness values
and aging times are displayed in Table 3. Tensile testing was
performed for each sample at room temperature, 190∘C, and
250∘C for each aging condition. The tensile test was carried
out on an Instron machine model 3388 equipped with a data

monitoring system. The testing temperature is controlled to
be within ±2∘C. The tensile data is processed using an Excel
sheet and corrected for machine compliance.

The microstructure study was performed using SEM
model JEOL 6610 LV and TEM JEOLmodel JEM-2100F-HR,
operated at 200 kV. Thin foil, ∼300 nm thickness, for TEM
investigation was prepared using focused ion beam system
(JEOL JEM9320 FIB).

2.2. Design of Experiments (DOE). Fractional factorial is a
well-known technique to be used in material and manu-
facturing experimentation. Several researchers made use of
the technique in the process of investigating the significant
factors in experiments [20–22]. A fractional factorial design
reduces significantly the number of runs required, particu-
larly in screening experimentswheremany factors are studied
in order to decide the relative importance amongst them.The
price of this reduction in the number of runs is the sacrifice
of some higher order interactions.

In this research, a 2𝑘−1 fractional factorial design was
used with five factors, two levels each. The number of runs
needed is 16 runs compared to 32 runs in a full-factorial (2𝑘)
design. The factors and levels evaluated in the research are
listed in Table 4. Four numerical factors are used, namely,
testing temperature and Cu, Mg, and Ag wt.%. The fifth
factor (aging time) was treated as a categorical parameter
rather than numerical since the aging time for each alloy was
different. Its levels are given as U (−1) and P (+1). It is worth
noting that the model was built to study, solely, the high-
temperature mechanical properties.
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Table 4: Factors and their levels in the experiment fractional factorial design for the high-temperature study.

Factors Index Levels
Low (−1) High (+1)

Aging time 𝐴 Underaged (U) Peak-aged (P)
Testing temperature (∘C) 𝐵 190 250
Cu (wt.%) 𝐶 3.0 5.0
Mg (wt.%) 𝐷 0.5 1.0
Ag (wt.%) 𝐸 0.3 0.6

Table 5: Mechanical properties at room and high temperatures for each aging condition of all four alloys.

Alloy number Testing temp. (∘C) Yield strength (MPa) Ultimate tensile strength
(UTS) (MPa)

Underaged Peak-aged Underaged Peak-aged

1
20∘C 305 420 412 480
190∘C 315 350 354 372
250∘C 250 247 260 247

2
20∘C 260 275 366 385
190∘C 250 210 310 237
250∘C 200 190 214 195

3
20∘C 265 310 352 359
190∘C 190 250 220 271
250∘C 190 185 201 195

4
20∘C 300 400 405 447
190∘C 295 320 320 341
250∘C 200 210 220 245

3. Results and Discussion

3.1. Mechanical Properties. Figures 1(a)–1(c) represent exam-
ples of the engineering stress-strain curves for Alloy 4
tested at room temperature (a), 190∘C (b), and 250∘C (c),
respectively, for the underaged and peak-aged conditions at
190∘C.

Table 5 summarizes the yield strength (YS) and ultimate
tensile strength (UTS) values for each aging condition of all
four alloys at room and high temperatures. As expected, the
stress values decrease with temperature. For ultimate tensile
strength (UTS) values, Alloy 1 gave the highest values for
both underaged and peak-aged conditions. However, Alloy
3 gave the lowest values. The difference between Alloy 1 and
Alloy 3 was around 120MPa at room temperature and about
50MPa at high temperature for peak-aged conditions, while
for underaged conditions the difference was about 60MPa at
both room and high temperatures. For yield strength (YS)
values, Alloy 1 gave the highest values while Alloy 2 gave
the lowest values at room temperature, but Alloy 3 exhib-
ited the lowest values at high temperature. The difference
between Alloy 1 and Alloy 2 was around 145 and 45MPa at
room temperature for peak-aged and underaged conditions,
respectively. For high temperature, the difference between
Alloys 1 and 3 was about 60MPa for both aging conditions.
Mostly, the stress values of peak-aged conditions were higher
than of underaged conditions except at a temperature of
250∘C at which underaged conditions were higher, while in

Alloy 2 the underaged condition is more superior compared
to the peak-aged condition at both 190 and 250∘C. In Alloy 4,
stress values of the peak-aged condition were higher than of
the underaged condition at all testing temperatures.

Figures 2–5 show the sensitivity of mechanical properties
(UTS and YS) with temperatures of both underaged and
peak-aged conditions of all four alloys. The data was linearly
fitted and the negative slope was taken as an indicator of the
thermal stability, in a sense that smaller negative slope can be
interpreted as higher thermal stability. The negative slopes of
yield strength for underaged conditions were between −0.17
and −0.37. Alloys 3 and 4 had the highest negative slopes,
while Alloys 1 and 2 had the lowest negative slopes. However,
the negative slopes of ultimate tensile strength (UTS) for
underaged conditions were between −0.59 and −0.74. Alloys
3 and 4 had the highest negative slopes, while Alloys 1 and 2
had the lowest negative slopes.

The sensitivity of mechanical properties with temper-
atures of the peak-aged condition for all four alloys is as
follows. For yield strength, the negative slopes were between
−0.37 and −0.75. Alloys 1 and 4 had the highest negative
slopes, while Alloys 2 and 3 had the lowest negative slopes.
However, the negative slopes of ultimate tensile strength
(UTS) were between −0.67 and −0.93. Alloys 1, 2, and 4 had
higher negative slopes, while Alloy 3 had a lower negative
slope. It is obvious that the sensitivity of peak-aged conditions
is larger than of the underaged condition,which indicates that
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Figure 1: (a) Eng. stress-strain curves of Alloy 4 tested at room temperature for both aging conditions. (b) Eng. stress-strain curves of Alloy
4 tested at 190∘C for both aging conditions. (c) Eng. stress-strain curves of Alloy 4 tested at 250∘C for both aging conditions.

the underaged condition exhibits higher thermal stability.
These observations are consistent with the results of Bai et al.
[13].

It would be beneficial to estimate the behavior of the Al-
Cu-Mg-Ag system by comparing it with the Concorde alloy
(A2618). The following data is extracted from [10]. It was
shown that the yield strength values at 20, 150, 200, and 250∘C
were 372, 303, 179, and 62MPa, respectively. For ultimate
tensile strength, the values were 441, 345, 221, and 90MPa.
The negative slope of the relation between yield strength and
temperatures is −1.3, while for ultimate tensile strength it
is −1.46. Therefore, Alloys 1 and 4 of peak-aged conditions,
from the current study, gave bettermechanical properties and
lower sensitivity to temperatures. Also, it will be of interest
to compare the present results with the behavior of Al 7075,
which is one of the high strength aerospace aluminum alloys,
at high temperatures. Polmear and Couper [23] showed that
the yield strength of this alloy at room temperature is about
500MPa, while at 190 and 250∘C the yield strength is 200 and

50MPa, respectively. Thus, the performance of this alloy is
catastrophic at high temperatures.

The superior thermal stability for some of the current
alloys is attributed to a special new phase named Ω that
forms as thin platelet precipitates on {111}𝛼 planes (𝛼 is an
Al-based solid solution) and has either a hexagonal or an
orthorhombic shape [24–26]. Since {111}𝛼 are slip planes in
𝛼 Al-based solid solution alloys, precipitation of Ω in these
alloys tends to improve resistance to dislocation slip and
improve mechanical properties [27].

3.2. Microstructure. A TEM study was conducted on Alloy
4 in the peak-aged condition as presented in Figure 6.
Figure 6(a) represents a STEM dark field image of the alloy
which shows the precipitated phases in bright color exhibiting
different morphologies (rod and spherical shaped). The size
of the precipitates ranged from 200 to 300 nm. Figure 6(b)
presents an EDS spectrum taken at one of these particles,
showing the elemental composition in wt.% to be Al 94.2, Cu
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Figure 2: Yield strength (YS) and ultimate tensile strength (UTS) at
various temperatures for both aging conditions of Alloy 1.
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Figure 3: Yield strength (YS) and ultimate tensile strength (UTS) at
various temperatures for both aging conditions of Alloy 2.

4.3, and Ag 1.5 wt.%.The amount of Mg was not detectable as
it could be traces.This particle could be anΩphase, according
to the definition previously mentioned.

A detailed fractography investigation was carried out for
Alloy 2, since its mechanical properties were more thermally
stable for the two aging conditions. Figure 7 shows SEM
images of the fractured surfaces of Alloy 2 tested at room tem-
perature, 190∘C, and 250∘C, respectively, for different aging
conditions. The images of the underaged conditions for all
testing temperatures show that the dominant fracture mode
is transgranular fracture regarding the observed dimples
along the fracture surfaces. These dimples become shallow
at higher testing temperatures. For peak-aged conditions,
the fractured surfaces show a combined fracture mode
including transgranular and intergranular fracture modes.
This observation is consistent with the deduction that the
underaged conditions are more thermally stable compared
with peak-aged conditions. Some of the particles distributed
on the fractured surfaces were chemically analyzed through
energy dispersion spectroscopy (EDS) technique. Figure 8
shows the EDS spectrum of one of the particles distributed
on the fractured surface of Alloy 2 tested at room temperature
for the peak-aged condition. The particle size is about 1 𝜇m.
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Figure 4: Yield strength (YS) and ultimate tensile strength (UTS)
versus temperature for both aging conditions of Alloy 3.
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Figure 5: Yield strength (YS) and ultimate tensile strength (UTS)
versus temperature for both aging conditions of Alloy 4.

TheEDS spectrumdisplays clustering of Cu andAl atoms and
to a much lesser extent the Mg and Ag atoms which could
imply a coarsened phase of Ω precipitates. Figure 9 presents
the EDS spectrum of one of the particles distributed on the
fractured surface of Alloy 2 tested at 250∘C for the peak-aged
condition.The particle size is about 1 𝜇m.The EDS spectrum
exhibits clustering of Cu, Mg, and Al atoms which suggests a
coarsened phase of 𝑆 precipitates.

3.3. Statistical Analysis. To prepare the fractional factorial
design matrix, a full-factorial design was built for the basic
factors (𝐴, 𝐵, 𝐶, and 𝐷) and a generator (𝐸 = 𝐶𝐷) was used
to define the levels of the remaining factor (E) in the matrix.
Generators are, mainly, interactions of the basic factors that
determine how a subset of experiments is selected from full
set runs. The alias structure, given in Table 6, illustrates the
confounding between factors and interactions due to the
reduction in total runs in a fractional factorial design.

The set of experiments with measured responses is
illustrated in Table 7. Responses yield strength and ultimate
tensile strength are indexed as 𝑌 and 𝑈, respectively. Since
the design did not include replicates, the third-, fourth-,
and fifth-level interactions were removed to free some
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Figure 6: (a) STEM dark field image for Alloy 4 in the peak-aged condition. (b) EDS spectrum for the elemental composition of one selected
precipitate.

Table 6: Alias structure for the high-temperature study.

Contrast Estimates
1 𝐴 + 𝐴𝐶𝐷𝐸

2 𝐵 + 𝐵𝐶𝐷𝐸

3 𝐶 + 𝐷𝐸

4 𝐷 + 𝐶𝐸

5 𝐸 + 𝐶𝐷

6 𝐴𝐵

7 𝐴𝐶 + 𝐴𝐷𝐸

8 𝐴𝐷 + 𝐴𝐶𝐸

9 𝐴𝐸 + 𝐴𝐶𝐷

10 𝐵𝐶 + 𝐵𝐷𝐸

11 𝐵𝐷 + 𝐵𝐶𝐸

12 𝐵𝐸 + 𝐵𝐶𝐷

13 𝐴𝐵𝐶 + 𝐴𝐵𝐷𝐸

14 𝐴𝐵𝐷 + 𝐴𝐵𝐶𝐸

15 𝐴𝐵𝐸 + 𝐴𝐵𝐶𝐷

degrees of freedom for error estimation in order to test the
significance of the effects of more important factors and

second-order interactions. Analysis of variance was used
to estimate the significance of each factor and interaction.
Regression analysis was conducted to correlate each response
to its significant parameters.

Analysis of variance (ANOVA) was used to decide which
model terms (representing the studied process parameters
and their interactions) affect significantly the experimental
outputs. In ANOVA, the role of each term in the variability
of experimental outputs is calculated as its adjusted sum of
squares (Adj. SS). The value of Adj. SS of each term with
respect to the total Adj. SS represents the contribution of this
term to the total variability. Adj. MS for each term represents
an estimate of population variance and is calculated by
dividing its Adj. SS by its degrees of freedom. The 𝐹-value
is then calculated for each term by dividing its Adj. MS by
the error Adj. MS. A higher 𝐹-value indicates that the data
contradicts more the test null hypothesis (which assumes
nonsignificance of the considered term.) Another item to
be calculated is the 𝑃 value. A lower 𝑃 value corresponds
to a higher 𝐹-value. 𝑃 value less than the test confidence
level (generally taken as 0.05) indicates significance of the
considered term.
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Figure 7: SEM images of the fractured surfaces of Alloy 2 produced by tensile testing: (a) underaged condition tested at room temperature,
(b) peak-aged condition tested at room temperature, (c) underaged condition tested at 190∘C, (d) peak-aged condition tested at 190∘C, (e)
underaged condition tested at 250∘C, and (f) peak-aged condition tested at 250∘C.

TheANOVA results for yield strength are given in Table 8.
Model terms with 𝑃 value > 0.05 are not significant and
hence were removed from the model unless they are a
part of a higher order interaction or their removal has a
significant negative effect on the coefficient of determination
(𝑅-squared). The model has an 𝐹-value of 23.7 with a 𝑃
value of about 0.000 implying that the model is significant
relative to noise. Significant terms are 𝐵 (temperature), 𝐶
(copper content), and the interaction 𝐵𝐶. Recall that the
effect of 𝐶 includes the interaction𝐷𝐸 (Mg and Ag) as given
by the alias structure. Assuming that the third- and fourth-
level interactions are negligible, the effects of factor 𝐵 and

interaction𝐵𝐶 are calculated with no interference from other
terms. The results suggest that aging time and magnesium
content do not affect the alloy yield strength.The values of the
adjusted sum of squares (Adj. SS) show that the variability in
the measured yield strength comes mainly from the copper
content and testing temperature.

The model analysis summary is illustrated in Table 9.
The adjusted 𝑅-squared equal to 0.86 implies that the model
represents 86% of the variation in the data. The predicted
𝑅-squared was calculated as 0.78, within an acceptable
difference from the adjusted 𝑅-squared (<0.2), proving that
the model is not overfit and has a good predictability.
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Figure 8: EDS spectrum at the particle taken from fractured surfaces of Alloy 2 peak-aged condition produced by tensile testing at room
temperature (Ag: 0.74wt.%, Mg: 0.76wt.%, Cu: 20.35 wt.%, and Al: 78.15 wt.%).
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Figure 9: EDS spectrum at the particle taken from fractured surfaces of Alloy 2 peak-aged condition produced by tensile testing at 250∘C
(Mg: 1.95 wt.%, Cu: 28.96wt.%, and Al: 69.09wt.%).

Table 7: The DOE and experimental results for the high-temperature study.

Time Temp. Cu Mg Ag Yield strength (MPa) Ultimate tensile strength (MPa)
𝐴 𝐵 𝐶 𝐷 𝐸 𝑌 𝑈

−1 −1 −1 −1 1 190 219.7
1 −1 −1 −1 1 250 270.5
−1 1 −1 −1 1 190 201.0
1 1 −1 −1 1 185 194.5
−1 −1 1 −1 −1 315 353.8
1 −1 1 −1 −1 350 372.0
−1 1 1 −1 −1 250 259.5
1 1 1 −1 −1 247 247.1
−1 −1 −1 1 −1 250 310.0
1 −1 −1 1 −1 210 236.6
−1 1 −1 1 −1 200 213.8
1 1 −1 1 −1 190 195.0
−1 −1 1 1 1 295 320.0
1 −1 1 1 1 320 341.0
−1 1 1 1 1 200 220.0
1 1 1 1 1 210 245.0
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Table 8: Analysis of variance (ANOVA) results of yield strength for the high-temperature study.

Source DF Adj. SS Adj. MS 𝐹-value 𝑃 value
Model 4 38548 9637.1 23.73 0

Linear 3 35008 11669.4 28.74 0
𝐵 1 16129 16129 39.72 0
𝐶 1 17030 17030.2 41.94 0
𝐸 1 1849 1849 4.55 0.056

2-way interactions 1 3540 3540.2 8.72 0.013
𝐵 ∗ 𝐶 1 3540 3540.2 8.72 0.013

Error 11 4467 406
Total 15 43015
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Figure 10: Main effect of significant factors on yield strength for the
high-temperature study.
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Figure 11: Interaction plot for yield strength for the high-
temperature study.

Figures 10 and 11 show themain effect plot and interaction
plot for yield strength, respectively. Figure 10 illustrates that
increasing the temperature reduces the yield strength, while
increasing the copper content increases the yield strength.

Table 9:Model summary of yield strength for the high-temperature
study.

𝑆 𝑅-sq. 𝑅-sq. (adj.) 𝑅-sq. (pred.)
20.15 89.62% 85.84% 78.03%

In Figure 11, the interaction is visible as the two lines are
not parallel. It is clear that the effect of copper content on
increasing the yield strength is reduced as the temperature
increases.

Equation (2) gives the regressionmodel for yield strength:

𝑌 = −61 + 0.925𝐵 + 141.7𝐶 − 71.7𝐸 − 0.496𝐵 ∗ 𝐶. (2)

The ANOVA results for ultimate tensile strength are given in
Table 10. The model has an 𝐹-value of 21.7 with a 𝑃 value
of about 0.000 implying that the model is significant relative
to noise. Significant terms are 𝐵 (temperature), 𝐶 (copper
content), 𝐸 (silver content), and the interactions 𝐴𝐸 and
𝐵𝐶. Recall that the effect of 𝐶 includes the interaction 𝐷𝐸
(Mg and Ag) and the effect of 𝐸 includes the interaction
𝐶𝐷 as given by the alias structure. Assuming that the third-
and fourth-level interactions are negligible, the effects of
factor 𝐵 and interactions 𝐵𝐶 and 𝐴𝐸 are calculated with
no interference from other terms. The results suggest that
aging time and magnesium content do not affect the tensile
strength. However, the aging time has an interactive effect
with the silver content. The values of the adjusted sum of
squares (Adj. SS) show that the variability in the measured
ultimate tensile strength comes mainly from the testing
temperature followed by the copper content. Previous work
[7] reported that the tensile strength did not increase directly
with increasing Mg content in Al-Cu-Mg-Ag alloy, which
agrees with the current results. On the other hand, though the
aging time plays a major role in varying the hardness values,
it did not impart a major effect on the tensile properties
(yield and ultimate) especially for the testing temperature
of 250∘C. However, at the 190∘C testing temperature, the
variation in yield and ultimate strength is present but not
with a systematic trend, which could have led to the present
statistical prediction of the model. It is worth noting that
aging was conducted at 190∘C, for all samples; thus, for
the testing temperature of 190∘C, the effect of under- and
peak-aged precipitate conditions was obvious. This effect is
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Table 10: Analysis of variance (ANOVA) results of ultimate tensile strength for the high-temperature study.

Source DF Adj. SS Adj. MS 𝐹-value 𝑃 value
Model 6 48921.4 8153.6 21.65 0

Linear 4 44883.8 11221 29.8 0
𝐴 1 1 1 0 0.961
𝐵 1 26219.7 26219.7 69.64 0
𝐶 1 16725 16725 44.42 0
𝐸 1 1938.2 1938.2 5.15 0.049

2-way interactions 2 4037.6 2018.8 5.36 0.029
𝐴 ∗ 𝐸 1 1951.4 1951.4 5.18 0.049
𝐵 ∗ 𝐶 1 2086.2 2086.2 5.54 0.043

Error 9 3388.7 376.5
Total 15 52310.2

Table 11: Model summary of ultimate tensile strength for the high-
temperature study.

𝑆 𝑅-sq. 𝑅-sq. (adj.) 𝑅-sq. (pred.)
19.4043 93.52% 89.20% 79.53%
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Figure 12: Main effect of significant factors on ultimate tensile
strength for the high-temperature study.

expected to be less pronounced at higher testing temperature
due to the precipitates coarsening that limits the strain
hardening processes.

The model analysis summary is illustrated in Table 11.
The adjusted 𝑅-squared equal to 0.89 implies that the model
represents 89%of the variation in the data while the predicted
𝑅-squared was calculated as 0.79.

Figures 12 to 14 show the main effect plot and interaction
plots, respectively, for ultimate tensile strength. Figure 12
illustrates that increasing the temperature reduces the tensile
strength. Increasing the copper content increases the tensile
strength while increasing the silver content reduces it. In
Figure 13, the interaction is visible as the two lines are
not parallel. It is clear that the effect of copper content on
increasing the tensile strength is reduced with increasing
temperature. Figure 14 shows that although factor 𝐴 (aging
time) is not significant by itself, it seems that increasing
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Figure 13: Interaction plot of copper content and temperature 𝐵𝐶
for ultimate tensile strength for the high-temperature study.
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Figure 14: Interaction plot of silver content and time𝐴𝐸 for ultimate
tensile strength for the high-temperature study.
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Table 12: Model predicted values versus measured values for validating alloy (Al-3Cu-0.5Mg-0.3Ag) for the high-temperature study.

Yield strength (MPa) Ultimate tensile strength (MPa)
Measured Predicted Relative % error Measured Predicted Relative % error

Underaged (190∘C) 200 236 15.3% 239 248 3.6%
Peak-aged (190∘C) 240 236 −1.7% 245 292 16.1%
Underaged (250∘C) 165 202 18.3% 173 190 9%
Peak-aged (250∘C) 160 202 20.8% 173 234 26%

the time at high silver content reduces the tensile strength
significantly.

Equation (3) gives the regression model for tensile
strength:

𝑈1 = 128 + 0.173𝐵 + 116.1𝐶 − 73.4𝐸 + 73.6𝐴 ∗ 𝐸

− 0.381𝐵 ∗ 𝐶.
(3)

3.3.1. Validation. To validate the model, an extra alloy was
prepared and tested under the same testing conditions as the
main designed alloys. The validating alloy had Cu (3wt.%),
Mg (0.5 wt.%), and Ag (0.3 wt.%). The alloy was tested under
two temperatures (190 and 250∘C) and under two conditions
of aging (underaged and peak-aged). The measured yield
strength and tensile strength of the alloy are given in Table 12
in comparison to model predicted values. Note that the value
of factor 𝐴 (time) is substituted in the equations as −1 for
the underaged condition and +1 for the peak-aged condition,
while the other factors are substituted by their actual values.

Paired 𝑡-test was used to estimate the significance of the
difference between the measured and the predicted values.
The test proved no significant difference with 𝑃 value = 0.081
for the yield strength and 0.074 for ultimate tensile strength.
However, as the model was built on a fractional factorial
design, it might lack some significant interactions that were
omitted in the current study. This may be the reason for
some large errors (above 20%) shown in Table 12. A more
compressive model should be considered as an extension to
this study.

4. Conclusions

Four alloys with different compositions of Al-Cu-Mg-Ag
were cast. The alloys were homogenized and hot-rolled.
Tensile samples were cut from the rolled sheet.These samples
were solution-treated and then aged at 190∘C for different
aging times comprising underaged and peak-aged condi-
tions. Tensile testing was conducted at room and high tem-
peratures. Changing weight percentages of alloying elements
had significant effects on the mechanical properties. The
sensitivity of mechanical properties for temperatures was
measured through calculating the negative slopes of the yield
and ultimate tensile strength variation with temperature.

A mathematical model for the variation of yield strength
and ultimate tensile strength was built to relate them with
alloying elements content, aging time, and tensile testing
temperatures. Both models represent more than 80% of the
variation in the data, which represents the reliability of the

models. Copper content was most significant for increasing
the yield strength and ultimate tensile strength. As expected,
increasing temperature reduces the values of YS and UTS.

The promising mechanical properties and the lower
sensitivity to high temperatures of Al-Cu-Mg-Ag make them
a potential replacement for A2618 and other aluminum alloys
used in high-temperature applications such as supersonic
aviation and automobile industry.
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In electrical discharge machining (EDM) process, the debris removed from electrode material strongly affects the machining
efficiency and accuracy, especially for the deep small hole machining process. In case of Ti alloy, the debris movement and removal
process in gap flow between electrodes for small hole EDM process is studied in this paper. Based on the solid-liquid two-phase
flow equation, the mathematical model on the gap flow field with flushing and self-adaptive disturbation is developed. In our 3D
simulation process, the count of debris increases with number of EDM discharge cycles, and the disturbation generated by the
movement of self-adaptive tool in the gap flow is considered. The methods of smoothing and remeshing are also applied in the
modeling process to enable a movable tool. Under different depth, flushing velocity, and tool diameter, the distribution of velocity
field, pressure field of gap flow, and debris movement are analyzed. The statistical study of debris distribution under different
machining conditions is also carried out. Finally, a series of experiments are conducted on a self-made machine to verify the 3D
simulation model. The experiment results show the burn mark at hole bottom and the tapered wall, which corresponds well with
the simulating conclusion.

1. Introduction

Titanium (Ti) alloy is an excellent candidate for aerospace,
biomedical applications and ocean development owing to
the high specific strength and excellent corrosion resistance.
In a traditional hole drilling the high tensile strength and
low thermal conductivity of Ti alloy can result in a large
machining force, high machining temperature, high tool
wear, and poor accuracy, especially for deep small hole
machining.

EDM could remove the material by spark erosion, which
produces the local high temperature to melt and vaporize
the material at the workpiece surface. During EDM process
[1], the tool electrode does not contact the workpiece, which
results in the tiny machining force. Therefore, the deforma-
tion is small and the machining accuracy is excellent, which
is suitable to manufacture the deep small hole on Ti alloy. In
general, a lot of debris is generated during EDM process in
small deep hole.The debris could affect the dielectric strength
of gap and discharge stability during EDM process, which

results in the concentrated discharge and low machining
efficiency [2]. The debris is also likely to form secondary dis-
charge between the tool and wall, which results in the tapered
side wall of hole. Even though the flushing is introduced to
remove the debris from the machining gap, because of the
nonthoroughness of debris removal, it is difficult to obtain
satisfactory machining accuracy [3]. So the debris removal
process is one of the most important challenges for EDM
application in deep small hole machining.

There are many researchers studying the debris removal
mechanism in EDM process for deep small hole. Koenig
et al. built a mathematical model of bottom gap flow field
with flushing and calculated the pressure and velocity field
[4]. Masuzawa et al. simulated the flow field with flushing
and the debris distribution in the gap [5]. Takeuchi and
Kunieda simulated the velocity field of debris and took
the dielectric movement and bubble expansion into con-
sideration [6]. Allen and Chen investigated the material
removal for micro-EDM onmolybdenum by using a Matlab-
based thermonumerical model, which simulated single spark
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Figure 1: Schematics of tool movement model.

discharge process [7]. Wang et al. simulated the flow field
in EDM machining, and debris aggregated at the corner
increased the concentrated discharging, which destroyed the
edge of tool [8]. Xie et al. simulated the holes array with
ultrasonic assisted in EDM and concluded that the ultrasonic
vibration of tool had influence on the debris exclusion from
discharge gap [9]. Cetin et al. investigated the effects of
electrode jump parameters on machining speed and depth
experimentally in linear motor equipped electrical discharge
machining [10]. Wang et al. made researches on the debris
and bubble movement with Fluent and summarized that
the bubble generated at the bottom was the main factor to
expel the debris. But the expelling effect became weak when
the bubble reached the side gap [11]. Kong et al. simulated
the motion of debris with bubbles under with and without
ultrasound [12]. Mastud et al. conducted simulations on
computational modeling of the debris motion and its interac-
tion with the dielectric fluid under low-amplitude vibrations
imparted via a magnetorestrictive actuator [13]. Mullya and
Karthikeyan analyzed the fluid flow along the narrow gap of
microelectrodischarge-milling process for different machin-
ing conditions by computational fluid dynamics simulation
[14].

For above available results, most researchers only devel-
oped the single discharge machining models. Actually, the
debris is continuously generated in EDM process. Besides,
the flow disturbation generated by the movement is not
considered. So the debris movement process for multicycle
discharge with tool movement in EDM is not fully under-
stood.

This paper develops a mathematical model that considers
tool movement in solid-liquid two-phase gap flow field and
a 3D model to simulate the tool movement and debris
generation when the tool electrode conducts self-adaptive
movement. Besides, the debris is generated continuously in
the gap between the tool and workpiece. Such simulation is
much closer to the real machining process.

2. Debris Generation and Tool
Movement in EDM

EDM as a nontraditional machining method uses the elec-
trothermal effect of pulsed spark discharge between tool and

workpiece to remove the material in dielectric fluid. When
the distance between the electrodes is reduced to 102 𝜇m, the
electric field intensity between electrodes becomes greater
than the strength of the dielectric. The voltage applied
breaks down the dielectric and induces the plasma channel
between two electrodes. Then the power supply instanta-
neously releases the energy through the channel, which
generates the temperature of about 1 × 104∘C and a very high
pressure in a local minimal area [15]. Consequently, a small
quantity of metal is directly molten or even vaporized due to
the heat effect. Once the voltage stops, the spherical debris
is removed, and microdischarging craters appear on both
tool and workpiece surfaces. Simultaneously, the insulating
property of dielectric is restored.

As the process going on, a certain amount of material will
be removed and the debris will be generated continuously.
The accumulative debris can influence the break down
process and machining efficiency. During the small hole
machining process, the debris is regularly swept away from
the machining region by flow of flushing. However, in a deep
small hole machining, the flushing effect on debris at the
bottom of the hole becomes weak. In addition to the flushing,
the tool motion could facilitate the debris removal. As the
operation progresses, the servo mechanism controls tool to
make self-adaptive movement and maintains a proper gap.
Meanwhile the servo movement of tool generates the distur-
bation to the gap flow. When the tool moves up, a negative
pressure zone forms at the bottom and fresh dielectric is
drawn into the gap, which lowers the concentration of debris,
as shown in Figure 1(a). On the contrary, a positive pressure
zone forms when the tool moves down, just as shown in
Figure 1(b), the debris spreads to the surroundings, and a little
debris is carried away with the fluid into the fresh dielectric.
During the debris removal process, the major factor to drive
debris is the drag force, for the gap flow can be seen as a solid-
liquid two-phase flow.

3. Gap Flow Mathematical Model of
Solid-Liquid Two-Phase Flow

3.1. Drag Force Analysis. In solid-liquid two-phase flow field,
the drag force of particles 𝐹𝑑 is the most basic form of
interaction between particles and fluid. In order to obtain the
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Figure 2: Schematics of interelectrode gap.

drag force equation of solid-liquid two-phase flow, this paper
assumes the conditions as follows:

(1) The particle is considered to be spherical.
(2) The particle reflects back when colliding with the wall

or other particles.
(3) The ambient temperature and machining region

temperature are considered as a constant, no heat
exchanges.

(4) The fluid field is considered to be infinite, inviscid,
and uncompressible.

(5) There is no friction con the inner wall of hole.

Figure 2 shows a partial view of the side gap.The tool and
workpiece are considered as two parallel plates. Only the tool
moves during simulation.Therefore, the velocity difference is
generated in the gap, which results in the pressure difference
along the depth (y-axis) changes. V𝑇 and V𝑓 are the tool speed
and liquid speed, respectively.

Naviers-Stokes equation can be simplified as follows:

−1𝜌
𝑑𝑝
𝑑𝑦 + 𝜆

𝑑2V𝑓
𝑑𝑧2 = 0, (1)

where 𝜌 is the fluid density, p is the fluid pressure, 𝜆 is
coefficient, and V𝑓 is the fluid velocity along 𝑦-axis. The
pressure 𝑝 along the 𝑦-axis declines uniformly, which can be
presented as

𝑑𝑝
𝑑𝑦 = −Δ𝑝𝑙 , (2)

whereΔ𝑝 = 𝑝1−𝑝2. When the tool moves down, V𝑇 points to
the positive𝑦-axis andΔ𝑝 is less than 0.When the toolmoves
up, V𝑇 points to the negative 𝑦-axis and Δ𝑝 is greater than 0.
By combining (1) and (2), we get the equation

𝑑2V𝑓
𝑑𝑧2 = −

Δ𝑝
𝜇𝑙 , (3)

where 𝜇 is dynamic viscous coefficient of fluid. By integrating
(3), we get the fluid speed as

V𝑓 = −Δ𝑝2𝜇𝑙𝑧2 + 𝐶1𝑧 + 𝐶2, (4)

where 𝐶1 and 𝐶2 are coefficients; given that the tool has a
speed of 0.01m/s, finally the boundary conditions are listed
as follows:

𝑧 = 𝜀,
V𝑓 = 0.01,
𝑧 = 0,
V𝑓 = 0,

(5)

where 𝜀 is the 𝑧-axis position. 𝐶1 and 𝐶2 can be solved by
combing (4) and (5).

Considering the impact of flushing on fluid velocity, the
fluid velocity V𝑓 is shown as

V𝑓 = V𝑓 + V𝑡, (6)

where V𝑡 is the speed at a certain position in the case of
flushing and can be solved by unsteady flow equation (7) of
solid-liquid two-phase flow.

𝜕𝜌
𝜕𝑡 +

𝜕
𝜕𝑦 (𝜌V𝑡) = 0,

𝜌 (𝜕V𝑡𝜕𝑡 + V𝑡
𝜕V𝑡𝜕𝑦 ) = −

𝜕𝑝
𝜕𝑦 − 𝜌𝑔 cos 𝜃 −

𝑃
𝐴𝜏𝑤,

𝜕
𝜕𝑡 [𝜌(𝑒 +

V2𝑡2 )] +
𝜕
𝜕𝑦 [𝜌V𝑡 (ℎ +

V2𝑡2 )]

= 1
𝐴 (𝜕𝑞𝑒𝜕𝑦 − 𝜕𝜔𝜕𝑦 ) − 𝜌V𝑡𝑔 cos 𝜃,

(7)

where 𝑔 is acceleration of gravity, 𝜏𝑤 is the average shearing
stress of the wall, e is the thermal energy of unit mass, h is
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Figure 3: The schematics of 2D boundary conditions and 3D meshed model.

the enthalpy, 𝑞𝑒 is the heat transfer rate, and 𝜔 is the power.
Bruce et al. summarized an equation to get the drag force on
the particles, which can be presented as [16]

𝐹𝑑 = 6𝜋𝜇𝑟𝑝 (V𝑓 − V𝑝) 𝜎, (8)

where 𝑟𝑝 is the radius of particle, V𝑝 is the particle velocity,
and 𝜎 is the correction factor. Each step of V𝑝 can be solved
by iterating equations. Initially, the actual drag force equation
of solid-liquid two-phase flow considering the effect of tool
movement can be shown as follows:

𝐹𝑑0 = 6𝜋𝜇𝑟𝑝 [Δ𝑝02𝜇𝑙 (𝜀 ⋅ 𝑧 − 𝑧2) + V𝑡0 − V𝑝0] (9)

as 𝐹 = 𝑚𝑎, 𝑚 = (4/3)𝜋𝑟3𝜌, and the initial acceleration of
particle 𝑎𝑝0 can be presented as

𝑎𝑝0 = 9𝜇 [(Δ𝑝0/2𝜇𝑙) (𝜀 ⋅ 𝑧 − 𝑧2) + V𝑡0 − V𝑝0]
2𝑟2𝑝 ⋅ 𝜌𝑝 , (10)

where 𝜌𝑝 is particle density. After several iteration, the 𝑛th
time step of particle velocity V𝑝(𝑛) and moving distance 𝑆𝑝(𝑛)
can be solved as follows:

V𝑝(𝑛) = 𝑎𝑝(𝑛−1) ⋅ 𝑡,
𝑆𝑝(𝑛) =

𝑛∑
𝑖=1

𝑆𝑝(𝑖) =
𝑛∑
𝑖=1

V𝑝(𝑖)𝑡. (11)

From the equations above, we deduce that when the depth
of gap (𝑦) increases, the fluid velocity V𝑓 and drag force 𝐹𝑑
decline and the debris velocity V𝑝 and moving distance 𝑆𝑝
decrease. On the contrary, if flushing velocity V𝑡 increases,
the fluid velocity V𝑓 and drag force 𝐹𝑑 increase and the debris
velocity V𝑝 and moving distance 𝑆𝑝 increase.

3.2. Simulating Model for the Interelectrode Gap Field.
Figure 3 shows the simulation model for the interelectrode
gap flow field in EDM. The side and bottom gap are set to
0.2 and 0.1mm, respectively. The debris generated in single
pulse is distributed in a random position at the bottom with
the macrofunction provided by Fluent [17].

The boundary conditions are shown in Figure 3(a). The
interface boundary is applied, because the flushing tube and
working liquid need to exchange data. The upper boundary
condition is the pressure outlet and rest boundaries are the
walls as default. Figure 3(b) presents the 3D model, where
the flushing is ejected from the tube outlet into the gap.
In Figure 3(c), the machining zone is considered as a 3D
cylinder model, which is established and meshed in the
Gambit. The meshed model is imported into Fluent. The
secondary development interface UDF module is used to
simulate the debris removal process, because the shape of flow
field is constantly changing inwith the servomovement of the
tool.

This paper assumes simulation cycle and discharge cycle
at 0.02 s and 20𝜇s. 1000 discharges occur during the simu-
lation process. Only half of the discharges are effective. The
initial count of debris is 2550 at the bottom, which distributes
into three layers and each layer uniformly contains 850 debris.
During the simulating process, each discharge generates 30
debris in the random position, and the ratio of Ti alloy debris
to Cu debris is 2 to 1, of which Ti alloy and Cu debris are
in blue and red, respectively [18]. During the process, 17550
debris are generated. The simulating parameters are listed
in Table 1. Flushing velocity is obtained from the previous
experiment.

4. Simulation Results and Analysis

4.1. Impact of Tool Movement on Gap Flow Field without
Flushing. Without flushing, the simulation results of 1mm
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Figure 4: Gap flow field with 0.5mm deep hole.

(a) After half a period (b) After one period

Figure 5: Gap flow field with 2mm deep hole.

Table 1: Continuous discharge simulating parameters.

Parameter Description
Dielectric fluid Deionized water
Tool Copper
Workpiece TC4
Tool velocity 0.01m/s
Polarity Positive
Diameter (mm) 1, 2
Flushing vel. (m/s) 0, 2, 5
Depth (mm) 0.5, 2.0, 3.5, 5.0

tool diameter are shown in Figures 4 and 5. Figures 4 and
5 show the gap flow field with 0.5mm and 2.0mm deep
hole, respectively. In Figures 4 and 5, the tool initially moves

down from the top to the bottom and finally returns to the
original position. During the tool moving down process, a
positive pressure is formed at the bottom, which drives the
dielectric and debris at the bottom to the surrounding region,
as shown in Figures 4(a) and 5(a). But no debris is carried
out from bottom because the fluid velocity is low. In the next
half period, the tool begins to move up, which results in the
negative pressure at bottom.The negative pressure causes the
fresh dielectric drawn into the gap, which pushes the debris
to the center, as shown in Figures 4(b) and 5(b). From Figures
4 and 5, no debris is removed out of machining region. One
conclusion could be drawn that, without flushing, the depth
of the small hole has little influence on the debris distribution.
It should be noticed that the accumulative debris stayed at the
bottom increase the probability of concentrated discharges,
which could generate the burn marks.
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Figure 6: Schematics of gap flow field with flushing at 2m/s and 0.5mm deep hole.

4.2. Impact Analysis of Gap Flow Field with 1mm Tool Diame-
ter. In ordinary EDM machining, the flushing is introduced
to bring fresh dielectric fluid into the gap and lower the debris
concentration. In order to conduct the impact of flushing on
the debris distribution, the flushing is applied in simulation
model. In the model with flushing, a dielectric tube aimed at
the gap between tool and workpiece induces the flow through
the machining gap. Figures 6–13 show the simulation results
in the case of 1mm tool diameter after one period.

Figure 6 presents the gap flow field with flushing at 2m/s
and 0.5mm deep hole. As shown in Figure 6(a), the highest
fluid velocity of 2.3m/s appears at the wall opposite to
flushing direction. The fluid velocity at the bottom and right

side gap is large.The fluid velocity of right side outlet is lower
than that of left side inlet. The fluid velocity declines with the
increase of hole depth. The highest pressure 2520 Pa appears
at the inlet and the negative pressure zone also appears near
the inlet, as shown in Figure 6(b). In Figure 6(c), the debris
moves along the gap to the right side. Besides, a part of debris
escapes from themachining areas due to the effect of flushing,
as well as the hole with small depth. There is more debris left
at the right corner than those at the left, which corresponds
well with the velocity distribution in Figure 6(a).

Figure 7 presents the gap flow field with flushing at 5m/s
and 0.5mm deep hole. Compared with Figure 6, owing to
the higher flushing velocity, the values of velocity field and
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Figure 7: Schematics of gap flow field with flushing at 5m/s and 0.5mm deep hole.

pressure field increase abruptly, and the highest fluid velocity
and highest pressure reach 5.7m/s and 15700 Pa, respectively.
Compared with Figure 6, more debris is carried out of the
hole, which results in the fact that less debris remains at
the machining gap. The simulation results correspond well
with the mathematical model. For Figures 6 and 7, a low
fluid velocity zone appears at the lower right corner of tool.
More debris accumulates at the low fluid velocity zone,
which increases the probability of concentrated discharges
and blunts the edge of tool.

Figure 8 presents the gap flow field with flushing at 2m/s
and 2.0mm deep hole. Compared with Figure 6, the flushing

effect at bottom of hole becomes poor, which results in the
poor debris removal at bottom. Only tiny of debris is flushed
away, as shown in Figure 8(c). More debris is accumulated at
the right corner of bottom.

Figure 9 presents the gap flow field with flushing at 5m/s
and 2.0mm deep hole. With high velocity, more fluid is
injected into the deep gap, even at the bottom gap. So com-
pared with Figure 7, more debris is carried away by the fluid.
But compared with Figure 7, as the hole becomes deeper,
there aremore debris left at the bottom.The simulation results
correspond well with the mathematical model. In Figures 8
and 9, a lot of debris accumulates at the right side gap, which
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Figure 8: Schematics of gap flow field with flushing at 2m/s and 2mm deep hole.

increases the probability of secondary discharges between the
sides of tool and right wall of hole and then increases the
inclination of right wall of hole.

As shown fromFigures 10 and 11, 3.5mmdeep hole is con-
sidered with different flushing velocity. From the simulation
results, no flushing fluid is injected into the bottom gap of
hole with depth over 3.5mm.The pressure decreases sharply
at the bottom, where the velocity is close to zero and the fluid
velocity in this region is concerned with the tool movement.
As the disturbance induced by the tool movement is small, all
the debris stays at the bottom. In the case of 5mm deep hole
a similar result is obtained.

Compared with Figures 6–9, a conclusion can be made
that when the depth to diameter ratio exceeds 3, no debris
could be removed from the gap. The debris accumulates at
the bottom and may create concentrated discharges between
the workpiece and tool.

4.3. Impact of Tool Movement on Gap Flow Field with 2mm
Tool Diameter. Figures 12–19 are the simulation results in the
case of 2mm tool diameter. Figure 12 shows the gap flow field
with flushing at 2m/s and 0.5mm deep hole. The highest
velocity 2.75m/s appears at the wall opposite to flushing
direction, where a low pressure zone forms. The debris is
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Figure 9: Schematics of gap flow field with flushing at 5m/s and 2mm deep hole.

flushed to the right corner of bottom, and the debris is flushed
out from the right gap to unmachined area. Compared with
Figure 6, both velocity and pressure are much higher and
more debris is carried away. In case of Figure 12 the tool
diameter is twice of that in Figure 6, which increases the
curvature radius of gap. So the flushing fluid suffers the less
resistance during the flowing, which is positive for the debris
to be flushed out. However, with the increase of tool diameter,
the diameter of the bottom gap increases. Large bottom gap
increases the debris removal distance, which is negative for
the debris to be flushed out.

Figure 13 shows the gap flow field with fluid flushing
at 5m/s and 0.5mm deep hole. In Figure 13(a), the largest

velocity reaches 6.67m/s and the highest pressure increases
to 22800 Pa. There is sufficient pressure for the flushing
injecting into the gap and driving more debris to the right
side gap. Compared with Figure 12, less debris remains at the
machined area.

Figures 14 and 15 are the gap flow fields of different
flushing velocity with 2mm deep hole. Compared with
Figures 8 and 9, under the same machining condition, the
fluid velocity at the bottom becomes larger in the case of
a large tool diameter. More debris is flushed away and less
debris remains at the bottom. Besides, in Figures 14 and 15, the
debris is flushed out approximately in a line from the right gap
and then dispersed near workpiece surface. It is confirmed
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Figure 10: Schematics of gap flow field with flushing at 2m/s and 3.5mm deep hole.

that the fluid velocity at the bottom is low and a larger velocity
appears in the rightmost gap,which correspondswell with the
velocity field. When the fluid reaches the outlet, the velocity
suddenly increases, which results in the dispersion of debris.
A lot of debris accumulates at the right side gap, which
increases the probability of secondary discharges between the
tool and right wall of hole and then increases the inclination
of right wall of hole. The low velocity region also appears
at the right corner of bottom gap. The debris easily stays at
the low velocity region, which could cause discharge between
debris and workpiece. Then the burn mark could happen in
practical operation.

Comparing 3.5mm deep hole with 5mm, as shown in
Figures 16–19, the flushing liquid is injected into the gap and
there is sufficient pressure to remove the debris. The debris
can escape from 3.5mmdeep hole. On the contrary, in case of
5mm deep hole, the flushing liquid is hardly injected into the
bottom gap. Besides, the bottom velocity is only concerned
with the tool movement and no debris could be flushed out
from 5mm deep hole. In this situation, the discharge stability
decreases.

Combining the above analysis, one conclusion could be
drawn that, for the 2mm tool diameter, the flushing fluid
contains less resistance than those of 1mm tool diameter,

124 Alloys: Metallurgy and Engineering

__________________________ WORLD TECHNOLOGIES __________________________



WT

5.98e + 00

5.68e + 00

5.38e + 00

5.08e + 00

4.78e + 00

4.48e + 00

4.19e + 00

3.89e + 00

3.59e + 00

3.29e + 00

2.99e + 00

2.69e + 00

2.39e + 00

2.09e + 00

1.79e + 00

1.49e + 00

1.20e + 00

8.97e − 01

5.98e − 01

2.99e − 01

0.00e + 00

Y

X
Z

(a) Velocity field

1.53e + 04

1.42e + 04

1.31e + 04

1.19e + 04

1.08e + 04

9.68e + 03

8.55e + 03

7.42e + 03

6.29e + 03

5.16e + 03

4.03e + 03

2.90e + 03

1.77e + 03

6.41e + 02

−3.88e + 03

−5.01e + 03

−6.13e + 03

−4.88e + 02

−1.62e + 03

−2.75e + 03

−7.26e + 03

Y

X
Z

(b) Pressure field

8.98e + 03

8.77e + 03

8.57e + 03

8.36e + 03

8.15e + 03

7.95e + 03

7.74e + 03

7.53e + 03

7.33e + 03

7.12e + 03

6.91e + 03

6.71e + 03

6.50e + 03

6.29e + 03

6.09e + 03

5.88e + 03

5.68e + 03

5.47e + 03

5.26e + 03

5.06e + 03

4.85e + 03

Y

X
Z

(c) Debris distribution

Figure 11: Schematics of gap flow field with flushing at 5m/s and 3.5mm deep hole.

which results in the fluid with higher velocity. Finally, more
debris is taken away by the flushing fluid. On the contrary,
in situation with lower fluid velocity, the flushing fluid with
insufficient drag force could hardly bring the debris out of
bottom gap. Such phenomenon could be deduced for deep
hole with micro- or smaller diameter.

5. Impact of Machining Parameters on
Debris Distribution

In order to obtain the debris distribution in machining
region, the coordinate of each debris is exported for statistics.
For the convenience of analysis, the machining region is

divided into 5 zones, as shown in Figure 20(a). Zone S1 is the
left bottom gap, zone S2 is the right bottom gap, zone S3 is
the left side gap, zone S4 is the right side gap, and S5 is the
dielectric zone above the workpiece. Figure 20(b) shows the
bird view of themachining zone. In the following section, the
debris distributions under different parameters are analyzed.

5.1. Impact of Hole Depths on the Debris Distribution.
Figure 21 presents the debris distribution with different hole
depths. As shown in Figure 21(a), for the depth of 0.5mm,
S1–S5 contain the debris in 1.1%, 15.4%, 0.0%, 3.4%, and 80.1%.
The final inequation for the debris concentration is S5 > S2 >
S4 > S1 > S3. Most debris gets out from the machining zone.
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Figure 12: Schematics of gap flow field with flushing at 2m/s and 0.5mm deep hole.

For the debris remaining at machining zone, major part of
debris is distributed at the right bottom gap (zone S2). For the
0.5mm deep hole, the sufficient pressure at bottom gap could
flush most debris out of hole. The debris distribution of hole
with 2.0mm deep hole is similar to that of 0.5mm deep hole.
In case of the 3.5mm deep hole, most debris stays in zone
S2 (65.3%); secondly in zone S1 (17.9%), only a little debris
is distributed in zone S5 (4.8%); that is to say, a little debris
is removed from the gap; a little debris is in the process of
escaping (S4 (12.1%)). Most debris stays at the bottom (zones
S1 and S2) and right side gap (zone S4) of the machining
area. The reason of this is that as the hole is deep, the flush

of tube has a little impact on the gap near the bottom, and
a little dielectric is injected into this region. Compared with
0.5mm and 2mm deep hole, only a little debris is carried
away. However, in the case of 5mm deep hole, almost no
debris is carried away from the hole.

With the constant of tool diameter and fluid velocity
in 5m/s, the debris distribution is similar to that of fluid
velocity in 2m/s, except the debris distribution in S4 zone,
just as shown in Figure 21(b). In the shallow hole (0.5mm,
2mm) machining, there is more debris in the condition of
lower velocity than that of higher velocity, while, in the deep
hole (3.5mm, 5mm) machining, there is less debris in the
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Figure 13: Schematics of gap flow field with flushing at 5m/s and 0.5mm deep hole.

condition of lower velocity than that of higher velocity. The
reason is that, in a shallower hole, debris flushed fromS4 to S5
is less than that from S2 to S4; thus, S4 hasmore debris, while,
in a deeper hole, the situation is on the contrary. Comparing
Figure 21(a) with Figure 21(b), a conclusion can bemade that,
with a high velocity and a shallow hole, it is much easier for
the debris to be washed away.

5.2. Impact of Tool Diameters on the Debris Distribution.
Figure 22 presents the impact of different tool diameters
on the debris distribution with flushing velocity at 5m/s.

As shown in Figure 22(a), there is more debris in zones S1
(23.1%) and S2 (60.4%) than other zones in the case of 1mm
tool diameter; however most debris is swept to S5 (9.3%) in
the case of 2mm tool diameter. A large diameter is more
beneficial than small diameter for removing debris. It is
because, with a large diameter, the curvature radius is large,
the flushing can directly get into the gap with less resistance,
and the debris is easily washed away. However, with a small
diameter, the curvature radius is smaller, the flushing flows
against the wall, the velocity declines sharply, and there is
insufficient pressure to take away the debris. As a result, the
debris could hardly be removed from the gap.
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Figure 14: Schematics of gap flow field with flushing at 2m/s and 2mm deep hole.

Figure 22(b) presents a statistical result in a deeper hole.
As shown in Figure 22(b), most debris stays in S1 (50.9%) and
S2 (49.1%); almost no debris is carried away, as there is no
enough pressure for the dielectric flowing into the gap; debris
stays at the bottom. In the case of 1mm tool diameter, the
debris distributed in S1 and S2 is almost the same; however,
in the case of 2mm tool diameter, there is more debris in S2
than S1, which indicates that some debris in the left bottom
gap is washed to the right. The impact of tool diameters on
the debris distribution is proven again.

Comparing Figure 22(a) with Figure 22(b), in the case of
1mm tool diameter, zone S1 has less debris than zone S2 (see
Figure 22(a)), whereas for the deeper hole (see Figure 22(b)),
the quantity of debris in zones S1 and S2 is similar. In the
case of 2mm tool diameter, most debris is swept away from
the hole (see Figure 22(a)), whereas for a deeper hole, the
diameter is of limited effect on the debris distribution.

A conclusion can also be made that, in the case of a
shallow hole, a larger diameter is conducive to remove more
debris, whereas in a deeper hole, the tool diameter has little
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Figure 15: Schematics of gap flow field with flushing at 5m/s and 2mm deep hole.

impact on the debris distribution, and debris can hardly be
removed.

5.3. Impact Analysis of Different Material Debris Distribution.
Figure 23 illustrates the impact of flushing velocities and tool
diameters on two kinds of debris distributions. As shown in
Figure 23(a), from the view of debris distribution of every
zone, the distribution rate of each zone for Ti toCu is basically
the same; Ti debris in each zone is approximately twice the
quantity of Cu debris that is in accordance with settings.
The quantity of removed Cu debris is a little less than that

of half of the Ti debris and the remaining Cu debris is a
little larger than that of half of the Ti debris. For instance,
in the case of 0.5mm deep hole, 2mm tool diameter, and
2m/s flushing, the quantity percentage of Cu debris in S4 and
S5 is 81.5% (S4 (2.5%); S5 (79.0%)), the quantity percentage
of Ti debris in S4 and S5 is 84.0% (S4 (2.3%); S5 (81.7%)),
and the probable reason is that the density of Cu is larger
than Ti. In the case of 5m/s, the removed percentage of Cu
debris is 90.5% and Ti is 90.8%, and the impact of debris
material is of limit with high velocity. The velocity impact to
Cu and Ti alloy debris distribution is of similar effects. Thus
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Figure 16: Schematics of gap flow field with flushing at 2m/s and 3.5mm deep hole.

the velocity has a bit influence on the debris distribution of
different materials.

Figure 23(b) presents the copper and Ti alloy distribution
with different tool diameters. As shown in Figure 23(b),
different material debris distribution between two different
tool diameters is not so obvious. For instance, in the case of
3.5mmdeep hole, 1mm tool diameter, and 2m/s flushing, the
quantity percentage of Cu debris in S1 and S2 is 94.4% (S1
(44.6%); S2 (49.8%)) and the quantity percentage of Ti debris
in S1 and S2 is 84.3% (S1 (44.2%); S2 (40.1%)). In the case of
3.5mm deep hole, 2mm tool diameter, and 2m/s flushing,

the quantity percentage of Cu debris in S1 and S2 is 93.7% (S1
(18.7%); S2 (75.0%)) and the quantity percentage of Ti debris
in S1 and S2 is 93.3% (S1 (18.2%); S2 (75.1%)). A conclusion
can be made that, in the case of a large tool diameter, the
quantity difference between Ti and Cu in S1 and S2 is around
10%,whereas, in the case of a small tool diameter, the quantity
difference between Ti and Cu in S1 and S2 is less than 1%.
The reason is that when the fluid flows through the gap with
a large diameter, it suffers less resistance and has sufficient
pressure to take away the debris from the gap.When the fluid
flows through the gap with a small diameter, it suffers large
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Figure 17: Schematics of gap flow field with flushing at 5m/s and 3.5mm deep hole.

resistance andhas insufficient pressure to take away the debris
from the gap.

6. Experiment Results and Discussion

The experiment is carried out on a self-made EDMmachine.
The detailed parameters applied are listed in Table 2. After
themachining, themicroscope is utilized to observe the cross
sections of machined hole. Experimental results are shown in
Figures 24 and 25.

Figures 24(a) and 24(b) present 0.5mm deep hole and
2mm deep hole without flushing. The cross section image

of hole is basically axial symmetric about the axis of the
hole. The burn marks can be seen clearly, just as shown in
the white cycle in Figure 24. The burn marks are generated
by large quantity of debris remained at bottom gap. The
existence of burn marks indicates that the fluid disturbance
induced by tool movement can hardly remove the debris
from the bottom gap, of which the concentrated discharge is
created between the debris and the workpiece repeatedly.The
concentrated discharge could cause the continuous melt and
recast, which results in no material removed from the work-
piece.The position of burnmarks locates at the bottom of the
hole, which corresponds well with the simulation results in
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Figure 18: Schematics of gap flow field with flushing at 2m/s and 5mm deep hole.

Table 2: Continuous discharge simulating parameters.

Parameter Description
Maintaining voltage (U) 15 V
Peak current (𝐼𝑝) 0.8 A
Dielectric fluid Deionized water
Tool material Red copper
Workpiece material TC4
Tool velocity 0.01m/s
Tool diameter 2 mm
Depth (mm) 0.5, 2.0, 3.5, 5.0
Flushing velocity (m/s) 0, 2

Figures 4 and 5. With the increase of hole depth, the proba-
bility of debris removal decreases, which increases the burn
mark area. Such results correspond well with the simulation
results in Figures 4 and 5.

Figure 25(a) presents the result of 0.5mm deep with side
flushing. Obviously, Figure 25(a) has no burn mark on the
machined surface, which means that the debris at bottom
gap could be effectively flushed out. The area of burn mark
in Figure 25(b) is smaller than that in Figure 24(b), which
indicates that the debris is easily carried away by the fluid
flushing. Besides, in the case of hole depth with 0.5 and
2.0mm, with and without flushing, both cross sections of
the walls are symmetric, which indicates that the debris
distributed at the bottom is uniform.
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Figure 19: Schematics of gap flow field with flushing at 5m/s and 5mm deep hole.
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Figure 20: Schematics of debris domain (moves from the top to the bottom).
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Figure 21: Impact of depths on the debris distribution.
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Figure 22: Impact of diameters on the debris distribution.

For 3.5mmdeep hole, the burnmark appears at the lower
right corner of the hole, which illustrates that most debris
accumulates at the lower right corner under the influence of
flushing, as shown in Figure 25(c). The accumulated debris
can increase the electrical conductivity of dielectric. So the

secondary discharges are easily created between the sides
of tool and right wall before the energy is fully reloaded,
which causes the burn marks at bottom of hole. Besides, the
inclination of right wall of hole is larger than that of left one.
During the process of debris flushed out from side gap, the
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Figure 23: Debris statistical distribution of Cu and Ti in different conditions.
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Figure 24: The cross section image of machined holes without flushing.

secondary discharge happens between the right side of tool
and wall, which causes the unsymmetrical wall, just as shown
in Figure 25(c). These experiment results correspond well
with the mathematical model and distribution simulation
results in Figures 16 and 17.

When processing 5mm deep hole with 2mm tool diam-
eter, as shown in Figure 25(d), the upper wall of the hole
has an obvious inclination on the right side, the reason is
similar as above, but the lower part of two walls is nearly
symmetrical. It is because the hole is too deep that nearly no

fluid is injected into the deep gap and debris is distributed
uniformly at the bottom. Therefore, the lower parts of walls
are evenly worn out. This phenomenon is in accordance
with the simulation results of Figures 18 and 19. In a word,
if the ratio of depth to diameter exceeds 2, side flushing
is not suitable for processing, as the debris removal rate is
of limited effect, which can result in a very low machining
efficiency; other flushing methods such as internal flushing
or rotating tool machining for small hole EDM are recom-
mended.
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Figure 25: The cross section image of machined holes with flushing.

7. Conclusions

This paper researches the effect law of machining parameters
to the gap flow field and debris movement. Besides the distur-
bation induced by self-adaptive movement on the gap flow is
considered. Based on the solid-liquid two-phase flow, amath-
ematicalmodel of fluid in gap flowfield and debrismovement
is derived.Themethods of smoothing and remeshing are also
considered. The real situation of continuous discharging and
debris generating is taken into account, a simulationmodel of
the small hole gap flow field in EDM and debris distribution
was established, 3D model simulates the influence of tool
movement, machining depth, flushing velocity, and tool
diameter on interelectrode gap flow field, and debris distri-
bution was analyzed; furthermore, the mathematical model

was verified by the experimental results. The conclusions are
listed as follows:

(1) During the machining, the self-adaptive movement
of tool can generate disturbance to the machining
region, which is positive for the debris removal.
However, in the case of deep hole machining, the
impact of flushing is of limited effect.

(2) The depth of the hole, flushing velocity and tool
diameter influence the gap flow field and debris
distribution. Normally, with the increasing depth of
machining hole, the fluid velocity declines at the
bottom gap, and the debris is not easily removed.
With the increase of flushing velocity, the fluid at
the bottom takes more debris away. A large diameter
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is beneficial for reducing the resistance of fluid and
debris removal. But when the depth of the machined
hole increases to a certain degree, whose depth to
diameter exceeds 3, the impact of flushing velocity
and tool diameter on debris removal reduces obvi-
ously, which results in a lot of debris at the bottom.
The side flushing is of limited effect.

(3) During the small deep hole machining process, the
cross section appearance of side walls as well as
positions of the burn mark is in accordance with the
simulating results of debris distribution and move-
ment, which proves the effectiveness of mathematical
model and simulation model.
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Mechanical vibrations are severe phenomena of the physical world. *ese oscillations may become undesirable and may cause
temporary and even irreversible damage to the system. *ere are several techniques to minimizing these vibration effects ranging
from passive methods to the use of controllers with smart materials. In this sense, this study aims to analyze a passive vibration
control system installed in a structure that simulates two-floor buildings. *is system based on the incorporation of one SMA-SE
(Superelastic Shape Memory Alloys) coil springs configuration for energy dissipation and the addition of damping. Modal analysis
was performed using analytical, numerical, and experimental methods. In an experimental basis, response amplitudes were
analyzed for free and forced vibrations in different configurations. As compared with the structure configuration with steel spring,
the forced vibrations FRF (Frequency Response Function) analysis showed a reduction in displacement transmissibility of up to
51% for the first modal shape and 73% for the second mode in the SMA-SE coil spring configuration. As for damping, there was
a considerable increase in the order of 59% in the first mode and 119% in the second, for the SMA-SE springs configuration.

1. Introduction

A periodic oscillation or mechanical vibration is a phe-
nomenon defined as any movement that comes repeated
after some time. *us, the theory of vibration studies the
oscillatory movements of the bodies and the forces associ-
ated with them. In general, a vibratory system alternates the
transfer of its potential energy to kinetic energy. *is system
generally contains a means for storing potential energy, for
example, a spring, another for storing kinetic energy, as
a mass, and finally, one for gradually dissipating energy,
called as damper [1, 2].

Under the viewpoints of mechanics, can be verified these
effects easily in our everyday life, whether in the use of
domestic appliances or the mining industry, among other

forms [3]. However, some physical phenomenon may be-
come undesirable and may cause temporary or irreversible
damage in a specific system, due to the malfunction, the
progressive increase of noise, shortened life of its compo-
nents, increased maintenance costs, and in the more severe
cases with the own collapse or structural failure. *us, in the
case of an architectural project, taking into account not only
the load exerted by the weight of the system is crucial. Also,
the loads are derived from the conditions of the own use,
such as the movement of people, automobiles, loads, among
others. However, it is of equal importance to consider the
effects provoked by natural phenomena, like winds, and
waves of the sea [4–6].

Another type of excitation in structures is earthquakes,
usually associated with a kind of action imposed by a base
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excitation. Earthquake is related to the movements of the
surface layers of the Earth, causing a deformation in the
broad masses of rocks, which when broken, generate trav-
eling waves in the Earth, provoking the earthquake [7, 8].
�e seismic action depends on the mass of the structure,
damping, and sti�ness of its components. �e behavior of
a structure under earthquake conditions is a dynamic
problem because the seismic movement causes forced vi-
bration in it. �us, several studies focus on the amplitudes
and duration times of the vibration [9–11].

As a result, it is observed that many countries in Europe
and Asia su�ered the e�ects of natural disasters, with
earthquakes contributing to more signicant damage
[12, 13]. In Brazil, the risks of a natural cause’s shock are of
remote chances, since there are no geological faults with
su�cient dimensions to generate such an e�ect; however,
specic human activities can also cause earthquakes, the so-
called induced earthquakes. �ese vibrations are due to the
construction of signicant works, the actions of massive
explosions, and the tra�c of vehicles, which are associated
with the human activity.�e collapses and structural failures
related to these earthquakes can arise because of the physical
phenomenon well known as resonance, dened as the
propensity of a system to oscillate at maximum amplitude
under specic natural frequencies of the system. At these
frequencies, even small forces can produce large-amplitude
vibrations because the system stores sizeable vibration
energy [14].

Techniques and models have been used to minimize the
implications of these vibrations. �e rst studies with
passive viscoelastic absorbers with a structural damping
function date back to the 1950s [15–18]. In structural en-
gineering, one of the rst applications is related to the design
of viscoelastic dampers used in the former WTC (World
Trade Center) building, located in New York, USA [19],
where 10,000 dissipators were used in each of the towers
with the specic function of absorbing vibrations originated
from dynamic actions of wind.

Currently, thematerials most used for the needs imposed
by the structural systems are the type with SME (Shape
Memory Eect), where the main ones are the metallic alloys
and polymers. In the metallic materials, the SME charac-
teristic is the reaction to change in temperature, so-called
SMA, and in some cases, to change under mechanical stress

known SMA-SE. �ese reactions are solid-state martensitic
transformations [20–22]. Figure 1 shows a typical curve of
these two-distinct phenomena. In Figure 1(a) is presented
the SMA thermally active, in which the segments 1 and 2
establish that the material is submitted to an external load
and modify its shape in the martensitic phase. After re-
moving this external load, one small recovery segment
occurred (2-3). To complete recovery, a change in tem-
perature is necessary to transform the martensitic phase in
the austenite phase. In the other hand, in SMA-SE the ex-
ternal load (Figure 1(b)) provokes a full-phase trans-
formation from the austenite to the martensitic phase. Upon
unloading, a reverse phase transformation is achieved. A
complete load-unload cycle gives as result a hysteresis curve.
�e di�erence between the curves represents the dissipated
mechanical energy.

In this way, the SMA used as an active actuator (requires
an external source of energy) is ine�cient because it is
thermoactive: this means it has a low-frequency response up
to 10Hz. Further, the SMA-SE active per stress eld can act
as passive damping (without the need of external power
source) capable of operating from low frequencies to fre-
quencies above 10Hz. In fact, the SMA-SE responds as fast
as the change in strain submitted to stress eld [23].

�e use of these materials has greatly increased in the last
decades, where many researchers have intensively carried
out activities that aim to explore devices and applications
that make use of them. In fact, the number of commercial
applications is growing each year, with the largest market
segment represented by actuators and motors. �e global
smart materials market in 2010 was approximately $19.6
billion, estimated at $22 billion in 2011, and more than $40
billion by 2016, with an annual growth rate of 12.8% between
2011 and 2016 [24–26].

A selection of SMA is available in the market, but only
a few have developed on a commercial scale. From the
discovery of Nitinol in 1963, many SMA’s were investigated
and adapted to specic requirements, such as modulus of
elasticity and electrical resistivity, as for the use of sensors
and actuators, for example. Nowadays, over 90% of all
applications are based on NiTi, NiTiCu alloys, or NiTiNb
alloys [27–30].

�en, based on the information related to SMA, this
study aimed to perform a comparative analysis between the
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Figure 1: Representation of the two e�ects of an SMA. (a) SME and (b) SMA-SE.
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use of elastic structural elements (steel springs) and elements
of Nitinol alloy (SMA-SE springs) for the passive control of
vibrations in structural systems. While the steel springs
modify the structural parameters of sti�ness and mass
without incorporating any damping in the system and do
not decrease the response amplitudes, the smart material
increases the damping with only a small variation of these
parameters and reduces the amplitudes in signicant per-
centages, showing its superior e�ciency and reliability.

�is direct comparison is the main contribution of the
research about previous works, showing the high possibility
of the use of SMA-SE in dynamic systems with the aim of
mitigates mechanical vibrations.

2. Methodology

�is section describes a structural model that simulates two-
¢oor buildings. �e mathematical formulation is applied in
an underdamped system with 2DOF (Two Degrees of
Freedom) excited by the base. �us, a numerical modal
analysis of the system was performed without the SMA-SE
absorbers, followed by the experimental stage, as a way of
studying the structure with the elements of dissipation.
Finally, a static characterization of the SMA-SE coil springs
was performed.

2.1. Analytical Procedure. A free-body diagram illustrating
the spring forces acting on each mass (Figure 2(a)) is il-
lustrated in the Figures 2(b) and 2(c). �e system will be
analyzed when subjected to a forced excitation acting in the
base. �e constants c1 and c2 indicate the structural
damping imposed on the system. More details can found in
the literature [31].

Summing the forces applied in each mass (in the hor-
izontal direction) and applying Newton’s law of equilibrium
to the system yields (1).

m1 · €x1 − c1 _xB − _x1( ) + c2 _x1 − _x2( )
− k1 xB − x1( ) + k2 x1 − x2( ) � 0,

(1)

m2 · €x2 − c2 _x1 − _x2( )− k2 x1 − x2( ) � 0. (2)

After a rearrangement of terms of (1) and (2), (3) is
obtained. In this equation, “f1(t)” is the input harmonic
force imposed on basis of the structure, which is a function
of the sti�ness and damping of the rst ¢oor. �e dis-
placement, velocity, and “f2(t)” are null.

m1 · €x1 + c1 + c2( ) · _x1 + k1 + k2( ) · x1[ ]
+ −c2 · _x2 − k2x2[ ] � k1 · xB + c1 · _xB[ ] � f1(t),

m2 · €x2 + c2 · _x2 + k2 · x2[ ]
+ −c2 · _x1 − k2 · x1[ ] � 0 � f2(t).

(3)

Modifying (3) into the domain of Laplace transforms, we
assume that the initial conditions of the system are zero and
that “F1(s) � k1 · [XB(s)] + c1 · [s · XB(s)− xB(0)]{ }.” Now,
taking the displacement values in evidence, that is,
“[A] · [X(s)] � [F(s)],” we can write

s2 · m1 + s · c1 + c2( ) + k1 + k2( ) −s · c2 − k2

−s · c2 − k2 s2 · m2 + s · c2 + k2
[ ]

·
X1(s)
X2(s)

[ ] �
F1(s)
0

[ ].

(4)

For (4), four transfer functions were obtained in the
Laplace domain “[X1(s)/F1(s), X1(s)/F2(s), X2(s)/F1(s)
and X2(s)/F2(s)].” For this case, F2 (s) is always 0 since
there is no other force acting in the system, other than the
base excitation. Using Cramer’s rule, one can solve the
matrix equation for the displacements. �e results are
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Figure 2: Representation of a 2DOF system with base excitation. (a) A simple model that simulates a two-¢oor building, (b) diagram of
concentrated masses, and (c) free-body diagram of the structure.
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X1(s) �
s2 · m2 + s · c2 + k2

det(A)  · F1(s) +
−s · c2 − k2

det(A) ·F2(s),

X2(s) �
−s · c2 − k2

det(A)  · F1(s)

+
s2 · m1 + s · c1 + c2(  + k1 + k2( 

det(A)  · F2(s),

(5)

in which the “det(A)” is given as follows:

det(A) � s2 · m1 + s · c1 + c2(  + k1 + k2(  

· s2 · m2 + s · c2 + k2 − −s · c2 − k2(  2.
(6)

Since that, “F2(s) � 0,” we have only two transfer functions
that govern our system “[X1(s)/F1(s)eX2(s)/F1(s)].” So, by
multiplying these equations by the modal rigidities “k1” and
“k2” respectively, we obtain the measured responses in the
masses “m1” and “m2” simultaneously, as follows:

H11(s) �
X1(s) · k1

F1(s)
�

s2 · m2 · k1 + s · c2 · .k1 + k2 · k1

det(A) ,

(7)

H21(s) �
X2(s) · k2

F1(s)
�
−s · c2 · k2 − k2 · k2

det(A) .

(8)

We admit that a system with two independent co-
ordinates subjected to a primary harmonic excitation can be
defined by two transfer functions by using the Laplace
Transform method, as in (7) and (8).

To obtain the analytical response in the frequency do-
main, a simulation code in the Matlab® software was de-
veloped and can be seen in the literature [31].

2.2. Numerical Procedure. For the numerical analysis of the
system was developed a virtual structural model. With this
model were determined the natural frequencies of the system
with their respective modal shapes. In this analysis, the
maximum and minimum displacements of amplitudes at
each point of the structure can be visualized. For the de-
velopment of the model, the design and modeling com-
mercial software AutodeskInventor® version 2015 was used.
For the modal analysis, was used the softwareAnsys® version
15.0 applying the FEM (Finite Elements Method).

*e structural design in a computational environment
was carried out with the objective of determining the
geometric dimensions of the system.*e idea is verifying the
structural stability of the system via modal analysis.

*e simulation is an essential stage of design since it has
as objective to verify the dynamic behavior of the system,
preventing failure in this process, which can compromise the
physical integrity of the structure in operation.

In this process, the model was defined from the selection
of the materials for each element that constitutes the

structure, finishing with the choice of the control block for
modal analysis. A mixed mesh with a predominance of
hexahedral elements, containing 31,074 nodes and ap-
proximately 4,047 elements, was used, along with the se-
lection of the “Base” floor as a fixed component of the
system. In Figure 3 is illustrated the mesh generated before
the simulation with the use of FEM.

2.3. Experimental Procedure

2.3.1. Structural Model and Absorber Elements. In this study,
a structural model was designed and built in the LVI (Vi-
bration and Instrumentation Laboratory) of the UFCG
(Federal University of Campina Grande, Brazil). *e pro-
totype model consists of carbon steel beam for the com-
position of floors, rectangular stainless steel plates (AISI 304)
for column composition, and as connecting elements Allen
bolts of steel. Table 1 and Figure 4 summarize the number of
elements, physical parameters, and dimensions of the pro-
totype used in the fabrication of the structure.

Two structural configurations were used. *e first one
uses elastic elements of the type steel coil springs and the
second with coil springs of superelastic effect (SMA-SENiTi)
at room temperature. In the second case, damping in the
structure was due to the thermomechanical property of
pseudoelasticity present in SMA-SE.

*e SMA-SE coil springs were mechanically character-
ized by Instron 5582 at room temperature, using quasistatic
load, with displacement control at 3mm/min up to 445%
strain. *e thermal characterization was done by DSC
(Differential Scanning Calorimeter) with 5°C/min from
100°C to −60°C, in order to verify the temperatures of the
phase transformation.

*e SMA-SE coil springs initially have orthodontic
function and are commercialized by the Dental Morelli
Company. Figure 5 shows the springs used in the study. In
their original state, the SMA-SE coil springs are commer-
cialized with different lengths between the eyelets (7.0, 9.0,
12.0, and 15.0mm). However, the lengths “M7� 7.0mm”
and “M12�12.0mm” were selected due to better adaptation
to the displacement amplitudes of the structure in the second
and first floor, respectively. *us, it is possible to obtain
a higher efficiency of energy dissipation.

For other types and configurations of the elements in-
corporated, the useful length and the length between eyelets
(Lu: useful length, Lo: length between eyelets, Ne: number of
active turns, and Vm: volume of the useful material) were
checked. *ese values are reported in Table 2.

For SMA-SE spring (M7), the number of active turns is
seven, while in SMA-SE spring (M12), that number is
twenty-six. Both have an initial turn angle equal to zero,
initially closed. For the calculation of the linear deformation
of the springs, the useful length of 2.5mm was considered
for M7 and 7.5mm for M12 according to the point of
crimping of the eyelets.

As for system tests incorporating SMA-SE elements,
a spring type was attached for each floor, and calculated
the total volume of useful material incorporated into the
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WTTable 1: Description of the components used in the structural construction.

Description Dimensions (mm) E (GPa) Mass (kg) Amount (unit)
Steel beam 1020 228.0× 50×12.80 200 1.110 3
Stainless plate 304 501.6× 50× 0.97 193 0.190 2
Allen bolt (3/4″) 9.5×15.50 200 0.004 24
Total — — 3.806 29
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100.00 200.00 (mm)
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Figure 3: (a) �e mesh of the physical model and (b) detail of the mesh in the columns.
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Figure 4: Technical drawing of the prototype. (a) Front view, (b) lateral view, (c) exploded view of the structure, and (d) real model on the
shake table.
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structure. For the system conguration with SMA-SE
springs, the entire material volume was about 88% less
than in the case of steel springs, thus verifying that on a real
scale, an optimization due to reduction in the material and
space of the absorbers will be obtained.

�e steel wires were received with an initial pre-
tensioning to deform the SMA-SE springs at a certain level,
allowing them to be in the superelastic region before per-
forming dynamic tests. Following this recommendation was
obtained this o�set through measurements realized with an
instrument used to measure displacements.

Assuming the springs have a much lower sti�ness than
steel wires, we can consider that the increase in damping
imposed on the system must be associated with absorbers
SMA-SE only. Figure 6(a) shows the connection of the steel
wires in the system (1) and (3), which is xed by anchor bolts
(2). One can also observe the calibration procedure for the
o�set of the springs in Figure 6(c).

In this setup, when requesting the structure, it will move
by expanding the vibration absorber element, occurring to
the direct/martensitic phase transformation of the SMA-SE,
and achieve the reverse/austenitic transformation when

discharging the element, passing through the central point
and forming the hysteretic energy dissipation loop.

To obtain the initial deformation, the forced vibration
test of the model without the presence of absorbers was
carried out, to determine the maximum de¢ection in each
¢oor of the structure and the deformation in each diagonal.

Figure 6(b) shows the scheme for determining the
parameters “D11′ ” and “D21′ ” of the rst and second ¢oor
when it is subjected to the excitation relating to the rst
modal shape. After analysis of the FRF experimental
curves, the displacement values “X1i” and “X2i” can be
obtained for the maximum de¢ection at each ¢oor, with
“i � 1, 2” corresponding to the rst and second modal
shapes. �ese values can be obtained using (9) and (10):

X1i � Td1i · A1i, (9)

X2i � Td2i · A2i, (10)

where “Td1i” and “Td2i” represent the transmissibility of
displacement with respect to the base and analogously “A1i”
and “A2i” the input amplitude at the base for the excitation
function. Assuming that “X1i” has the same value for the

(2)

(1)

(3)

(a)

X21

X11

D21′

D11′

(b) (c)

Figure 6: Coupling of the springs in the structure. (a) Illustrative representation of the arrangement of the elements, (b) procedure for
measuring the deformation of the SMA-SE coil springs, and (c) calibration procedure for the springs.

Table 2: Dimensional parameters of the absorber elements.

Absorber elements Lu (mm) Lo (mm) Ne (unit) Vm (mm3)
Steel spring 15.0 21.0 47 41.470
SMA-SE coil spring (M7) 2.5 7.0 7 2.494
SMA-SE coil spring (M12) 7.5 12.0 26 7.481

SMA-SE (M12)

SMA-SE (M7)

Steel spring

(a) (b)

Figure 5: Absorber elements. (a) Springs used in the study and (b) length between eyelets and useful of the SMA-SE coil spring (M7).
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entire thickness of the bar, the values of deformation in each
diagonal are obtained in the condition of the first modal
shape, using (11) and (12) as follows:

D11′ �
���������������
l1(  2 + X11 + P1(  2


, (11)

D21′ �
����������������������
l2(  2 + X21 −X11(  + P2 2


, (12)

where, from the data of the technical drawing of the structure
(Figure 4), l1 � l2 � 231.60 mm and P1 � P2 � 228.00 mm.
Analogously, the values of these same parameters related to
the second modal shape of the system can be found using (11)
and (12), using (i � 2). In this way, the strategy of using
a minimum initial elongation must be adopted, ensuring that
the maximum deformation does not exceed the elastic or final
regime of the hysteresis loop.

2.3.2. Free Vibration Setup. For the experimental tests in free
vibration, was fixed the structure on the inertial table supported
by vibra stops. *e inertial table has a natural frequency lower
than the primary frequencies of the system tested.

*is experiment aims to determine the time response graph
in which the amplitudes, regarding acceleration, and the period
of vibration attenuation in the system are determined. *e
frequency spectrum was obtained in the cases where it is
possible to visualize the natural frequency peaks and values of
the structure to validate the analytical results. Figure 7(a) shows
the actual assembly and the instrumentation used.

*e setup of instrumentation is composed by an impact
hammer (PCB® 086D05) which was used to generate
a transient input signal and an accelerometer type sensor
(PCB 353B01) to pick up the output signal. *e data were
collected by the signal analyzer, the (Agilent® Model
37670A). Following, they were manipulated in the Matlab
software.

*e tests were divided in three stages: no absorbers
elements, with the steel springs, and with the SMA-SE coil

springs. In all situations was used the same instrumentation.
*e external force (impact hammer) focused on the second
floor of the structure, along with the capture of the output
signal (accelerometer) because they present less interference
in the signals generated. Figure 7(b) shows the sequence of
the experimental procedure.

2.3.3. Forced Vibration Setup. For the experimental tests
of forced vibration, an electromechanical machine
Quanser® Shake Table II was used. Table 3 shows the
main characteristics.

*e shake table is managed by a computer and its
QUARC® control software or the Matlab interface from
Simulink®. *e input and output signals of the structure
were captured by the LVDT (Linear Variable Differential
Transformer) type (WI/10mm T) and (WA/20mm L), both
from the HBM® manufacturer and registered by the
QuantumX® data acquisition system. *e signal acquisition
software is the CatmanEasy®, and data were processed on
the Matlab software. Figure 8 shows the setup and in-
strumentation used in the experiments.

For the dynamic tests of the structure under forced
vibration, behavior of the structure when subjected to
harmonic excitation forces (sinusoidal function), using
a peak input amplitude of 0.6mm was studied.

Based on the choice of motion imposed on the system,
it is possible to determine the FRF from the displace-
ment measurements for each floor, extracting from these
curves essential values in the analysis, such as the natural

(a)

(1)

(2)

(4)

(5)

(3)

(b)

Figure 7: (a) Experimental setup of the structure tests in free vibration and (b) schematic representation of the experimental procedure in
the free vibration tests.

Table 3: Characteristics of the Shake Table II Quanser.
Dimensions 61.0× 46.0×13.0 cm
Maximum displacement ±7.6 cm
Maximum load 7.5 kg
Maximum mass 27.2 kg
Maximum acceleration 24.5m/s2

Maximum frequency 15.0Hz
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WTfrequencies, the transmissibility of the displacement, and the
damping factors. Figure 9 shows the experimental sequence.

�ere are three stages for the dynamic test of the forced
vibration structure: no absorber elements, with the steel
springs, and with the SMA-SE coil springs, each subdivided
in two measurements concerning the two ¢oors of the
structure. �e measurements were carried out separately to
avoid interference with the reading sensors, due to the
small increase in the damping imposed by the friction
between the moving parts of the sensor, perceived in
previous tests.

All tests followed the same measurement setup and
frequency range (1.0 to 11Hz), by increments of the 0.05Hz.
For signal pickup, at each frequency was applied a hold time
of 10 seconds for the system to stabilize. �e signal pickup
was performed at a rate of 50Hz and a time period of 10 s,
totaling 500 resolution points at each measurement.
�erefore, each curve was generated with 201 pts, obtaining
a good accuracy in the resonance peaks and increasing the
precision of the damping values.

Initially, we cut o� the o�set value and calculated the
FFT (Fast Fourier Transformer) for each of these signals and
then obtained maximum peak-value. From these maximum
peak data points, the FRF was constructed by dividing the
output by the input values [X(w)/Y(w)], with a resolution
of 201 points, as previously described.

3. Results and Discussion

3.1. SMA-SE Coil Springs Characterization. Figure 10(a)
shows the result from DSC of the M7 SMA-SE coil spring
and the results from the Instron equipment for both M7 and
M12 SMA-SE coil springs.�e nal temperature of austenite
transformation (15.7°C) to the M7 coil spring is below room
temperature, to conrm the superelastic behavior. �is
behavior was not veried to the M12 coil spring. Figure
10(b) illustrates the force versus displacement curves up to
445% of strain. For the M7 coil spring, the energy dissipated
was 0.015 J and 0.026 J for M12 coil spring.

3.2. Predicted Results. For determination of the natural
frequencies and modal shapes of the structure subjected to
forced vibration, we used (7) and (8) and the experimental
data of mass, damping, and sti�ness. Figure 11 shows the
analytical FRF curves of the system without the in-
corporation of absorbers, for the rst and second ¢oors,
obtained from the transfer functions modeled by the Laplace
transform theory described in Section 2.1. Table 4 displays
the natural frequencies of the structure without absorbers.

Figure 12 shows the results of the numerical simulation
(FEM) for the modal shapes of the structure without the
incorporation of the absorber elements. It was veried that

Figure 8: Experimental setup of the system under forced vibration.

(4)

(3)

(2)

(1)
(5)

(7)

Matlab

(6)

Figure 9: Representation of the experimental procedure under forced vibration.
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Figure 11: FRF analytical obtained by the system transfer functions.

Table 4: Natural frequencies of the structure without absorbers (free vibration).

Natural
frequencies

A: analytical method
(Hz)

B: numerical method
(Hz)

C: experimental free vibration
(Hz) Relative error (%) [(A−C)/A] × 100

1st 3.21 3.32 3.08 4.0
2nd 8.43 8.73 8.25 2.1
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Figure 10: Characterization of SMA-SE absorbers elements. (a) DSC and (b) dynamical test at room temperature and quasistatic load.
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WTthe convergence analysis for the mesh size adopted validates
the simulation. �e modal shapes related to the two main
frequencies in side view and their respective minimum and
maximum displacement amplitudes are shown in the color
bar. It is possible to notice the displacement imposed to the
system, observing the position variations of the structure at
rest when compared to the same one deformed, in its modal
shapes of vibration.

According to the predicted results (Figure 11), we notice
that they are in agreement with the numerical results
(Figure 12) regarding natural frequencies, with errors from
up the 3%. For the modal shapes, in the analytical response
curve (Figure 11), it was observed that the highest trans-
missibility of displacements occurs on the second ¢oor and
the rst mode. �is fact was also observed in the numerical
simulation (Figure 12(a)).

In the second modal shape, the analytical response curve
(Figure 11) shows the greatest amplitude of displacement in
the rst ¢oor of the structure; the same behavior was also
obtained for the numerical simulation (Figure 12(b)), in
which the largest displacements also occur on the rst ¢oor.

3.3. Experimental Results

3.3.1. Free Vibration. For validation of the predicted results,
the transient responses of the structure in the free vibration
tests (system acceleration responses) and their respective
frequency spectrum FFT were obtained. Figure 13 presents
the experimental results for the structure without absorbers
and with the incorporation of two congurations, steel
springs, and SMA-SE coil springs.

Note that a spring element made of steel stores elastic
potential energy and returns a portion to the system in the
form of kinetic energy. �e di�erence between the stored

energy and the energy recovered is due to the structural
damping of the spring itself. However, the damping factor
for the steel alloys is tiny and varying between 0.001 and
0.008 [32], so that the mechanical energy dissipation of these
elements becomes insu�cient to reduce the amplitudes of
response. On the other hand, SMA-SE materials have
a damping factor about 100 times higher than the steel, on
the order of 0.1 to 0.2, and are known as Hidamets (High
Dampers Materials). �erefore, when applying springs
manufactured in SMA-SE, the system response su�ers
a reduction in amplitude [33].

From Figure 13, we can see that the mean peak am-
plitude achieved for all studied cases was approximately 0.45
g where “g” represents the gravity acceleration.�e response
in the time domain for the system without absorbers is very
close to that obtained with the incorporation of steel springs
(with sti�ness similar to that for SMA-SE springs). �is
behavior conrms that elements of this type of material do
not dissipate mechanical energy enough. In opposite, for the
SMA-SE spring setup, greater energy dissipation is observed
when compared to the previous cases.

Figure 14 illustrates the curves FRF of the system. �is
function was achieved by dividing the acceleration output
signal and the force input signal from a predened function
in the dynamic signal analyzer. �e response amplitude
peaks are denoted by the behavior described in Figure 13. In
this gure, we can see larger amplitudes for the system
without the presence of actuators or with the incorporation
of steel springs, and a considerable and signicant reduction
thereof in the SMA-SE coil springs conguration.

Table 4 shows the natural frequency values of the three
methods of analysis adopted in this work. When the ex-
perimental results of the system in free vibration are
compared with the analytical method, for the structure
without absorbers, a variation of 4.0% is observed for the
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Figure 12: Modal shape obtained by numerical simulation. (a) First mode and (b) second mode.
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first natural frequency and of 2.1% for the second natural
frequency.

*e reason for this variation can be motivated by the
consideration of perfect crimping adopted in the method,

a fact that not is verified in the real experimental tests. *e
bolts make the connection between the floors and the col-
umns, which decreases the stiffness of the model. *is fact
provokes a decrease in the natural frequencies of the system.
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Figure 14: Experimental FRF of the system for the configurations adopted in this study.

Table 5: Natural frequencies and percentage reduction of amplitudes in free vibration tests.

Configurations ωn1 (Hz) H(w) (g/N) %R [(B−C)/B] × 100 ωn2 (Hz) H(w) (g/N) %R [(B−C)/B] × 100
A: no absorbers 3.08 7.12 — 8.25 3.85 —
B: steel springs 3.26 12.58 — 8.89 3.86 —
C: SMA-SE coil springs 3.37 2.27 82 9.15 0.83 78
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Figure 13: Time response for structure subjected to an impact in all configurations.
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WTTable 5 shows the values of the linear acceleration
amplitudes. *e small variation of natural frequencies of
the system in comparison with the structure with steel
springs and SMA-SE coil springs is observed. As already
expected, an increase in global stiffness causes an in-
crease in the natural frequency. *e results of percentage
reduction (%R) of acceleration amplitudes confirm the
efficiency of the superelastic coil springs in the control of
vibrations. In this configuration, reductions of 82% for
the first natural frequency and 78% for the second when
compared with the structure of steel springs were
verified.

If we compare structural damping of the system without
absorbers (ξ � 0.0026), with the system with steel springs
(ξ � 0.0022), in both cases, damping factors of the same
order of magnitude are observed, which are typical of
conventional steel structures.

Concerning the values of attenuation of the of the ac-
celeration signal in time, was verified that when the am-
plitudes reached a value of 0.03 g, a significant reduction of
72% for the case of the structure with SMA-SE springs
compared to the system with steel springs.

*e result of adding a steel spring in parallel is one
increase in global stiffness. Just see (7) and (8); if “k” in-
creases, the response amplitude increases too. So, add a steel
spring without structural damping, and the response am-
plitude will increase. Also, the inclusion of a steel spring in
a structure may characterize the addition of a secondary
system with coupling by mass, and the possibility of a res-
onance phenomenon occurring and consequently the
growth of the response amplitude.

3.3.2. Forced Vibration. For the experimental tests of the
system subjected to forced vibration, the method established
previously in the experimental methodology was followed,
obtaining the curves of frequency response functions, in all

configurations. Figure 15 illustrates the FRF obtained for the
first floor.

Analyzing the curves in Figure 15, one can observe the
same behavior already evidenced in the free vibration tests.
For the case of the structure with steel springs, the dis-
placement transmissibility peaks presented higher values for
the two modal shapes. *is fact indicates that elastic steel
elements do not control or minimize vibrations in structures
subjected to permanent excitations.

As expected, the FRF of the system with the SMA-SE coil
springs presented a significant reduction in the trans-
missibility peaks, evidencing the high levels of mechanical
energy dissipation. *e behavior described here can also be
visualized in an analogous way for the second floor of the
structure, as evidenced in Figure 16.

Table 6 presents the values of natural frequencies and
displacement transmissibility relation of the system, ob-
tained from linear FRF. For the system with the SMA-SE coil
springs, reductions in the transmissibility peaks “Td” up to
51% in the first modal shape and up to 73% for the second
shape were obtained.

Regarding the damping factor (ξ), the behavior of the
system follows the same pattern perceived in previous an-
alyzes. Table 7 highlights these rates for all modal shapes and
their two floors. It seen that the system incorporated with
steel springs does not add damping to the structure, pre-
senting mostly values even lower than the structure without
absorber. In the case of the system with the SMA-SE coil
springs, there is a significant increase in the damping. *ere
is an increase of up to 59% or approximately 1.6 times in the
first modal shape and up to 119% or 2.2 times for the second
mode.

4. Conclusions

*is paper focuses on the passive control of vibrations using
different configurations on the structural system: steel
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Figure 15: Experimental FRF of the first floor of the system.
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springs and SMA-SE coil springs (NiTi Alloys). *e results
obtained by different methods (analytical, numerical, and
experimental) were representative to compare the modal
shapes. *e proposed models were obtained in a simplified
form and without absorber elements: however, the result
confirms that the formulations represent the system as well.
In the numerical analysis, good results were obtained using
the Ansys in comparison with the analytical results, despite
the limitation by the nonconsideration of the friction and the
contact between the parts of the structure. A small relative
variation up to 3.5% was obtained for the modal shapes,
validating the modeling.

In an experimental modal analysis for the system in free
vibration was verified the efficiency of the configurations
that adopted the superelastic springs as a vibration absorber

element, obtaining significant reductions in the acceleration
amplitudes, up to 82% for the SMA-SE coil springs con-
figuration. Regarding the signal attenuation time, it observed
that, for the structure subjected to a lateral impulse (impact
hammer), the reductions were considerable. *ere was
a reduction up to 72% in the SMA-SE coil spring config-
uration compared to the steel springs.

When analyzed, the system in forced vibration was
verified that there was no significant variation in the natural
frequencies for the configuration of steel springs when
compared with the SMA-SE coil springs. It is perceived
a variation of up to 4.6% for modal shapes. *us, it is correct
to say that amplitude reductions occur due to the increase in
structural damping and energy dissipation. Regarding the
displacement transmissibility, by analyzing the FRF, it can be
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Figure 16: Experimental FRF of the second floor of the system.

Table 6: Natural frequencies and displacement transmissibility in forced vibration, linear scale.

Configurations
First floor Second floor

ωn1 Hz
H(w)1 ωn2 Hz

H(w)2 ωn1 Hz
H(w)1 ωn2 Hz

H(w)2
Td %R∗ Td %R∗ Td %R∗ Td %R∗

A: no absorbers 3.0 37.1 — 8.3 26 — 3.0 52.8 — 8.3 19 —
B: steel springs 3.2 44.5 — 8.7 34 — 3.2 66.3 — 8.7 22 —
C: SMA-SE coil springs 3.2 25.5 43 9.1 9.1 73 3.2 32.4 51 9.1 6.5 70
%R∗ � [(B−C)/B] × 100.

Table 7: Structural damping of the system in forced vibration, linear scale.

Configurations
First floor Second floor

ωn1 (Hz) ωn2 (Hz) ωn1 (Hz) ωn2 (Hz)
ξ1 %A∗ ξ2 %A∗ ξ1 %A∗ ξ2 %A∗

A: no absorbers 0.0133 — 0.0067 — 0.0144 — 0.0065 —
B: steel springs 0.0142 — 0.0053 — 0.0123 — 0.0055 —
C: SMA-SE coil springs 0.0172 21 0.0116 119 0.0195 59 0.0115 109
%A∗ � [(C−B)/B] × 100.
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seen that in comparison with the system with steel springs,
the SMA-SE coil springs configuration showed a reduction
up to 51% in the first modal shape and up to 73% for the
second mode.

*e damping factors ranging from (0.001 to 0.08) are
within the range of expected values for structural damping.
If we compare these factors for the SMA-SE spring con-
figuration, there is an increase of up to 59% in the first modal
shape and up to 119% in the second mode, in comparison
with the worst case, the configuration of springs of steel.
*us, we stated that the objectives of the work were satis-
factorily achieved, validating the use of SMA-SE in the
passive control of vibrations in structures subjected to dy-
namic excitations.
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Superalloys are a group of alloys based on nickel, iron, or cobalt, which are used to operate at high temperatures (𝑇 > 540∘C)
and in situations involving very high stresses like in gas turbines, particularly in the manufacture of blades, nozzles, combustors,
and discs. Besides keeping its high resistance to temperatures which may approach 85% of their melting temperature, these
materials have excellent corrosion resistance and oxidation. However, after long service, these components undergo mechanical
and microstructural degradation; the latter is considered a major cause for replacement of the main components of gas turbines.
After certain operating time, these components are very expensive to replace, so themicrostructural analysis is an important tool to
determine themode of microstructure degradation, residual lifetime estimation, and operating temperature andmost important to
determine the method of rehabilitation for extending its life. Microstructural analysis can avoid catastrophic failures and optimize
the operating mode of the turbine. A case study is presented in this paper.

1. Introduction

Gas turbines blades are manufactured mainly with nickel-
based and cobalt-based superalloys. During the commercial
operation of gas turbines, which are part of a power station,
blades and other components of turbine are subject to
natural wear and damage due to various causes which can
interrupt continuous operation. The source of damage may
be metallurgical or mechanical and is manifested in the
equipment operation such as a decrease in the availability,
reliability, and performance and an increase in the risk of
failure. Also, after a prolonged service, moving blades and
nozzles show a decrease in metallurgical characteristics, so
the creep strength, fatigue, impact, and corrosion resistance
decrease. There are different factors which influence lifetime
of themain components of a gas turbine including design and
operating conditions, but it is the latter that has an impact
on the lifetime of these components. Generally, for most gas

turbines, operating conditions are very severe. The following
factors have great effect: operation environment (high tem-
peratures, fuel and air contamination, solid particles, etc.),
high mechanical stresses (due to centrifugal forces, vibratory,
and flexural stresses, etc.), and high thermal stresses (due to
thermal gradients).

The phenomena described above do not operate in
isolation; typically there are two or more factors being active
simultaneously, causing reduction of blades or nozzle lifetime
under the following damage mechanism [1, 2], that is, creep,
thermal fatigue (low cycle fatigue), thermomechanical fatigue
(high cycle fatigue), corrosion and oxidation, erosion, or
foreign object damage (FOD).

The type of damage or degradation which occurs in
gas turbine blades and nozzles after prolonged service
mainly includes external surfaces damage (corrosion, oxi-
dation, cracks, foreign object damage, erosion, and fretting)
and internal damage of microstructure, such as 𝛾 phase
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coarsening, grain growth, micro void growth in grain bound-
aries, carbide precipitation, and brittle phase formation.

Surface damage produces dimensional deterioration,
generating loss of the blade/nozzle original dimension, result-
ing in increased stress and turbine efficiency reduction.
During operation, the material microstructure is affected by
high temperature combined with high stresses. However, the
extent of deterioration differs due to the following factors:
total service time and operation history (number of startups,
shutdowns, and trips), gas turbine operation condition (tem-
perature, rotational speed, mode of operation, i.e., base load
or cyclic duty), and manufacturing alterations (grain size,
porosity, alloy composition, heat treatment).

Then, a brief description of the Ni-base and Co-base base
superalloys is given.These alloys are used in the manufacture
of critical turbine components (moving blades, nozzles, com-
bustors, and transition ducts) of stationary gas turbines. Fe
based or Ni-Fe based superalloys are not mentioned because
their use in gas turbine critical components is not common.

Ni-Based Alloys. The nickel-base alloys are the more complex
and the most widely used for the hottest components of
gas turbines (e.g., gas turbine first stage blades). In the heat
treated condition superalloys represent a composite material
consisting of several intermetallic phases linked by a metal
matrix. The major phases present in these superalloys are
[3] as follows: gamma matrix (𝛾), Ni-based austenitic phase
(FCC), usually containing a high percentage of solid solution
elements such as Co, Cr, Mo, and W; gamma prime (𝛾),
which is Ni3(Al, Ti) based intermetallic phase; Carbides,
generally types M6C and M23C6 which tend to precipitate
into grain boundaries; topologically closed packed (TCP)
type phases, such as 𝜎, 𝜇, and Laves, which precipitate after
prolonged high temperature service.

These alloys can be classified into solid-solution hardened
alloys and precipitation hardened alloys or gamma prime (𝛾)
alloys.The formermay be forged or cast, contain few elements
forming 𝛾 particles, but are hardened by refractory elements
such as tungsten and molybdenum and carbide formation,
and also contain Cr to impart corrosion resistance (oxida-
tion) and Co to give microstructural stability. Precipitation
hardened alloys can also be forged or cast. In addition to 𝛾
particle formation as the main hardening mechanism also
incorporates elements such as tungsten (W), molybdenum
(Mo), tantalum (Ta), and niobium (Nb).

Co-Based Alloys. Cobalt-based superalloys (e.g., X 40, X 45,
and FSX-414) are primarily used in themanufacture of all first
stage nozzles and in some turbines are used in the last stage
due to their good weldability and hot corrosion resistance.
These alloys have higher strength at high temperatures than
Ni-based alloys and also have excellent resistance to thermal
fatigue, oxidation, and corrosion [4].These alloys have cobalt
as the principal alloying element, with significant amounts of
nickel and chromium and smaller amounts of tungsten and
molybdenum, niobium, tantalum, and sometimes iron. They
are mainly hardened by carbide precipitation. Alloys harden-
ing by carbide precipitation contain between 0.4 and 0.85%
carbon. Such superalloys consist of an austenitic matrix (fcc)

and a variety of precipitated phases such as primary carbides
(M3C2, M7C3, and MC) and coarse carbides (M23C6) and
GCP types phases (geometrically compact phases) such as
𝛾 and 𝜂 (Ni3Al) and TCP (topologically close packed) type
phases (𝜎, 𝜇, 𝑅, or 𝐿) (Cr, Mo)𝑥(Ni, Co)𝑦 [5].

2. Superalloys Microstructural Degradation
during High Temperature Service

There are several microstructural degradation mechanisms
occurring in superalloys used in the manufacture of hot
section components of gas turbines (nozzles, moving blades,
and combustion chambers). The most common degradation
mechanisms are aging and coarsening of the 𝛾-phase, trans-
granular precipitation growth of carbides in grain bound-
aries, brittle phases precipitation, and growth of cavities due
to creep.

Coarsening and Aging of 𝛾 Phase. The size and shape of
the 𝛾 phase in nickel-based superalloys are not stable after
long periods of operation at high temperatures. However,
after a heat treatment, this phase is very near to equilibrium
with the 𝛾 matrix and therefore there is little additional
precipitation or growth of this phase from the supersaturated
matrix. Nevertheless some particles may grow by a diffusion
mechanism [6]; that is, the average particle radius increases
with aging time, 𝑡. This is represented by the following
equation:

𝑟3 (𝑡) − 𝑟3 (0) = 𝐾𝑡, (1)

where 𝑟(0) is the average radius of the particle at 𝑡 = 0, 𝑟(𝑡) is
the average radius of the particle in time 𝑡, and𝐾 is the kinetic
constant which depends on temperature. Various studies [7,
8] on 𝛾 growth phase in Ni-base superalloys and Fe-Ni-Al
alloys have confirmed that growth obeys the law described in
(1).

Changes in morphology of the 𝛾 phase modify the
mechanical properties of the material’s component, since
phase 𝛾 is intended to act as a barrier to dislocation
movement slowing creep; consequently resistance to this
failure mechanism is greatly diminished [9]. In commercial
superalloys, the 𝛾 phase changes from spherical to cuboidal
shape, although most of the particles have an intermediate
form. Aging is revealed as an increase in average particle
size. The 𝛾 phase can be identified in the microstructure as
particleswhose shape is irregular and larger [10, 11].The shape
of this phase in a nondegraded and degraded condition can
be observed in Figures 1(a) and 1(b).

Morphology and Degeneration of MC, M23C6, and M6C Car-
bides.The role of carbides in superalloys is complex; carbides
seem to prefer the grain boundaries as a site location in Ni-
base superalloys, while in Co-base and Fe-base superalloys
appear to precipitate intragranularly [3]. The most common
carbides in all Ni, Fe-Ni, and Co-base superalloys are basic
MC, M23C6, and M6C and seldom M7C3 [12]. The most
stable carbide found in Ni-base and Co-base superalloys is
the MC type, where M represents the element Ti. A fraction
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𝛾

(a)

𝛾

(b)

Figure 1: Blade root micrograph of (a) gamma prime (𝛾) without degradation and (b) gamma prime (𝛾) with moderate degradation after
24000 h in service, IN738LC superalloy.

M23C6

Figure 2: M23C6 carbides precipitated in grain boundaries,
IN738LC superalloy, after 24000 h of service.

of Ti can be replaced by Nb, Ta, W, and Cr, depending on
the alloy composition. In Co-based superalloys containing
W, WC carbide is dominant [13]. This carbide generally has
a pseudo cubic or script shaped figure; it precipitates as
discrete particles distributed heterogeneously through the
alloy in intragranular or transgranular locations. The source
of carbon needed in the heat treatment of these alloys is
taken from theWC. In the course of a prolonged service, MC
primary carbides decompose into secondary carbides rich in
chromium (M23C6). MC carbide decomposition occurs by
diffusion of carbon into the 𝛾 matrix and 𝛾 phase, resulting
in the formation of M23C6 carbides near the matrix-interface
[14], as shown in Figure 2. The MC decomposition can be
stated by the reaction:

MC +
𝛾
𝛾
→ M23C6 + 𝛾

 (2)

or

(Ti,Mo)C + (Ni,Cr,Al,Ti)

→ Cr21Mo2C6 +Ni3 (Al,Ti)
(3)

The above reaction occurs at a temperature of approximately
980∘C (1800∘F) but has also been observed at a temperature
of about 760∘C (1400∘F) [15, 16]. The M23C6 carbide has a
significant effect on the superalloys properties. Its critical

location (grain boundaries) increases the rupture strength
inhibiting grain boundary sliding. However, failure by break
may be originated by fracture of these particles.

Phase Topologically Close Packed (TCP). Superalloys have
high levels of refractory elements such as Mo, W, Re, Ru, and
Ta, in order to increase creep and crack resistance [17, 18].
These elements function as solid-solution enhancers of both
the 𝛾 matrix and the 𝛾 phase. Re is a strong hardener; it
precipitates mainly in the 𝛾 matrix and apparently slows
degeneration of the 𝛾 phase. High amounts of refractory
elements make the superalloy prone to form TCP phases, the
𝜎 phase being the most common in Ni-base superalloys [19].
It has been shown that the formation of these phases has a
detrimental effect on the creep rupture life of superalloys.
These phases increase the strain rate of both conventional and
single crystal superalloys [20, 21]. Other detrimental effects
on superalloys are a decrease in ductility, impact resistance,
and thermal fatigue.

3. Case Study: Degradation in Service of a Gas
Turbine First Stage Nozzle Segment

The nozzle segment (the complete wheel comprises 16 seg-
ments with two blades per segment) of the first stage of a gas
turbine serves to rotate and direct the flow of hot gas to the
rotating turbine with themost favorable incident angle.There
is no centrifugal load on the nozzle segment. The combina-
tion of bending loads a thermal gradient caused by cooling
of the nozzle results in high stationary operating stresses
on the nozzle [22]. The first stage nozzle may experience
damage mechanisms such as creep, fatigue-creep, oxidation,
corrosion, andmechanical damage during its service life [23].
The microstructural evaluation is one of the most important
tools in assessing the current condition of the nozzle segment
for its correlation with the service conditions experienced by
the component.Themicrostructural evaluation can point out
strategies for repair and/or heat treatments for rejuvenation
and recover the mechanical properties and extend the useful
life of the alloy.

The evaluated component is a segment of the first stage
nozzle of a 60 MW gas turbine; gas inlet temperature to
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Vanes

Flow channel

Leading edge

Pressure side

(a)

Leading edge

Trailing edge

Zone D
934∘C

Zone C
907–934∘C

Zone B
560∘C

Zone A
693∘C

(b)

Figure 3: (a) General view of the nozzle vane. (b) Analysis regions and internal temperature distribution on the nozzle vane transversal
section in the cutting plane at 50% height (section of maximum temperature).

Table 1: Chemical composition of FSX-414 superalloy (wt%).

Alloy C Cr Ni Co W Fe B
FSX-414 0.25 29 10 52 7.5 1.0 0.01

the turbine is 1086∘C. The full nozzle consists of 32 vanes
and is cooled by air extracted from the compressor discharge.
The microstructural evaluation was performed after 54,000
operating hours in mode of base load. The nozzle is made
of a conventional cobalt-based FSX-414 superalloy by means
of conventional investment casting (equiaxial grains) and
without coating; its chemical composition is shown in Table 1.
The gas turbine operates with natural gas. An overview of
the nozzle segment (two vanes) is shown in Figure 3(a); the
vanes have cooling passages on the pressure surface, and, in
Figure 3(b), the different operating temperature zones are
indicated on a section of the nozzle block. The maximum
service temperature (Figure 3(b)) is recorded in the leading
edge of the nozzle blade and the temperature distributionwas
obtained by numerical analysis using Computational Fluid
Dynamics (CFD) with the code Star CDV 3150 [24]. Figure 4
shows some cracks detected near the cooling cavities of the
nozzle, close to the trailing edge.

Microstructural Characterization of Nozzle Blade.The nozzle
microstructure was evaluated at a zone corresponding to
a height of 50% of the flow channel on the low and high
temperature section.The characterization included grain size
and carbide precipitation. In order to evaluate the extent
of damage in the superalloy, the microstructure in the low
temperature zone (zone B) was compared with the high

Cracks

Trailing 
edge

Figure 4: Cracks on the nozzle vane near the internal shroud close
to the trailing edge.

temperature region (zone D). The microstructure of the low
temperature zone can be taken as a reference or initial condi-
tion of the alloy, because at that temperature microstructural
changes are insignificant.Themicrostructure of the low tem-
perature zone is shown in Figure 5; this consists of equiaxed
grains of the 𝛾 phase matrix (Figure 5(a)) and at higher
magnification (Figure 5(b)) dispersed carbide particles in the
grain boundaries and matrix can be observed. Figure 5(c)
shows the unit area quantized to determine the percentage
of precipitates.Thismicrostructure is characteristic of cobalt-
base superalloys [25–28].

Table 2 shows the grain size and the volume fraction at
the different zones in the nozzle pressure side in cross section.
Volumetric fraction of carbides in each area was determined
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(a)

Carbides

50𝜇m

(b)

10𝜇m

(c)

Figure 5: (a) General microstructure, (b) magnified microstructure of the low temperature zone (zone B), and (c) minor precipitation of
carbide particles.

Grain growth

200𝜇m 100𝜇m

Figure 6: Grain growth in the high temperature (zone D).

Table 2:Quantitativemicrostructure in different zones of the nozzle
vanes.

Microstructural
parameter Zone A Zone B Zone C Zone D

Temperature [∘C]
693 560 907 934

Average grain size
[𝜇m] 313 54 401 531

Volume fraction of
carbides [%] 7.36 0.72 10.22 12.96

taking into account the area ratio of carbides in 𝜇m2/total
measured area also in 𝜇m2.

As shown in Table 2, the extent of deterioration of the
superalloy (grain growth and higher amount of precipitates)

depends directly on the metal temperature. The micrographs
in Figure 6 show a larger grain size for the area where the
temperature is high (zone D), and the micrograph of Figure 7
shows a higher amount of precipitates (area D) compared
to the “cold” or reference; see Figure 5. The grain size ratio
between area A (693∘C) and the high temperature zone D
(934∘C) is 0.6 and the grain size ratio between the reference
area and the high temperature area is 0.1. The growth of
grain size (coarse growth) is one of the main symptoms
of microstructural worsening of nozzle’s material. This is
explained because the material is exposed to gas at high
temperature and velocity.

The nozzle microstructural investigation revealed the
presence of a continuous band of precipitated carbides in
grain boundaries and a rise in the volume fraction of carbides
up to 50%. This occurs because of the transformation of
M6C carbides to M23C6 carbides. Carbide transformation is

157Microstructural Changes during High Temperature Service of a Cobalt-Based Superalloy First Stage Nozzle

__________________________ WORLD TECHNOLOGIES __________________________



WT
Secondary 

carbides

100𝜇m

Figure 7: Precipitated carbides in grain boundaries of FSX-414
superalloy at intermediate temperature zone (area D).

encouraged by the high operating temperature of the nozzle,
mainly at the blade leading edge; the latter type of secondary
carbides takes place abundantly in the Co-base superalloys
with more than 5% Cr [29]. Precipitation of these secondary
phases in grain boundaries reduces material creep resistance.

This dense and continuous network of carbides observed
mainly in the area D reduces the ductility and toughness of
the alloy by up to 30% of its initial value and may facilitate
initiation and propagation of cracks due to grain boundaries
brittleness; all this leads to decreasing the useful life of
the alloy. Additionally, such grain boundary precipitation
reduces the material creep resistance [1, 27]. The microstruc-
tural characterization of FSX-414 superalloy revealed that the
grain size increased considerably; see Figure 6. This may also
reduce the material fatigue life [1, 30]. Also, the average grain
size increment in the vane body reduces alloy fatigue life [1].

An analysis of thermal stress was performed which is
not indicated in this work, but the results showed that the
maximum tension stresses at steady-state were located near
the cooling holes and blade profile on the pressure side of the
nozzle.

In addition, because the gas turbine nozzle is a fixed
component, its operational stresses are generated only by the
gas flow pressure and by thermal loads due to temperature
gradients through the nozzle elements. These stresses and
temperature gradients cause fatigue damage during transient
and steady-state operation; this thermal stress induces the
initiation and propagation of cracks.

From the metallurgical evaluation carried out and cracks
detected by nondestructive testing, the nozzle segment ana-
lyzed is a candidate for repair. It is noteworthy that there are
virtually no limits for their rehabilitation by welding, because
this component remains fixed during operation and is not
exposed to concentrated mechanical stresses caused by the
centrifugal force.

Repair may include use of conventional welding and/or
brazing, subsequently applying a postweld heat treatment
including a solution heat treatment at a temperature of 1150∘C
followed by rapid cooling and then an aging cycle at a

temperature of 980∘C followed by cooling. In the event that
the nozzle blocks have no coating and in order to decrease
the effect of elevated temperature on the microstructure of
the blades, the use of a thermal barrier coating (TBC) should
be considered to improve corrosion and oxidation resistance.

4. Conclusion

Amicrostructural study to determine the extent of damage in
terms ofmicrostructural deterioration can be used to identify
and therefore determine the type of repair (heat treatment,
welding, conventional or brazing) to the nozzle block seg-
ment. Comparing deterioration parameters discussed above
and the temperature distribution over the nozzle block, a
direct relationship between the magnitude of damage of the
superalloy and the metal temperature can be established.
Therefore, metallurgical analysis ofmain components of a gas
turbine is a very useful tool that provides information needed
to make decisions about the possibility of repair, establish
risk of fracturing and evaluate the operating conditions of
the equipment. Consequently, metallurgical characterization
should be incorporated into maintenance schedules. It is
noteworthy to mention that any metallographic study should
be complemented by a stress and temperature distribution
analysis in order to corroborate or determine the nozzle
failure mechanism.
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V. M. López-Hirata, JL. González-Velázquez, and J. Morena-
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A study about the precipitation and phase stability was carried out in an IN-792 superalloy used as a blade in a gas turbine.
Microstructure analysis was conducted experimentally on three different cross sections of the blade designated as high tem-
perature (HT), medium temperature (MT), and low temperature (LT). To identify the HT, MT, and LT sections, a numerical
thermal analysis was performed using ANSYS software. To obtain the distribution gradient of temperature in the blade, the real
conditions of operation in steady state of the gas turbine were considered. A numerical study about the occurrence of phases in the
IN-792 superalloy was carried out with,ermo-Calc and TC-PRISMA software.,e analysis of the as-cast IN-792 superalloy with
Scheil-Gulliver equations permitted to explain the phase formation during the solidification process. ,e calculated time-
temperature-precipitation (TTP) diagram explains consistently the precipitation process observed after two different heat
treatment conditions applied experimentally and numerically to regenerate the original microstructure of the IN-792 superalloy.
,e experimental results were consistent with the calculated isoplethic and TTP diagrams. In terms of accuracy, the further
development of the ,ermo-Calc databases for thermodynamic calculations in superalloys is evident. It was possible to calculate
precipitation temperatures and the local evolution of precipitated particles for two different heat treatment conditions.

1. Introduction

,e Ni-based superalloys have excellent mechanical prop-
erties under high-load bearing at temperatures up to ap-
proximately 85% of their incipient melting point, as well as,
good environmental resistance and metallurgical stability
under service conditions from about 813K (540°C) and, in
some cases, up to 1473K (1200°C) [1].,ese superalloys have
been used since the early 1940s to manufacture diverse
structural components of aerospace and land-based gas
turbine engines exposed to the highest temperatures during
the operation stages (e.g., combustor, turbine arrangements,
and in the final high pressure of the compressor) [2].

,e current performance of gas turbine engines is the
result of continuous improvements in different areas of
engineering, including alloy design, casting technology, and
coating methods [3–5]. Critical rotary and stationary
components in current gas turbine engines are mainly
manufactured by directional solidification via columnar-
crystal-structure or single-crystal technology in order to
reduce or remove the grain boundaries, introduce a pre-
ferred grain orientation, and hence, improve its mechanical
properties [2]. ,e remarkable mechanical properties of
Ni-based superalloys are attributable to their precise
chemical balance that promotes a coherent precipitation of
the intermetallic compounds, c′(L12 −Ni3Al) and/or
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c″(D022 −Ni3Nb), in a matrix phase, c(A1−Ni). ,e
precipitates of c′ are usually aligned along the elastically
softest crystallographic <100> direction [2]. ,e mechanical
strength of c′ reinforced Ni-based superalloys is maintained
at high temperatures due to c′ coarsening resistance. ,is
characteristic is favored by a low value of lattice misfit
between the c and c′ phases, which affects the interfacial
energy between them [6].

,e precipitation hardening of as-cast superalloys is
generally carried out by a controlled heat treatment which
may consist of a homogenization period followed by several
aging steps. ,is treatment causes commonly a bimodal size
distribution of c′ precipitates [2, 7, 8]. Additionally, it is
known that superalloys are a good example of the more
complex metallurgical systems due to the large number of
alloying elements that compose them and promote the
formation of other phases during its heat treatment and/or
in-service operation. ,is fact makes difficult to determine
what phases are stable after a heat treatment or during the
component operation. For example, a study of the ther-
modynamic equilibrium for an IN-792 superalloy, using
,ermo-Calc version S, showed the occurrence of c, c′,
M23C6 and σ phases in the calculated isothermal diagram at
973K (700°C) [9]. It was concluded that even though the
calculations predicted both σ-phase and M23C6 carbides to
be thermodynamically stable, the experimental results
showed occurrence ofM23C6 carbides without σ-phase [9]. It
is important to mention that an essential difference between
this study and the analysis in [9] is the,ermo-Calc database
used for the thermodynamic calculations. Another differ-
ence is that the blade in this study has an improved engi-
neering design and cooling channels [2, 3]. ,is
technological improvement increases the efficiency of the
gas turbine and suggests that the blade operates under severe
conditions of service, such as higher temperature [2]. ,us,
the microstructural stability, which is related to the me-
chanical integrity of this component, acquires major tech-
nological and scientific interest. So, several experimental and
theoretical efforts have been made to predict or estimate the
phase evolution of superalloys under different aging con-
ditions [7, 10–12]. Other phases like the topologically packed
phases (TCP) can frequently appear into the microstructure
of Ni-based superalloys. ,e TCP phases contain excessive
amounts of Cr, W, andMo that promote the precipitation of
intermetallic phases enriched with these elements [2]. ,ese
phases have a high atomic density and some degree of
nonmetallic behavior with directional bonding, as well as
complex crystalline structures. ,e TCP phases have the
general chemical formula AxBy, where A and B are transition
metals. Some examples are the μ, σ, R, and P phases [2].
,us, TCP phases are incoherent with the c matrix phase
and therefore do not contribute significantly to the me-
chanical strength. Additionally, different carbides and bo-
rides may be formed during processing or service, and their
type and structure (i.e., MC, M6C, M23C6, M7C3, and M3B)
depend on the alloy composition and thermal history to
which Ni-based superalloy was subjected [13]. ,e contin-
uous formation of these phases is recommended to be
avoided on the grain boundaries, although there is little

information about it. ,eir presence in these regions is due
to an inadequate choice of processing temperatures or heat
treatment of the superalloy to obtain the best mechanical
properties [2, 11, 14, 15]. ,en, the study of phases for-
mation and their evolution is an important issue to be in-
vestigated for Ni-based superalloys. Recently, the
computational thermodynamic, based on CALPHAD
methodology, has emerged as an important alternative to
analyze the phase stability and growth kinetics of pre-
cipitation in alloys. For instance, ,ermo-Calc and TC-
PRISMA have been employed to analyze the phase trans-
formations of alloys [9,16–18]. ,us, the purpose of present
work is to study experimentally and numerically the pre-
cipitation, coarsening process, and stability of the formed
phases for an IN-792 superalloy. ,e analyzed blade was
used in the first stage of a land-based gas turbine, and after,
heat treatments were applied to regenerate the precipitation
process in order to study their effect on the superalloy
hardness.

2. Experimental Procedure

,e IN-792 superalloy was obtained from a gas turbine first-
stage blade, with a length of about 103mm over the blade
root, after 12,000 h of service. Chemical composition of the
superalloy was determined by an atomic absorption spec-
trometer, Varian Spectr AA-220 FS. Microstructural char-
acterization was performed at three transversal sections
along the blade length, designated as high temperature
HT∼1211K (938°C), medium temperature MT∼1147K
(874°C), and low temperature LT∼1091K (818°C) located
at 50, 90, and 10mm from the blade root, respectively.
Specimens were prepared metallographically and then
etched with FeCl3: 5 g, HCl: 2mL, and ethanol: 100mL [19]
to be observed by optical microscopy (OM), with an Axio
Observer D1m (Carl Zeiss) and by scanning electron mi-
croscopy (SEM), with a Jeol ,ermo Scientific JSM-6300 at
20 kV, equipped with EDX analysis. Phase characterization
was pursued by X-ray diffraction (XRD) with copper Kα
radiation, with a Bruker D8 FOCUS X-ray diffractometer.
Quantitative metallography of microstructure was con-
ducted by image analysis using ImageJ software. Vickers
microhardness was determined using a load of 50 g
for 12 s.

Reheat treatments of IN-792 superalloy specimens were
carried out only in the blade root considering, from the
results of design and structural analysis of gas turbine blades,
that this section is exposed to the lowest values of total
deformation [20–22]. ,e conditions for heat treatments
were as follows [23]: first, heating at 1393K (1120°C) for 4h
with an electric tubular furnace, then air cooling. Next
heating at 1393K (1120°C) for 4 h followed by rapid air
cooling until 1353K (1080°C) and then aging at this tem-
perature for 4 h and final aging at 1118K (845°C) for 24 h
followed by air cooling. Heat-treated specimens were pre-
viously encapsulated in quartz tubes, first evacuated to
10−2 Pa and then filled with pure Ar gas. ,ese specimens
were also characterized by OM, SEM, XRD, and Vickers
microhardness test.
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3. Numerical Procedure

3.1. Fluid Flow and9ermal Analysis. First, a computational
fluid dynamics (CFD) calculation was carried out to obtain
the temperature produced by the gas flow on the blade
surface [24]. ,en, these results were used as boundary
conditions in a conduction heat transfer analysis to de-
termine the temperature distribution inside of the blade. All
computations were performed at steady state condition
using the finite volume method and finite element method
(FEM) implemented in ANSYS software. ,e CFD domain
was considered between the end of the first stage nozzle and
the beginning of the second stage nozzle, with the following
boundary conditions: inlet and outlet static pressure of
1.43MPa and 1.02MPa, respectively; inlet and outlet flow
temperature of 1316K (1043°C) and 1135K (862°C), re-
spectively; and, a mass flow of 2.11 kg/s. It is important to
mention that the cooling flow was also taken into account
and the cooling flow inlet velocity was 256.4m/s at 612K
(339°C).,e high pressure turbine was rotating at an angular
speed of 8405 rpm. ,e discretized CFD domain contained
287638 vertexes and 281100 cells with 7.82 × 10−4m of
minimum edge length. Additionally, the heat transfer do-
main by conduction was discretized with 32777 nonlinear
elements [24, 25]. ,e condition of ceramic coating on the
blade was not considered in this study. ,e attention was
focused on the temperature distribution in three cross
sections located at different blade heights (bh), measured
from its platform.,e first one was located near the platform
(bh � 10mm), the second one was situated at midspan (bh �
50mm), and the third one was positioned near the blade tip
(bh � 90mm).

3.2.9ermo-Calc Analysis. ,ermo-Calc, TC software 2016a
version 8.0, [26] was used to determine the equilibrium and
nonequilibrium phases for the IN-792 superalloy. ,e single
point calculation, phase diagram, and property diagram
modules were utilized to analyze the equilibrium phases
based on the chemical composition of the alloy, temperature,
and thermodynamic database TCNi8: Ni-Alloys v8.0 and
MOBNi: Ni-Alloys v8.0. In contrast, the Scheil module was
employed to determine the nonequilibrium phases expected
for as-cast IN-792 superalloy. ,is module is based on the
solution of Scheil-Gulliver equation [27]. ,e analysis of
growth kinetic for precipitation was conducted using TC-
PRISMA during aging of the IN-792 superalloy. ,e TC-
PRISMA precipitation module [28] is based on Langer and
Schwartz (LS) theory and uses the Kampmann and Wagner
(KW) numerical method [29] to simulate the concomitant
nucleation, growth, and coarsening of precipitates for
multicomponent and multiphase alloy systems. ,e solution
of equations for the LS theory enables to calculate the time
evolution of the particle size distribution, mean radius, and
the number density. ,e simplified growth model was used
in precipitation simulations. ,e initial chemical composi-
tion for the precipitation analysis was assumed to be that
corresponding to the maximum microsegregation of the c
phase dendritic structure calculated with TC using the

Scheil-Gulliver equation. ,e concentrations of most of the
alloying elements were slightly lower than their corre-
sponding concentrations in the superalloy. ,e kinetic and
thermodynamic data were acquired from the TC databases
for Ni-based alloys [30]. ,e molar volumes of the matrix
and precipitated phases for the superalloy were also cal-
culated from the TC databases.,e interface energy between
the c′, M23C6, μ precipitates, and c matrix phase were
calculated by TC-PRISMA. Homogeneous nucleation was
assumed for the precipitation simulation in the austenite
matrix, which is referred as “bulk nucleation” in TC-
PRISMA.

4. Results and Discussion

4.1. 9ermal Analysis. Figures 1(a)–1(c) show the temper-
ature distribution in the blade, obtained from FEM calcu-
lations. Frequently, these studies only show the temperature
distribution on the blade surface [5, 22, 31, 32]. In this case, it
was taken into account the cross section to analyze in order
to obtain a good reference of the service temperature. ,e
microstructural characterization was performed in specific
locations, indicated with black square points, for high
temperature (HT), medium temperature (MT), and low
temperature (LT). ,e section with higher gradient of
temperature corresponds to the section near the blade root
where temperatures from 1168K (895°C) to 994K (721°C)
were obtained (Figure 1(c)). However, it is clear that the
highest temperature in this section is located in a small area
near the trailing edge. ,us, the highest gradient of tem-
perature in the blade can be considered that of the section at
midspan (Figure 1(b)), where a substantial area of the
section is exposed to a major gradient of temperature, from
1211K (938°C) to 1053K (780°C). It is important to mention
that the operating parameters and material properties used
in FEM simulations correspond to actual conditions of the
gas turbine [25].,e substrate temperatures obtained by this
computation are close to those obtained in similar works
[5, 22, 32].

4.2. 9ermodynamic Analysis of IN-792 Superalloy. ,e
,ermo-Calc-calculated isoplethic phase diagram, plot of
temperature (K) versus Al composition (wt.%), is shown in
Figure 2 for the IN-792 superalloy. ,e real chemical
composition is shown in Table 1.

,e current Al content is about 3.2 wt.%, indicated in
Figure 2 with a dotted line. If a very slow cooling process is
analyzed for an IN-792 alloy with this aluminum content,
from the liquid state, at 1643K (1370°C) approximately, the
first phases to be formed are carbides of the MC type and the
c matrix phase. It is well known that the Ni-based super-
alloys are characterized by having a hardening c′ phase [2],
which is also observed in the diagram over 1373K (1100°C).
As the temperature decreases other phases, such as borides,
carbides of M23C6 type, TCP phases, and Ni3Ti phase, are
formed. In addition, it is important to note that there is no a
previous report about a pseudobinary phase diagram of the
IN-792 superalloy determined by numerical simulation. All
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B: steady-state thermal (ANSYS)
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Figure 1: Calculated temperature distribution gradients of the blade for sections: (a) MT, (b) HT, and (c) LT.
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WTphases shown in Figure 1, obtained by ,ermo-Calc, are
consistent with those reported in the literature for this type
of Ni-based superalloys [2, 33]; however, their occurrence
will depend on the real chemical composition of the
superalloy.

4.3. Phase Analysis of As-Cast IN-792 Superalloy by Scheil-
Gulliver Equation. Figure 3 shows the plot of temperature
(K) versus mol fraction of solid determined using the
,ermo-Calc Scheil module. ,is diagram represents an
approximation of the solidification in nonequilibrium state
based on the Scheil-Gulliver model. ,is model assumes a
solidification process with no diffusion in the solid phase, a
perfect mixing in the liquid phase (infinitely rapid diffusion
in the liquid phase), and local equilibrium at the liquid/solid
interface. It shows the phases in as-cast state for the IN-792
superalloy. Here, it is clear that the first solids to be formed
are carbides of the MC type and c matrix phase. According
to the diagram, they start to be formed at 1623K (1350°C),
approximately. ,ese results are similar to that obtained in
[33] where temperatures of phase transformations were
investigated in a cast polycrystal nickel alloy IN-792-5A
experimentally, using the method of differential thermal
analysis (DTA) under a cooling rate of 283K (10°C)/min
[33].,e hardening phase, c′ −Ni3Al, and the η-Ni3Ti phase
appear near 1473K (1200°C). It is important to say that η
phase was suggested experimentally into the interval of
temperatures of c′ precipitation [33].,en, it was impossible

to separate those thermal effects by DTA analysis and de-
termine unequivocally temperatures of start and end of
dissolution and precipitation of c′ and η phases. In this case,
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Table 1: Real chemical composition (wt. %) of IN-792 superalloy.

Ni Cr Co W Al Ti Ta Mo Hf Fe C Zr V Nb
Balance 11.7 9.0 3.5 3.2 3.8 3.14 2.0 0.49 0.26 0.15 0.05 0.05 0.01
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Figure 3: Temperature versus mol fraction of solid for the IN-792
superalloy.
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Figure 3, it is possible to mention that c′ and η phases
start their precipitation at 1477K (1204°C) and at 1347K
(1074°C), respectively, and by comparison with [33], there is
a difference of 279K (6°C) and 278K (5°C), respectively. ,e
c and c′ phases have been reported to be present as a result
of a eutectic reaction, also. ,e c′ phase formed on this way
is designated as primary c′ phase [2, 4]. ,e formation of μ
phase in some Ni-based superalloys is unavoidable. It was
shown that the μ phase can be formed in cast Ni-base
superalloys when the amount of refractory elements,
tungsten and molybdenum, is more than 3.5, and in these
cases the μ phase will be the main TCP phase instead of the
σ-phase [14]. So, the IN-792 superalloy of this study has a
content of tungsten and molybdenum of about 5.5. ,e μ
phase is based on the ideal stoichiometry A6B7. Examples of
this phase are W6Co7 and Mo6Co7 [2]. Also, it has been
determined that a primary μ phase may form during so-
lidification, and secondary μ phase can precipitate during
aged heat treatment, or during service temperature in a
range since 1073 K (800°C) to 1413 K (1140°C) in the Ni-
based superalloys [14]. At the end of the Scheil diagram,
some borides and carbides, of the M23C6 type, are formed.
,ese results are in agreement with those reported in the
literature [2]. Besides, when the C content is in the range of
0.05 to 0.14 wt.% in a superalloy, fine dispersed MC and
M23C6 carbides could be formed [13]. ,is particular type
of carbides strongly influences the mechanical properties of
Ni-based superalloys; for example, it is possible to improve
the strength of this material by a controlled amount of
particles of these carbides that promote an apparent in-
hibition of grain boundary slip. However, a failure in the
superalloy eventually could occur due to a fracture in the
particle or by decohesion of the carbide/matrix interface.
,e M23C6 carbides can also cause premature failure, but
this behavior can be avoided by mean of a controlled heat
treatment in the superalloy [2].

,e ,ermo-Calc-calculated chemical composition of
the as-cast c and c′ phases can be seen in Table 2. It is
important to observe the proportion of the elements in the c
matrix phase. As expected, nickel is the element contained in
major proportion, about 65.51 wt.%, and decreases to 60.02
wt.%. ,is behavior is similar to the aluminum content that
decreases from 3.64 to 2.59 wt.%. Other elements are also
present in c phase, but they increase in content, chromium
from 12.11 to 12.58 wt.% and cobalt from 7.88 to 10.14 wt.%.
Besides, it is shown in Table 2, the nickel and aluminum
content for c′ phase increase with respect to c matrix phase
from 62.19 to 65.83 and from 2.83 to 3.74 wt.%, respectively.
,e other elements of the c′ phase decrease in content for:
chromium from 12.63 to 12.09 wt.% and cobalt from 9.98 to
8.5 wt.%. It is clear that the compositional ranges are similar
between the phases c and c′. On the other hand, it is evident
a good agreement of the chemical composition values of the
elements shown in Table 2 with these values obtained ex-
perimentally for the real chemical composition shown in
Table 1. Also, in Table 2, it can be observed that some el-
ements promote a preferred substitution for nickel, like
cobalt, or some elements promote the formation of c′ phase,
like aluminum and nickel. In both cases, the values of

chemical composition for c and c′ coincide with that re-
ported in literature [2].

An EDX analysis was carried out by SEM to the sample
exposed at MT, near of leading edge and of suction side of
the blade (Figure 4). ,e spectrums obtained are shown only
for the points 3-4 y 7-8, for simplicity. It is clear that the
values of chemical composition are very closer between c
and c′ phases. However, it can be observed a larger content
of nickel and aluminum for c′ phase than for c matrix phase.
,is behavior is observed in an element-imaging SEM
analysis of the IN-792 superalloy for the same section of the
blade, MT (Figure 5). So, the experimental results are in
agreement with the ,ermo-Calc-calculated chemical
composition of the as-cast c and c′ phases.

4.4. Precipitation Analysis by TC-PRISMA. Figure 6 shows
the time-temperature-precipitation (TTP) diagram for the
IN-792 superalloy, determined by TC-PRISMA software.
,is diagram was calculated considering the chemical
composition of as-cast c′ phase, shown in Table 2, and the
following interfacial energy: 0.047, 0.17, 0.20, and 0.19 J/m2

for the interfaces c′/c, μ/c, M23C6/c, and Ni3Ti/c, re-
spectively. ,ere is not a previous investigation about the
TTP diagram for IN-792 superalloy, which is an important
contribution because it is of great interest for the industry.
,e TTP diagram indicates that the isothermal aging at
temperatures between approximately 1198K (925°C) and
1323K (1050°C) causes the following precipitation reaction:

c⟶ c + c′ (1)

It is important to notice that the precipitation of c′ phase
occurs very fast. ,is precipitate is known as secondary c′
precipitates.

In contrast, the precipitation sequence for aging at
temperatures of about 873K (600°C) and 1173K (900°C) is
as follows:

c⟶ c + c′ ⟶ c + μ⟶ c + M23C6⟶ c + Ni3Ti
(2)

,at is, c′ phase is the first precipitate to be formed and
then μ, M23C6, and Ni3Ti or η phases appear successively as
the aging time progresses.

It is important to mention that it was determined that η
phase is found at the grain boundaries in Ni-based alloys
when the Ti/Al ratios are higher than about 2.64 and after
prolonged exposure at temperatures higher than 1073K
(800°C) [34]. It is considered as deleterious phase because it
usually poses negative impact on the mechanical properties
of superalloys [34]. ,e Ti/Al ratio in this superalloy is of
about 1.19. ,us, it would be not a surprise in this study not
to observe this structure in the samples reheat treated to
regenerate the precipitation process. But, the formation of η
phase in the blade used, after 12,000 h of service, could be
possible.

,e occurrence of M23C6 carbides were not experi-
mentally detected in samples of IN-792-5A superalloy [33].
So, it would be not a surprise if this structure is not present in
the samples re-heat-treated of this study due to the
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conditions of the heat treatments carried out. However, the
formation of M23C6 carbides in the blade used, after 12,000 h
of service, could be possible due to the decomposition of MC
carbides that usually take place in Ni-based superalloys [2].

,e TC-PRISMA simulation of heat treatment for the
IN-792 superalloy was conducted considering the typical
conditions: solution treatment at 1393K (1120°C) for 4 h
followed by rapid air cooling, then isothermal aging at
1353K (1080°C) for 4 h followed by air cooling, and finally
isothermal aging at 1118K (845°C) for 24 h followed by air
cooling. ,us, two different simulations were conducted to
analyze the precipitation process during the heat treatment
for IN-792 superalloy. ,e first treatment consisted of so-
lution treating at 1393K (1120°C) and subsequently iso-
thermal aging at 1353K (1080°C) for 4 h. ,e second
treatment involved the solution treating at 1393K (1120°C)
and subsequently a double isothermal aging until 1118K
(845°C) for 4 h. Figures 7(a) and 7(b) show the plot of mean
radius of precipitates (nm) versus time (s) determined by
TC-PRISMA software for the former and latter treatments,
respectively. Figure 7(a) shows that the precipitated corre-
sponds to c′ phase. It is noted the presence of three stages:

the first of them shows a continuous increase in radius with
time up to about 165 nm after 100 s of aging. ,is corre-
sponds to the nucleation and growth stage. ,en, there is
clearly a plateau, which indicates that the precipitate growth
stops and thus, the coarsening stage is reached.,is behavior
has been observed in a previous study where it was identified
that precipitate coarsening commences at the beginning of
the second aging step [18]. In contrast, Figure 7(b) indicates
that the precipitation of several phases, M23C6, c′, μ, and
Ni3Ti, take place during aging at this condition. Further-
more, the radius of M23C6 precipitates is larger than that of
the c′ phase. As expected, the radius of c′ precipitates is
larger for aging at 1353K (1080°C) than that at 1118K
(845°C). ,is fact suggests that the size distribution of
precipitates is a bimodal type for the complete treatment.

In addition, Figures 8(a) and 8(b) illustrate the plot of
precipitate volume fraction as a function of time for the
same conditions of Figures 7(a) and 7(b). ,e volume
fraction of the aging at 1353K (1080°C) is much lower,
about 18%, than that of aging at 1118K (845°C), approx-
imately 42%. ,ese figures also show that the c′ phase is the
first to be formed at both heat treatment conditions. ,ese

Table 2: ,ermo-Calc-calculated chemical composition (wt. %) of c and c′ phases for as-cast Ni-based superalloy.

Phase Ni Cr Co W Al Ti Ta Mo C Nb
c 65.51–60.02 12.11–12.56 7.88–10.14 2.89–4.70 3.64–2.59 2.06–4.72 2.08–4.69 2.05–2.88 0.01–0.042 0.005–0.0007
c′ 62.19–65.83 12.63–12.09 9.96–8.50 2.83–3.74
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Figure 4: Analysis by EDX of the sample exposed at MT, near leading edge and suction side of the blade.
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WTresults, Figures 7(a), 7(b), 8(a), and 8(b), are similar to those
obtained in [35]. In that experimental study, it was de-
termined the effect of the solution temperature on the
microstructure of a Ni-based superalloy and they observed a
primary c′ fraction of about 7.4% at solution temperature
for subsolvus condition. No primary c′ fraction was
identified for supersolvus condition. Also, it was de-
termined the precipitation of secondary c′ particles from
the matrix during quenching for different heat treatment
conditions of aged [35]. ,e size of c′ precipitates increased
as the cooling rate decreased, and different conditions of
cooling in their aging treatments led to a bimodal pre-
cipitation of secondary c′ particles [18, 35]. So, it is sug-
gested that the results obtained in Figures 7(a) and 8(a)
could be referred as a unimodal precipitation of c′ particles.
Same behavior is suggested for the results obtained in
Figures 7(b) and 8(b). It is important to mention that there
is a previous study where the simulation of c′ precipitation
kinetics was carried out in a commercial Ni-based super-
alloy with two simulation tools, TC-PRISMA and Pan-
Precipitation [18]. In that analysis, it was predicted that
monomodal c′ size distributions were consistent with their
experimental observations where the equilibrium volume
fraction c′ obtained would virtually be established at the
beginning of the second aging step [18]. ,us, this simu-
lation results allow to know the local evolution of pre-
cipitated particles in components under different
conditions of heat treatments.
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Figure 5: Element-imaging SEM analysis of IN-792 superalloy for MT section.
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4.5. Microstructural and Mechanical Characterization of In-
Service Operation Blade for Power Plant Turbine. In this
study, the macroscopic analysis of IN-792 showed that this
superalloy was obtained by a directional solidification
process (SD). ,e results of the microstructure revealed by
SEM are shown in Figures 9(a)–9(c) for the three sections:
MT: 1147K (874°C); HT: 1211K (938°C); and LT: 1091K
(818°C), respectively. It can be observed the different formed
phases: c matrix (light gray), c′ precipitate (dark gray), and
carbides of the MC type (white). ,e MC carbides, with a
size of approximately 10 μm, are clearly observed in
Figures 9(a)–9(c). ,ese are the first phase to be formed
during the solidification, as shown in Figure 3. ,ey are
composed of Ti and Ta, as indicated in Figure 10, which
corresponds to the element-imaging SEM analysis of the IN-
792 superalloy, in addition to M23C6 carbides (black) near
the MC carbides, due to the decomposition of MC carbides
that usually take place in Ni-based superalloys, as previously
mentioned. ,is may cause the release of carbon that reacts
in several ways and leads to the formation of M23C6
according to the following reactions [2]:

MC + c⟶ M23C6 + c′t (3)

(Ti,Mo)C +(Ni; Cr,Al,Ti)⟶ Cr21Mo2C6 + Ni3(Al,Ti)
(4)

,ese reactions promote the precipitation of carbides
mainly on grain boundaries and, in many cases, the c′ phase
generated by reaction (3) covers the surface of MC carbides
[2]. ,is is in agreement with the MC carbides observed in
Figures 9(a)–9(c) which are covered by c′ phase.

In addition to, a different coarse microconstituent with
an irregular plate shape was observed in Figure 9(c), in-
dicated with black arrows. ,is constituent may correspond
to a topologically packed phase (TCP). It is known that the
TCP phases are formed in Ni-based superalloys that have
high content of elements such as Cr, Mo, W, or Re which
promote precipitation of rich intermetallic phases in these
elements [2]. ,e real chemical composition of IN-792
superalloy indicates a high Cr content, 11.7 wt.%, Mo and
W, with 2.0 and 3.5 wt.%, respectively. ,is may cause the
formation of the μ phase according to,ermo-Calc and TC-
PRISMA results, previously presented. Also, it was shown in
Figure 8(b) a low value of volume fraction for this pre-
cipitate. Additionally, particles of the c′ phase can be ac-
cumulated and coarsened around the μ phase. ,us, the
identification of μ phase is difficult by SEM [14].

,e eutectic c and c′ lamellar constituent is noted in
Figures 9(a)–9(c). ,is eutectic reaction was identified at
1504K (1231°C) [33]. ,e aging process at temperatures
between 1118K (845°C) and 1353K (1080°C) is expected to
cause the precipitation of the c′ phase from the c phase of as-
cast superalloy. ,ese precipitates have a cuboid mor-
phology as can be observed in Figures 9(a)–9(c). ,ey are
also aligned on the softest crystallographic direction of the
fcc c phase, <100>. ,e average radius of c′ particles, de-
termined on different SEM micrographs, was HT: 338.5 nm;
MT: 320.4 nm; and, LT: 328.5 nm. It is evident that the

highest service temperature promotes the largest size of c′
particles. However, the smallest radius of precipitates was
not observed for LT section. ,is seems to be attributable to
the occurrence of rafting of c′ precipitates in MTsection due
to the presence of highest value of total deformation in this
section and to high mechanical stress during in-service
operation of the blade.

,e XRD pattern for superalloy, after in-service oper-
ation, is shown in Figure 11(a). Most of the diffraction peaks
for c′ and c phases are overlapped because of the similar
lattice parameter; however, the superlattice diffraction peaks
of c′ phase are clearly detected at low 2θ angle. ,e element-
imaging SEM analysis of Figure 10 revealed the presence of
M23C6 carbides, mainly composed of Cr and Mo, and it is
confirmed in Figures 11(a) and 11(b). ,is fact is consistent
with literature [2] where it is reported that M6C carbide is
favored to be formed instead of M23C6 carbide for nickel-
based superalloys whereMo andW content is in the range of
6–8 at. %, which is different from 1.21 at. %Mo and 1.11 at. %
W for the current alloy composition.

Figure 11(a) confirmed the presence of Ni3Ti or η phase,
predicted by,ermo-Calc and TC-PRISMA software. It was
expected to take place due to the in-service operation
conditions of the blade. ,e presence of η phase identified in
this investigation is similar to that of the results obtained in
[33, 34]. However, η phase was not detected by SEM.

It is important to mention that μ particles were not
identified in previous studies about precipitation kinetic of
IN-792 superalloys [9, 33]. ,is can be attributed to little
differences of chemical composition and to the different
bases of thermodynamics data used in this study.

,e Vickers microhardness of the blade for each section,
HT, MT, and LT, was determined to be about 478, 434 and
453 VHN, respectively. ,is difference in hardness can be
attributed to the c′ phase average size. Besides, the highest
value hardness was observed to occur when a high volume
fraction of MC andM23C6 carbides were present, distributed
intra- and intergranularly in the c matrix phase.

4.6. Microstructural and Mechanical Characterization of the
Reheat-Treated Blade. Figures 12(a)–12(f ) show the SEM
micrographs for the base of the blade with the following heat
treatment conditions: heating at 1393K (1120°C) for 4 h and
subsequently air cooling (Figures 12(a)–12(c)), heating at
1393K (1120°C) for 4h followed by rapid air cooling until
1353K (1080°C), and then aging at this temperature for 4 h
and final aging at 1118K (845°C) for 24 h followed by air
cooling (Figures 12(d)–12(f )). ,e first heat treatment
caused the partial dissolution of the c′ phase because of the
decrease in its volume fraction. ,at is, the c′ particles were
not observed well distributed on the c matrix, and its average
radius decreased, approximately 312 nm. Furthermore, the
crystallographic alignment between the c and c′ phases is
not clearly observed in Figures 12(a)–12(c). Additionally, the
morphology of c′ precipitates is rounded instead of cu-
boidal. ,is result suggests that the c′ phase was not
completely dissolved which is in agreement with the
pseudobinary phase diagram of Figure 2 where no c single
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phase region is observed for 3.2 wt.% of aluminum. �e
eutectic constituent of the c and c′ phases is still present, and
it seems that this treatment caused no change in them.�is is
in good agreement with the formation temperature, 1504K
(1231°C), of c/c′ eutectic reported in literature [33]. �e
following aging at 1353K (1080°C) for 4 h and aging at
1118K (845°C) for 24 h have no e�ect on c/c′ eutectic
(Figures 12(d)–12(f )). MC carbides seem to be una�ected
for both treatments (Figures 12(a)–12(f)). However, M23C6
carbides were dissolved apparently, which is consistent with
the phase diagram obtained by �ermo-Calc that shows no
M23C6 carbide presence at 1393K (1120°C), solution treating
temperature.

Furthermore, the XRD pattern, as shown in
Figure 13(a), for the specimen with the �rst heat treatment
shows only the presence of c and c′ phases. �e hardness
for this section of the in-service operation specimen was
453 VHN in comparison to 452 VHN for the specimen with
�rst treatment. �at is, there is almost no change in
hardness. In contrast, the specimen with the second
treatment, complete heat treatment, shows the presence of
very small spherical c′ precipitates, < 100 nm, located

among the original c′ precipitates as a result of aging at
1118 K (845°C). In addition, the XRD for this specimen, as
shown in Figure 13(b), again indicates only the presence of
the c and c′ phases.

In a previous experimental study [36], it was analyzed
the as-cast microstructure of an IN-792 superalloy, obtained
by conventional cast process. �ey identi�ed c matrix phase,
c′ phase, c/c′ eutectic, and carbides. �en, after a heat
treatment of solution treated at 1393K (1120°C), they
concluded that the MC carbides and rose-shaped c/c′ eu-
tectic partly dissolves into c matrix phase andM23C6 carbide
forms. In this study, M23C6 carbides were not observed after
a heat treatment of solution treated at 1393K (1120°C). It can
be a consequence of the di�erences in chemical composition
between the alloys studied. �en, after two-stage aging
process with 4 h at 1353K (1080°C) and 24 h at 1118K
(845°C) in [36], they identi�ed c′ phase arranged regularly
and the reprecipitation of profuse �ne c′ throughout c
matrix channels. �ese results are in good agreement with
the experimental results of this study.

�e hardness for this complete heat treatment was 410
VHN, lower than the �rst treatment. �is can be attributed
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Figure 9: SEM micrographs of IN-792 superalloy for (a) MT: 1147K (874°C); (b) HT: 1211K (938°C); (c) LT: 1091K (818°C).
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to the loss of solute in the c matrix phase because of the
precipitation of small c′ precipitates and to the dissolution of
M23C6 carbides in the IN-792 superalloy, after applying the
reheat treatments.

,e precipitation of small c′ particles are in good
agreement with the TTP diagram of Figure 5 determined by
TC-PRISMA. Like in [36], in this study was not observed
cold crack formation at grain boundaries for a solution
temperature of 1393K (1120°C). Finally, for both heat
treatments, the heating at 1393K (1120°C) is not enoughly
high for dissolving the c/c′ eutectics and the carbides of the
MC type in the microstructure of the IN-792 superalloy. On
the other hand, the complete heat treatment promotes a
distribution more regular and homogeneous of c′ pre-
cipitates, and their size and morphology become finer and
cuboidal, respectively, because of the reprecipitation c′
particles throughout c matrix phase.

5. Conclusions

Experimental and numerical analysis of the microstructure
evolution for the IN-792 superalloy, extracted from a gas

turbine blade, was conducted, and the conclusions are as
follows:

(a) ,e ,ermo-Calc analysis based on the equilibrium
and nonequilibrium diagrams permitted to explain
the phase formation during the solidification of the
superalloy.,eMC carbides were first formed during
the solidification, and then the eutectic constituent,
composed of the c and c′ phases, was formed. ,ese
calculated results are in good agreement with the
phases observed microscopically in the superalloy.

(b) ,e calculated time-temperature-precipitation dia-
gram shows that if an isothermal aging is carried out
in the IN-792 superalloy at temperatures between
approximately 1198K (925°C) and 1323K (1050°C),
the following precipitation reaction occurs:
c⟶ c + c′, and the growth kinetic of precipitation
of the c′ phase is very fast. ,e precipitation se-
quence for aging at temperatures of about 873K
(600°C) and 1173K (900°C) is as follows: c⟶ c +
c′ ⟶ c + μ⟶ c + M23C6⟶ c + Ni3Ti. All
these precipitated phases are in agreement with
those phases observed experimentally from the
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Figure 10: Element-imaging SEM analysis of IN-792 superalloy for HT section.
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microstructural characterization of in-service oper-
ation blade.

(c) In the case of both conducted reheat treatments, no
effect of dissolution was observed on the c/c′ eu-
tectic and MC carbides. ,e M23C6 carbides were
dissolved, apparently. ,is is consistent with the
phase diagram obtained by ,ermo-Calc that shows
no M23C6 carbide presence at the solution treating
temperature, 1393K (1120°C). For the condition of
heating at 1393K (1120°C) for 4 h and subsequently
air cooling, it was observed partial dissolution of the
c′ phase and the precipitation of the c′ phase with a
morphology round instead of cuboidal. In the case of
the complete heat treatment, the fine secondary c′
precipitates showed a more regular distribution and
bimodal type. ,ese results are consistent with the
calculated TTP diagram.

(d) ,e difference in the hardness values for the sections’
in-service operation can be attributed as a conse-
quence of the c′ average size and due to the high
volume fraction of MC and M23C6 carbides, con-
sidering their intra- and intergranular distribution in
the c matrix phase. Nevertheless, it was not obtained
an evident change in hardness for the specimen with
the first treatment. In contrast, the specimen with a
complete heat treatment showed hardness lower
than the first treatment.,is can be a consequence of
the loss of solute in the c matrix phase due to the
reprecipitation of small c′ particles and of the dis-
solution of M23C6 carbides in the IN-792 superalloy,
after applying the reheat treatments.

(e) ,e η phase was detected in the samples for the
sections in-service operation, experimentally. In
contrast, it was not identified in the samples reheat-
treated.,en, for this IN-792 superalloy, its presence
is due to the prolonged exposure at high tempera-
tures of the blades. Similarly, the μ phase was pre-
dicted to appear in the IN-792 superalloy by
,ermo-Calc and TC-PRISMA software. ,us, it
is expected that the coarse microconstituent with an
irregular plate shape observed in the LT section of
the blade, after in-service operation, corresponds to
the μ phase. However, there is good agreement
between the numerical and experimental results
obtained.

Data Availability

,e ,ermo-Calc and TC-PRISMA data used to support
the findings of this study were supplied by ,ermo-Calc
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the article. Previously reported computational fluid dy-
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studies were used to calculate the service temperatures
inside the blade.
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All manufacturing engineers are faced with a lot of difficulties and high expenses associated with grinding processes of AZ61. For
that reason, manufacturing engineers waste a lot of time and effort trying to reach the required surface roughness values according
to the design drawing during the turning process. In this paper, an artificial neural network (ANN) modeling is used to estimate
and optimize the surface roughness (Ra) value in cutting conditions of AZ61 magnesium alloy. A number of ANN models were
developed and evaluated to obtain the most successful one. In addition to ANN models, traditional regression analysis was also
used to build a mathematical model representing the equation required to obtain the surface roughness. Predictions from the
model were examined against experimental data and then compared to the ANN model predictions using different performance
criteria such as the mean absolute error, mean square error, and coefficient of determination.

1. Introduction

Magnesium alloys are often used in many industrial ap-
plications such as the manufacturing of several components
used in the aerospace and modern automobiles industry.
Also, magnesium block engines have been widely used in
some high-performance vehicles. In those applications, the
final surface roughness of machined components is playing
a major factor in the acceptance of those parts.

Many researchers have investigated the optimization of
cutting parameters for the prediction of surface roughness as
a key performance measure. Asiltürk used ANN (artificial
neural network) and MRM (multiregression models) to
predict the surface roughness of steel AISI 1040. .ey de-
veloped their own models and used ANN to optimize the

cutting parameters formulating the surface roughness as
objective function. .ey used cutting speed, feed rate, depth
of cut, and nose radius as optimized parameters. Surface
roughness is characterized by the mean (Ra) and total (Rt)
values of the recorded roughness at different locations on the
produced surface. .ey conducted many experiments, each
with a different set of the cutting parameters, and the
corresponding Ra and Rt values were reported. Obtained
results were then used to train an ANN model. Mean
squared error of approximately 0.003% was achieved which
outperforms error rates reported in the early literature and
are claimed to be suitable for robust prediction of the surface
roughness in industrial settings [1].

Another approach can be found in the work of Mokhtariet
Homami et al. [2], and they employed a design of experiment
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(DOE) technique based on a full factorial design to determine
the number of experiment and the corresponding parameters.
.ey represented their results in a statistical analysis, and they
used ANN to model the system. Optimization was done using
genetic algorithm (GA). .e conclusion of their work was that
the main factors affecting the flank wear and the produced
surface roughness are the feed rate, nose radius, and approach
angle, while the cutting speed had themajor effect on flankwear.
Optimized values of the cutting conditions were attained and
showed a significant reduction in the surface roughness values.

Jafarian et al. [3] used GA and particle swarm optimi-
zation (PSO) techniques to determine optimal cutting pa-
rameters in turning operations with a multiobjective
optimization aiming to minimize surface roughness and
cutting forces and maximize tool life. .ey discussed their
results claiming that training ANN using GA gave superior
results than those reported in the literature with high ac-
curacy and gives the flexibility of analyzing the effect of each
parameter separately on the output.

.e PSO technique was also utilized in the work of Karpat
and Özel [4], and they used the Pareto optimal frontier to
select optimized parameters to maximize material removal
rate (MRR) without affecting the induced stresses or the final
surface finish of the produced components. .ey obtained
good results making use of dynamic-neighborhood PSO ap-
proach in solving complex turning optimization problems.

A different approach was utilized in the work of Natarajan
et al. [5] to test the reliability of ANN in the prediction of
surface roughness values when machining Brass C26000
material in dry cutting condition on a CNC turning machine.
Surface roughness has been measured and compared to the
experimental data and concluded that ANN can be imple-
mented reliably and accurately to predict surface roughness in
turning operations of Brass C26000 material.

.e applicability of radial base function (RBF) neural
networks was investigated in the work of Pontes et al. [6] to
predict surface roughness in turning processes of SAE 52100
hardened steel. Networks were trained using different sets.
.ey considered several design variables and found that
ANNmodels were capable of providing accurate estimates of
surface roughness values in an affordable way.

.e turning of Ti-6Al-4V titanium alloy was investigated
in the work of Sangwan et al. [7] to minimize surface
roughness using ANN-GA approach. A feed forward neural
network was proposed for training and testing of the neural
network model. .e predicted results were found to be in
good agreement with the obtained experimental results.

A comparison between linear regression models and
ANN approach has been studied in the work of Acayaba and
Escalona [8]. A target of saving cost, effort, and machining
time leads to the necessity of predicting surface roughness
prior to performing machining operations. .ey used ex-
perimental data to validate their claim and found that using
ANN outperforms linear modeling. Instead of using GA like
other researchers previously listed, this research employed
a simulated annealing (SA) optimization algorithm to optimize
cutting parameters for minimizing surface roughness. Results
show similar findings as reported previously with no major
significant improvement.

A more concise investigation focusing only on the three
major cutting parameters influencing the surface roughness
was presented in the work of Bajić et al. [9]. Cutting speed,
feed rate, and depth of cut are optimized using regression
analysis and ANN. Results obtained show no superiority of
one approach over the other, and both gave a good pre-
diction of the surface roughness.

A new approach that integrates artificial intelligence (AI)
with ANN and GA has been introduced by Gupta et al. [10],
and the paper illustrates the impact of using AI on the
quality and type of results obtained for the surface roughness
prediction. .ey analyzed the experimental data using
support vector regression (SVR) defining the tool wear and
power required as output parameters.

Grade-H high-strength steel had its share in the in-
vestigation for better surface quality studied by Abbas et al.
[11] in their work. .ey emphasized that the key factors for
the manufacturing of parts produced using Grade-H high-
strength steel are parts accuracy and surface roughness
MRR. Identifying the final surface roughness of produced
parts prior to machining is crucial to ensure that those parts
will not be rejected. .e rejection of these parts at any
processing stage will represent huge problems to any factory
because the processing and raw material of these parts are
very expensive. ANN was used in this work to determine the
optimized cutting parameters to ensure minimum surface
roughness during the turning operations.

As a continuation of their work, Abbas et al. [12] in-
vestigated the turning of high-strength steel focusing on
three main cutting parameters: cutting speed, feed rate, and
depth of cut..eir results included a Pareto frontier between
surface roughness and machining time of finished com-
ponents made from high-strength steel using the ANN
model that was later used to determine the optimum cutting
conditions. .is study showed the feasibility of integrating
optimization algorithms with computer-aided manufacturing
CAM systems using Matlab.

A quantitative approach to evaluate the cutting process
and its stability was demonstrated in the work of Yamane
et al. [13], and they used the turning operation as a base for
their study aiming at identifying the machining system
deviation from a perfect process. Such a deviation can be
identified by monitoring the machined surface and com-
paring it with the cutter profile. Adhesion and builtup edge
produced during machining operation can then be easily
noticed andmonitored. Excessive vibration and the accuracy
of spindle rotation can also be recorded and is a good in-
dication of system instability and related directly to the
quality of parts produced. .eir conclusion was that the
proposed method can be successfully implemented to
evaluate turning operations.

.e influence of the type of inserts used in themachining
process on the quality of the surface produced was in-
vestigated in the work of D’Addona and Raykar [14]. .ey
compared wiper inserts to conventional ones in the turning
operation of oil hardened nonshrinking steel used in the
manufacture of strain gauges and measuring instruments.
Surface roughness was a major factor in this study as it is
a very important aspect in the performance of those devices.
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.ey used analysis of variance (ANOVA) and analysis of
means (AOM) plots to evaluate their results.

Pu et al. [15] reported that magnesium alloys are
gaining a lot of intension from researchers in the literature
due to their advanced properties over conventional ma-
terials used in the automotive industry as well as medical
applications such as biodegradable implants. One of the
major factors looked at in machining of this alloy is the
surface integrity. Pu et al. [15] investigated the effect of
machining AZ31B Mg alloy under dry conditions as well as
using liquid nitrogen as a lubricant. .ey concluded that
using cryogenic machining with large nose radii improved
several material performance criteria such as surface finish
and grain size refinement.

Increasing productivity and maximizing material re-
moval rate (MMR) have been also investigated for the
machining of magnesium alloys. Using very high cutting
speeds has its drawbacks and has been analyzed by Tomac
et al. [16] in their work. .ey concluded that using speeds in
excess of 600m/min will result in buildup edge on the flank
face of the cutting tool. .ey supported their argument with
microstructure pictures of tool inserts as well as the ma-
chined surface of three different Mg-Al-Zn alloys.

Different coating materials have been used in industry to
reduce the builtup edge effect appearing on the tool flank face
during turning operations of magnesium alloys at high speeds.
Tönshoff andWinkler [17] reported the different interactions
happening between the cutting tool inserts, the coating,
and the workpiece materials in turning of AZ91 HP at
very high speeds ranging between 900 and 2400m/min.
.ey concluded that cutting tools with polycrystalline di-
amond (PCD) inserts can significantly reduce the cutting
forces and hence the frictions at the tool-workpiece interface.

.e optimization of cutting parameters is another venue
pursued by researchers to improve surface quality of machined
magnesium alloys. Wojtowicz et al. [18] studied the effect of
changing cutting parameters on the turning of AZ91 HP.
Parameters explored include cutting speed, feed rate, depth of
cut, and tool nose radius. Surface integrity and increasing
fatigue life were the major optimized parameters of the ma-
chined components, and other reported parameters include
microstructure, grain size and residual stresses improve fatigue
life. .ey also supported the argument provided by Tönshoff
and Winkler [17] regarding the superior performance of PCD
coating tool inserts at high cutting speeds and feed rates.

In this paper, an ANN model has been employed to
estimate and optimize the produced surface roughness of
AZ61material during turning operations..ismethod proves
to be more efficient and provided the manufacturing engi-
neers with a good tool to be utilized to effectively predict the
quality of the surface produced in an economical and time
saving manner. .us this eliminates the possibility of part
rejection due to manufacturing process errors that costs the
factory time and money and wasted raw material.

2. Materials and Methods

Table 1 presents the chemical composition of magnesium
alloy AZ61 which contains zinc and aluminum with 1 and 6

percent content, respectively. .e microstructure of the
composition is analyzed at the previously mentioned alu-
minum concentration, and the phase diagram shows
a magnesium-rich phase interacting with an Al12Mg17
composite. Zinc along with other traces is found to have no
effect on the alloy microstructure.

.emachining of test specimens is done using Emcomill
concept 45 CNC turning machine equipped with Sinumeric
840-D. .e diameter of the workpiece is equal to 40mm
with a length of 100mm. Tool holder specification is
SVJCL2020K16, while the insert is VCGT160404 FN-ALU.
.e cutting edge angle, nose radius, and clearance angle are
set at 35°, 0.4mm, and 5°, respectively. All experiments were
conducted in wet conditions while the cutting parameters
are controlled via CNC part program..e surface roughness
tester TESA Rugosurf 90-G is used to evaluate the produced
surface roughness. A sketch of the test specimen is shown in
Figure 1. .e test plan was implemented through 64 turning
runs. .ese runs were divided into 16 groups. Each of four
groups was subjected to one common cutting speed (125,
150, 175, and 200m/min). Each group was machined using
four levels of cutting depth (0.30, 0.60, 0.90, and 1.12mm).
Each depth was processed using feed rate having four levels
(0.05, 0.010, 0.15, and 0.20mm/rev). Full listing of all samples
and the resulting measured surface roughness are provided
in Appendix A.

Multivariable regression analysis was used to build
a mathematical model relating the process outcome (surface
roughness Ra) with the three studied input parameters
(cutting speed (V), depth of cut (d), and feed rate (fr)). 56
experiments were conducted that cover the input parameter
range described previously. Eight extra experimental runs
were carried out to be used in testing both the regression and
ANN models.

Regression was conducted using Minitab 17 software
with stepwise technique to eliminate the insignificant terms
from the model. .e model was fitted in the form given by
the following equation [19]:

Ra � βo +∑
k

i�1
βiXi +∑

k

i�1
βiiX

2
i +∑ ∑

i<j
βijXiXj

+∑∑
i<j<k

βijkXiXjXk +∑∑
i≠j

βiijX
2
i Xj + εi,

(1)

where βo is the constant term, βi represents the linear effects,
βii represents the pure quadratic effects, βij represents the
second level interaction effects, βijk the third level interaction
effects, βiij represents the effect of interaction between linear
and quadratic terms, and εi represents the error in predicting
experimental surface roughness. .e material removal rate
(MRR) was calculated using (2) for each run. Desirability
function approach was used to maximize MRR maintaining
Ra below 0.4 as a maximum limit for the surface roughness
value:

MRR � 1000 V∗fr∗d, (2)

where MRR is the volume removed per unit time
(mm3/min.), V is the cutting speed (m/min.), fr is the feed
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WTrate (mm/rev), and d is the depth of cut (mm). Multivariable
regression analysis was used to build a mathematical model
relating the process outcome (surface roughness Ra) with the
three studied input parameters (cutting speed (V), depth of
cut (d), and feed rate (fr)). 56 experiments were conducted
that cover the input parameters range described previously.
Eight extra experimental runs were carried out to be used in
testing both the regression and ANN models.

3. Results and Discussions

�e regression-�tted mathematical model is given by (3).
Box-Cox transformation was used to normalize the residuals
with λ� 0 (natural log) for Ra. Anderson–Darling test was
conducted to check the normality of residuals with a result
of p value � 0.885> 0.05. �e null hypothesis of such a test
is that the data are normal, and a p value < 0.05 proves
nonnormality.

Determination coe�cient (R2), mean square error
(MSE), and mean absolute error (MAE) were calculated to
be 0.975, 0.02, and 0.12, respectively. Figure 2 shows a scatter
plot for the predicted Ra versus measured Ra. It is clear from
the �gure that the relation between them is very close to
linear with calculated R2 equals 0.97.

ln Ra( ) � −2.6420 + 0.1874 d + 16.516 fr. (3)

Desirability function approach was used to estimate the
values of studied process parameters that maximize theMRR
keeping Ra at levels not exceeding a practical value of 0.4 μm.
�e optimization plot, illustrated in Figure 3, shows that an
optimum MRR of 13,928mm3/min with Ra � 0.4 μm is
obtained at cutting speed 200m/min., depth of cut 1.12mm,
and feed rate 0.09mm/rev.

ANN modeling was used to predict the surface rough-
ness of AZ61 magnesium alloy. �e three input parameters
cutting speed (V), depth of cut (d), and feed rate (fr) were

taken into account to predict the surface roughness as an
output parameter.�e data were taken from the experimental
result. �e transfer function was selected as a TanhAxon. �e
data were divided in two parts as training and test data. 80% of
data were used for training stage while the left 20% of data
were used for test stage to understand the performance of the
developed ANN model. �e best ANN model predicting
the Ra value between developed trial models was obtained
according to the values of R2 and MSE. Figure 4 gives the
experimental and ANN-predicted results. It can be seen
from the �gure that a good agreement was obtained be-
tween experimental and ANN-predicted results. It is also
seen from Figure 5 that the value of R2 is 0.9629 for ex-
perimental surface Ra and ANN-predicted surface Ra, while
R2 is 0.9931 for experimental MRR and ANN-predicted
MRR in Figure 6.

Table 1: AZ61 magnesium alloy chemical composition.

Element Aluminium Zinc Copper Silicon Iron Nickel Magnesium
% by mass 5.95 0.95 <0.03 <0.01 <0.01 <0.005 Balance

Feed = 0.05
Feed = 0.10

Feed = 0.20
For chuck clamping

For support by rotary center 

Feed = 0.15

12 12 12 12 36 

4 4 4 4 

Figure 1: Working drawing of the test workpiece.
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Figure 2: Experimental readings versus regression model
predictions.
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Predictability of both regression and ANN models were

compared using eight extra experimental cases that were not
included in the modeling phase. Table 2 illustrates the results
of this comparison. Figures 4–6 and Table 2 clearly show the
good agreement between the results. From the table, both
ANN and regression-predicted Ra and MRR values can be
acceptable when they are compared with experimental
results.

Feed rate has a direct impact on product surface
�nish. Although increasing feed rate can result in

a signi�cant increase in the material removal rate (MMR)
and increase productivity, it will also increase cutting
forces resulting in higher tool-workpiece friction asso-
ciated with poor surface �nish. Horizontal markings as
well as vertical ones in surface roughness pro�le can be
detected when examining the surface pro�le produced
using high feed rates. MRR and surface roughness are two
contradicting objectives in determining an optimized
value for the feed rate. Optimization algorithms are often
used to come up with optimized cutting parameters for
di�erent machining processes. Figure 7 represents an
optical microscopy view of machined surface, while
Figure 8 shows the surface roughness pro�le produced by
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Figure 3: Optimization plot for Ra and MRR.
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the surface roughness tester under the following cutting
conditions: a speed of 125m/min, a depth of cut of
0.3 mm, and a feed rate of 0.20 mm/rev. Another set of
views and graph is also provided in Figures 9 and 10
for di�erent cutting conditions summarized as follows:
a cutting speed of 125m/min, a depth of cut of 0.3 mm,
and a feed rate of 0.05mm/rev. From those results, we can
conclude that reducing feed rate will produce thinner
surface roughness markings, and increasing the feed rate

is associated with the presence of distant thick surface
roughness markings.

4. Conclusions

Optimization and estimation of Ra and MRR in cutting
conditions of AZ61 magnesium alloy were realized by ANN
modeling and regression analysis. �e results of the de-
veloped ANN-predicted model and regression model were

R2
= 0.9931
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Figure 6: Comparison between ANN predicted and desired output for MRR.

Table 2: Comparison between the regression model and ANN predictions.

Machining parameters
Measured Ra (µm)

Regression model ANN
Speed Depth Feed Predicted Ra Residual Predicted Ra Residual
125 1.12 0.15 1.154 1.05 0.11 1.14 0.01
200 1.12 0.2 1.896 2.39 −0.49 2.16 −0.26
175 1.12 0.1 0.464 0.46 0.01 0.57 −0.11
150 0.6 0.15 1.1058 0.95 0.16 0.90 0.21
175 0.3 0.1 0.386 0.39 −0.01 0.39 −0.01
125 1.12 0.05 0.144 0.20 −0.06 0.19 −0.05
150 0.3 0.15 0.954 0.90 0.06 0.83 0.12
150 1.12 0.2 1.911 2.39 −0.48 2.00 −0.09

200 μm

Figure 7: Optical microscopy for machined surface with V� 125m/min, d� 0.30mm, and fr� 0.20mm/rev.
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compared with experimental results.�e results showed that
a good agreement was obtained for both developed ANN-
predicted and regression analysis results. In addition, the
compatibility between the developed ANN model and ex-
perimental results showed that ANN approach is an accurate
method to estimate surface Ra andMRR. Optical microscopy
views and the corresponding surface roughness pro�le for
di�erent sets of cutting parameters were utilized on two

machined surfaces to showcase the direct e�ect of increasing
the feed rate on surface �nish. A hypothetical analysis re-
lating the higher surface roughness values associated with
the increase in feed rate is reported.

Appendix
�e listing of all samples and the resulting measured surface
roughness are provided in Table 3.
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Figure 8: Pro�le of surface roughness graph by the surface roughness tester for machined surface with V� 125m/min, d� 0.30mm, and
fr� 0.20mm/rev.
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Figure 9: Optical microscopy for machined surface with V� 125m/min, d� 0.30mm, and fr� 0.05mm/rev.
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Figure 10: Pro�le of surface roughness graph by the surface roughness tester for machined surface with V� 125m/min, d� 0.30mm, and
fr� 0.05mm/rev.
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Table 3: Listing of four-level full factorial samples.

Sample ID Group Cutting speed (m/min) Depth of cut (mm) Feed (mm/rev) Surface Ra (µm) MRR (mm3/min)
1

1

125 0.30 0.05 0.185 1875
2 125 0.30 0.10 0.457 3750
3 125 0.30 0.15 0.972 5625
4 125 0.30 0.20 1.779 7500
5

2

125 0.60 0.05 0.188 3750
6 125 0.60 0.10 0.375 7500
7 125 0.60 0.15 0.998 11250
8 125 0.60 0.20 2.205 15000
9

3

125 0.90 0.05 0.168 5625
10 125 0.90 0.10 0.378 11250
11 125 0.90 0.15 1.059 16875
12 125 0.90 0.20 2.254 22500
13

4

125 1.12 0.05 0.144 7000
14 125 1.12 0.10 0.466 14000
15 125 1.12 0.15 1.154 21000
16 125 1.12 0.20 2.786 28000
17

5

150 0.30 0.05 0.156 2250
18 150 0.30 0.10 0.365 4500
19 150 0.30 0.15 0.954 6750
20 150 0.30 0.20 1.737 9000
21

6

150 0.60 0.05 0.143 4500
22 150 0.60 0.10 0.349 9000
23 150 0.60 0.15 1.1058 13500
24 150 0.60 0.20 1.866 18000
25

7

150 0.90 0.05 0.128 6750
26 150 0.90 0.10 0.413 13500
27 150 0.90 0.15 0.999 20250
28 150 0.90 0.20 1.782 27000
29

8

150 1.12 0.05 0.201 8400
30 150 1.12 0.10 0.508 16800
31 150 1.12 0.15 1.020 25200
32 150 1.12 0.20 1.911 33600
33

9

175 0.30 0.05 0.199 2625
34 175 0.30 0.10 0.386 5250
35 175 0.30 0.15 0.982 7875
36 175 0.30 0.20 2.005 10500
37

10

175 0.60 0.05 0.199 5250
38 175 0.60 0.10 0.432 10500
39 175 0.60 0.15 1.128 15750
40 175 0.60 0.20 2.054 21000
41

11

175 0.90 0.05 0.256 7875
42 175 0.90 0.10 0.486 15750
43 175 0.90 0.15 1.187 23625
44 175 0.90 0.20 2.759 31500
45

12

175 1.12 0.05 0.178 9800
46 175 1.12 0.10 0.464 19600
47 175 1.12 0.15 1.316 29400
48 175 1.12 0.20 2.214 39200
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1e discharge capacity, microstructures, and corrosion resistance of some as-cast alloys represented by the formula
La0.7−xMgxPr0.3Al0.3Mn0.4Co0.5Ni3.8, where x� 0.0, 0.1, 0.3, 0.5, and 0.7, were investigated by SEM/EDX, XRD, and electrochemical
measurements. 1e partial substitution of La by Mg refined the grain structure while the total substitution changed it from equiaxed to
columnar. 1ree phases were detected: a major phase (M), a grey phase (G), and a dark phase (D). 1e compositions analyzed by EDX
suggested that theMphasewas close to a LaNi5 phase.With the increase of theMg content, the analyses revealed aGphasewith composition
close to a RMg2Ni9 (R� La,Pr) and a D phase close to a MgNi2 phase. 1e XRD analysis and Rietveld refinement corroborated the EDX
results.1e corrosion resistance of the alloyswas evaluated in 6.0mol·L−1KOHsolution, and the results showed that the substitution of La by
Mg was beneficial for this alloy property. Nevertheless, Mg addition was deleterious to the discharge capacity of the electrodes.

1. Introduction

Over the past years, extensive research has been concentrated
on the study of hydrogen storage alloys as a negative electrode
of nickel-metal hydride (Ni/MH) secondary battery, as shown
in recent reviews on the subject [1–5]. Commercial alloy
systems for Ni/MH batteries are rare earth-based AB5-type
alloys, Ti- and Zr-based AB2-type alloys, and, recently, A2B7-
and AB3-type RE-Mg-Ni-based superlattice alloys. Although
representing the first generation of negative electrodes, the
rare earth-based AB5-type alloys (with discharge capacity
limited to 320mAh/g) are very popular in use on commercial
Ni/MH batteries [1]. Nickel substitution in La-Ni-type elec-
trodes of AB5 system multicomponent metal hydride alloys
has been widely reported, and the purpose of alloy modifi-
cation is to improve the electrode performance. Aluminum,
manganese, and/or cobalt are always present in Ni/MH
electrodes. Lanthanum is frequently substituted for cerium,
neodymium, and/or praseodymium. Magnesium has also
been included in this type of hydrogen storage alloys as an
element that can increase the number of hydrogen atoms
stored per metal atom [6]. Mg additions vary from impurity
levels to considerable atomic concentrations aiming to reduce

costs (by reducing the amount of Co) and improving cyclic
stability or durability of the Ni/MH batteries [7–11].

Reported microstructural investigations and chemical
analyses for as-cast hydrogen storage alloys with Mg addition
are very scarce.1is paper addresses this aspect and reports the
results of a studywith partial and total substitution of La byMg,
on hydrogen storage La0.7−xMgxPr0.3Al0.3Mn0.4Co0.5Ni3.8 as-
cast alloys (x� 0.0, 0.1, 0.3, 0.5 and 0.7). A thorough in-
vestigation of themicrostructures of these alloys and the phases
present has been carried out using SEM/EDX and XRD.
Moreover, it is well known that the Ni/MH batteries work in
a strong oxidizing medium composed of high-concentration
alkaline electrolyte. 1erefore, among the desired properties of
negative electrodes alloys, high corrosion resistance is essential
for long cycle lifetime [6–13]. In the present study, the cor-
rosion resistance of the La-Mg-Pr-Al-Mn-Co-Ni alloys in
6.0mol·L−1·KOH solution was also investigated.

2. Experimental Procedures

1e alloys investigated in this study were commercially
prepared in 5 kg batches melted in induction heating vac-
uum equipment and cast in a cooled mold. 1e chemical
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analyses of the as-cast alloys are given in Table 1. For
comparison convenience, a conversion to the substitution
composition (atomic %) is also provided.

Agreement has been found between the composition
specified values and that determined by analyses in the alloys.
As per the supplier’s analysis, the alloys contained sulfur,
oxygen, carbon, and nitrogen as impurities (≤100ppm).
Specimens for microstructure investigations were prepared
using standard metallographic methods. 1e microstructures
of the samples were examined using a scanning electron mi-
croscopy (SEM) with energy dispersive X-ray (EDX) analysis
facility (Philips XL30). Average data were obtained from
various independent measurements from each phase. 1e
crystal structure of the alloys was identified by X-ray diffraction
(XRD) with a Cu Kα radiation (Rigaku DMAX-2000). 1e
phase abundance, lattice parameters, and cell volume of the

alloy phases were obtained from Rietveld refinement method
using GSAS (General Structure Analysis System) program.

1e corrosion studies of the alloys was evaluated by elec-
trochemical methods, specifically electrochemical impedance
spectroscopy (EIS) and potentiodynamic polarization curves
(anodic and cathodic, separately). Electrochemicalmeasurements
have been used in previous papers [14, 15]. A three-electrode cell
was employed in this investigation with a Pt counter electrode
and a mercurous oxide (Hg/HgO/6.0mol·L−1·KOH solution)
as a standard reference electrode. 1e working electrode was
produced using cold epoxy resin mounting with a contact
wire for electric connection. 1e surface for exposure to the
electrolyte was polished prior testing. 1e corrosion behavior
was investigated with a Gamry frequency response analyzer
(EIS 300) linked to a potentiostat (PCI4/300). 1e corrosion
tests were performed in a 6.0mol·L−1·KOH solution at room

Table 1: Composition of the as-cast La0.7−xMgxPr0.3Al0.3Mn0.4Co0.5Ni3.8 alloys.

Nominal composition x
Specified composition (at.%)

La Pr Mg Al Mn Co Ni
La0.7Pr0.3Al0.3Mn0.4Co0.5Ni3.8 0.0 11.67 5.00 — 5.00 6.67 8.33 63.33
La0.6Mg0.1Pr0.3Al0.3Mn0.4Co0.5Ni3.8 0.1 10.00 5.00 1.67 5.00 6.67 8.33 63.33
La0.4Mg0.3Pr0.3Al0.3Mn0.4Co0.5Ni3.8 0.3 6.67 5.00 5.00 5.00 6.67 8.33 63.33
La0.2Mg0.5Pr0.3Al0.3Mn0.4Co0.5Ni3.8 0.5 3.34 5.00 8.33 5.00 6.67 8.33 63.33
Mg0.7Pr0.3Al0.3Mn0.4Co0.5Ni3.8 0.7 — 5.00 11.67 5.00 6.67 8.33 63.33

200 µm 200 µm

200 µm 200 µm

(b)

(d)

200 µm

(a)

(c)

(e)

Figure 1: SEM micrographs showing a general view of the alloys investigated: (a) La0.7Pr0.3Al0.3Mn0.4Co0.5Ni3.8;
(b) La0.6Mg0.1Pr0.3Al0.3Mn0.4Co0.5Ni3.8; (c) La0.4Mg0.3Pr0.3Al0.3Mn0.4Co0.5Ni3.8; (d) La0.2Mg0.5Pr0.3Al0.3Mn0.4Co0.5Ni3.8; (e)Mg0.7Pr0.3Al0.3Mn0.4Co0.5Ni3.8.
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WTtemperature (20± 2)°C. All the reagents employed for the test
solution were per analytical (p.a.) grade.

1e specimens were immersed in the test solution, and the
open circuit potential (OCP) was determined as a function of
time. EIS tests were performed employing perturbation voltage
amplitude of ±10mV, relatively to the OCP, from 10kHz to
10mHz,with an acquisition rate of 10 points/decade. Soon after
the EIS tests, the OCP was measured to test the stability of the
potential. Potentiodynamic polarization curves were obtained
employing a scan rate of 30mV/s. Polarization curves with
slower scan rates were unsuccessful due to the highly passive
character of the alloys in the electrolyte employed (resulting
only in scattered data). Four specimens of each commercial
alloy were examined in this investigation.

Discharge capacity test electrodes were produced by
pressing a mixture of 100mg of the commercial alloy
(powdered by manual crushing to a 270 mesh sieve) and
teflonized carbon (Vulcan XC-72R with 33wt.% polytetra-
fluoroethylene) in a weight ratio of 1 : 1 on both sides of
a nickel mesh (10mm diameter). 1e charge/discharge cy-
cling tests were carried out at 25°C employing a commercial
battery analyzer (Arbin BT-4). Discharge capacity assess-
ments were performed in a trielectrode cell consisting of the
prepared working electrode, a coiled Pt wire (0.5mm in
diameter and 300mm long) counter electrode, and
a Hg/HgO/6.0mol·L−1·KOH solution reference electrode in
a 6.0mol·L−1·KOH electrolyte solution. 1e working

electrode was charged at 100mA/g for 5 h and subsequently
discharged at 50mA/g to the cutoff potential of −0.6V
versus the Hg/HgO reference electrode.

3. Results and Discussion

3.1. SEM and EDX Characterization. Backscattered electron
micrographs showing a general view and details of the as-
cast alloys are shown in Figures 1 and 2, respectively. 1e
La0.7Pr0.3Al0.3Mn0.4Co0.5Ni3.8 alloy (Figure 2(a)) is com-
posed of a major phase (M) and a grey phase (G) in the grain
boundaries. 1e other alloys are composed of three phases:
M, G, and a dark phase (D). 1e proportion of these three
phases in the alloys changed as Mg was included and also
as its content increased. Total substitution of La by Mg
(x� 0.7) makes the M phase the minor phase in the
Mg0.7Pr0.3Al0.3Mn0.4Co0.5Ni3.8 alloy (Figure 2(e)). In this
case, theM phase is inside the grey phase. 1e morphologies
of the as-cast alloys also reveal that substitution of lantha-
num by magnesium results in a marked refinement in
the grain structure of the alloys (Figure 1). Clearly, the
magnesium-free alloy shows a coarse equiaxed grain
structure, whereas the lanthanum-free alloy reveals a fine
structure with columnar grain. Previous study has shown
that the total substitution of lanthanum by praseodymium in
the alloy changed the grain structure from equiaxed to
columnar [16]. 1is result and the present observation
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Figure 2: SEM micrographs showing the M, G, and D phases of the alloys investigated: (a) La0.7Pr0.3Al0.3Mn0.4Co0.5Ni3.8;
(b) La0.6Mg0.1Pr0.3Al0.3Mn0.4Co0.5Ni3.8; (c) La0.4Mg0.3Pr0.3Al0.3Mn0.4Co0.5Ni3.8; (d) La0.2Mg0.5Pr0.3Al0.3Mn0.4Co0.5Ni3.8; (e)Mg0.7Pr0.3Al0.3Mn0.4Co0.5Ni3.8.
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indicate that the presence of lanthanum in the alloys favors
an equiaxed grain structure.

1e chemical composition of the major phase in the
different alloys, as determined by EDX, is presented in Table 2.
1e M phase in the Mg-free alloy revealed a (La,Pr) : (Al,
Mn,Co,Ni) atomic ratio of 5.0, indicating it to be a 1 : 5 phase
(similar to LaNi5). 1is result would be in agreement with
the LaNi5 matrix phase observed in previous studies [17–20].
1e subsequent alloys (x> 0.0) showed that this (La,Pr) : (Al,
Mn,Co,Ni) atomic ratio increases due to the substitution of
La by Mg. Despite the increase of the praseodymium con-
tent, the total rare earth content in the M phase decreased
from 16.7 at.% to 14.0 at.% with the total substitution of La by
Mg. Conversely, the nickel content in the M phase of these
alloys increased from 63.4 at.% to 72.0 at.% with this sub-
stitution. 1e amount of aluminum and manganese in this
phase decreased somewhat with increasing magnesium
content in the alloys. 1e cobalt content showed an average
close to 8 at.%.

1e chemical composition of the grey phase observed in
all alloys, also determined using EDX, is shown in Table 3. As
in the previous case, in all alloys the La content showed
a decrease, whereas the Pr content increases in this phase.
1e measured value of the rare earth (9.1∼10.4 at.%) was

more than half of that found in theM phase (14.0∼16.7 at.%).
1e magnesium content in this grey phase was as high as
12.5 at.%, which indicates the preferential concentration of
this element in this phase. Similar to that observed in the
matrix phase, the amount of Al and Mn in the grey phase
diminished with the substitution of La by Mg. 1e alumi-
num content in the G phase (1.7∼4.0 at.%) was somewhat
lower than that found in the M phase (3.4∼5.5 at.%). It was
also detected a manganese concentration peak in the Mg-
free alloy (∼22 at.%), which indicated the presence of
a possible phase rich in Mn, in a very reduced amount, as
observed in the correspondent micrograph (Figure 2(a)).
1e presence of this phase can be attributed to the as-cast
state of the alloys. On the other hand, in the alloys with
x> 0.0, the grey phase revealed a (La,Pr) :Mg : (Al,Mn,Co,
Ni) atomic ratio close to 1 : 2 : 9.1is ratio would indicate the
presence of phase similar to the RMg2Ni9 type, in agreement
with the system AB2C9 [21, 22]. 1e average cobalt content
(∼7 at.%) was close to that in the M phase (∼8 at.%).

1e chemical composition of the dark phase in the
different alloys is presented in Table 4. 1is phase has not
been found in the Mg-free alloy. Apparently, magnesium
influences the microstructure and also the phases that can be
found in the alloys. In this phase, the rare earth content was

Table 2: Composition determined using EDX at the centers of the M phase in the as-cast La0.7−xMgxPr0.3Al0.3Mn0.4Co0.5Ni3.8 alloys.

x (N∗)
Analyzed composition (at.%)

Ratio∗∗
La Pr Mg Al Mn Co Ni

0.0 (5) 12.0± 0.2 4.7± 0.4 — 5.5± 0.5 5.8± 1.4 8.6± 0.2 63.4± 1.3 5.0
0.1 (2) 11.0± 0.5 5.3± 0.1 — 3.6± 1.1 3.1± 1.1 7.7± 0.2 69.4± 2.3 5.1
0.3 (11) 8.5± 0.1 7.0± 0.4 — 4.2± 0.6 3.1± 0.9 8.2± 0.4 68.0± 1.5 5.4
0.5 (11) 5.9± 0.2 9.7± 0.3 — 3.6± 0.4 3.1± 0.5 8.0± 0.4 70.0± 0.7 5.4
0.7 (5) — 14.0± 0.2 — 3.4± 0.4 2.8± 0.3 7.6± 0.3 72.0± 0.8 6.1
∗Number of independent measurements from the M phase. ∗∗(La,Pr)/(Al,Mn,Co,Ni).

Table 3: Composition determined using EDX at the centers of the G phase in the as-cast La0.7−xMgxPr0.3Al0.3Mn0.4Co0.5Ni3.8 alloys.

x (N∗)
Analyzed composition (at.%)

Ratio∗∗
La Pr Mg Al Mn Co Ni

0.0 (8) 8.1± 0.4 2.3± 0.4 — 4.0± 0.3 21.8± 1.4 8.5± 0.8 55.3± 1.3 —
0.1 (4) 6.4± 0.3 2.9± 0.2 10.9± 0.4 2.9± 0.2 10.3± 0.4 7.9± 0.3 58.7± 0.5 1 : 2.3 : 7.5
0.3 (7) 5.0± 0.3 4.3± 0.2 12.0± 0.6 3.7± 0.1 6.5± 0.5 7.4± 0.2 61.0± 0.3 1 : 2.0 : 8.0
0.5 (2) 3.5± 0.2 5.9± 0.3 12.4± 0.4 2.8± 0.1 4.8± 0.5 6.8± 0.6 63.8± 0.2 1 :1.8 : 7.8
0.7 (6) — 9.1± 0.3 12.5± 0.5 1.7± 0.2 3.8± 0.3 5.8± 0.5 67.0± 0.7 1 :1.8 : 8.2
∗Number of independent measurements from the G phase. ∗∗(La,Pr)/(Mg)/(Al,Mn,Co,Ni).

Table 4: Composition determined using EDX at the centers of the D phase in the as-cast La0.7−xMgxPr0.3Al0.3Mn0.4Co0.5Ni3.8 alloys.

x (N∗)
Analyzed composition (at.%)

Ratio∗∗
La Pr Mg Al Mn Co Ni

0.1 (4) <1 <1 <1 16–17 23–24 7–8 49–50 1.4
0.3 (6) <1 <1 1–8 10–17 15–16 15–16 56–57 2.8
0.5 (8) <1 <1 1–18 3–11 12–13 15–16 60–63 3.1
0.7 (5) — <1 21–23 1–2 7–9 5–13 61–65 2.0
∗Number of independent measurements from the D phase. ∗∗(Pr,Mg,Al,Mn)/(Co,Ni).
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Figure 3: XRD pro�les of the La0.7−xMgxPr0.3Al0.3Mn0.4Co0.5Ni3.8 (x� 0.0–0.7) alloys.
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WTclose or below the EDX detection limit, indicating the
preferential concentration of these elements in the other
detected phases. For x� 0.1, the dark phase was richer in
manganese and aluminum in contrast to the other con-
stituents (except Ni). Only in the La-free alloy (x� 0.7) was
observed a magnesium concentration peak. 1e approxi-
mated atomic relation between Mg and Ni in this alloy
suggests the presence of similar phase to the MgNi2 phase.
1is observation would be in agreement upon observations
in the synthesis of ternary RMg2Ni9 alloys by sintering of
powders of MgNi2 and RNi5 (R� La, Ce, Pr, Nd, Sm, and
Gd) [22]. Except for x� 0.7, the values measured showed
a preferential presence of aluminum in the D phase in
comparison with the concentrations found in the M and G
phases. In the case of manganese, after the peak of con-
centration in x� 0.1, it was observed a decrease in the other
compositions. For the cobalt content, some variations with
higher values of x� 0.3 and 0.5 were observed. It must be
kept inmind that the characterization of the alloys was carried
out in the as-cast state, and deviation in the results can be
attributed to the alloys’ heterogeneous condition. 1is is
consistent with previous studies [18, 23], where it was shown
that, in a La0.7Mg0.3Al0.2Mn0.1Co0.75Ni2.45 alloy, annealing at
high temperature was essential to achieve a homogeneous
composition. EDX determinations indicate phase composi-
tions close to LaNi5 in the phase matrix, RMg2Ni9 (R� La, Pr)
in the grey phase, and MgNi2 in the dark phase.

3.2. XRD Characterization. 1e XRD profiles of the
La0.7−xMgxPr0.3Al0.3Mn0.4Co0.5Ni3.8 (x� 0.0, 0.1, 0.3, 0.5, 0.7)
as-cast alloys are shown in Figure 3. It can be observed that
the diffraction peaks were shifted to higher angles due to the
La substitution (atomic radius 2.74 Á̊) by Mg (atomic radius
1.72 Á̊), also noting the constant presence of Pr (atomic

radius 2.67 Á̊) in all compositions. 1e identification of
phases by XRD was based on the results obtained by
SEM/EDX.1e identified phases, the lattice parameters, unit
cell volumes, and Rietveld phase abundance are listed in
Table 5 and are also shown in Figures 4 and 5. 1e sub-
stitution led to a decrease in the lattice parameters and unit
cells of the phases present in the alloys. 1ere have been
identified phases with similar crystalline symmetry and
spatial group as reference phases LaNi5, PrNi5, LaMg2Ni9,
PrMg2Ni9, AlMnNi6, and MgNi2. However, for the a and c
parameters, there have been observed variations when
compared to these reference phases. 1ere have been at-
tributed to possible substitutions in the crystalline lattice in
the sites of La (La,Pr) and of Ni (Al,Mn,Co,Ni) as a conse-
quence of the as-cast state of the alloys. Both, this condition
and the increased substitution of La by Mg, influenced the
phase’s relative abundance, as shown in Figure 5. Also
shown in this figure are the correspondence with the matrix
phase (M), grey phase (G), and dark phase (D), all de-
termined by SEM/EDX analyses for the Mg alloys.

1e phase abundance of the phase similar to LaNi5 for
x� 0.0 and 0.1 diminished from 74.2% to 43.0%, whereas for
the phase similar to PrNi5 increased from 25.8% to 45.5%. It
was also detected for x� 0.1 a phase similar to (La,Pr)Mg2Ni9
(11.5%). 1e abundance of this phase showed a steady in-
crease with the amount of Mg in the alloy (x� 0.1 to 0.5) and
the detection of a PrMg2Ni9-type phase on the total sub-
stitution of La by Mg (Mg0.7Pr0.3Al0.3Mn0.4Co0.5Ni3.8).

(La,Pr)Ni5 shifted from major abundance (60.7%) for
x� 0.3 to minor abundance (5.8%) for x� 0.7. It has also
been identified from x� 0.3 a phase similar to the AlMnNi6
phase in increasing abundance that reached 33.5% for
x� 0.7. In this condition, that is, total substitution of La by
Mg, it has been detected a phase similar to the MgNi2 phase
(14.3%). 1e identification of phases present in the alloys by

Table 5: 1e characteristics of alloy phases in the La0.7−xMgxPr0.3Al0.3Mn0.4Co0.5Ni3.8 (x� 0.0–0.7) alloys.

Samples Phases Space group Parameters of fita Phase abundance (wt.%)
Lattice

parameter (Á̊) Cell volume (Á̊3)
a c

x� 0.0 LaNi5 P6/mmm Rp � 0.2660 74.2 5.047 4.063 89.6± 0.5
PrNi5 P6/mmm Rwp � 0.4664, χ2 � 2.757 25.8 5.034 4.034 88.5± 0.5

x� 0.1 LaNi5 P6/mmm Rp � 0.2416 43.0 5.017 4.062 88.5± 0.5
PrNi5 P6/mmm Rwp � 0.4440, χ2 � 2.467 45.5 5.020 4.019 87.7± 0.5

(La,Pr)Mg2Ni9 R-3m 11.5 4.950 24.299 516± 1
x� 0.3 (La,Pr)Ni5 P6/mmm Rp � 0.2416 60.7 4.996 4.051 87.6± 0.5

(La,Pr)Mg2Ni9 R-3m Rwp � 0.4440, χ2 � 2.467 29.3 4.936 24.104 509± 1
AlMnNi6 Pm3m 10.0 3.603 3.603 46.8± 0.5

x� 0.5 (La,Pr)Ni5 P6/mmm Rp � 0.2469 32.6 4.981 4.041 86.8± 0.5
(La,Pr)Mg2Ni9 R-3m Rwp � 0.6088, χ2 � 2.148 42.6 4.932 23.993 505± 1

AlMnNi6 Pm3m 24.8 3.590 3.590 46.3± 0.5
x� 0.7 PrNi5 P6/mmm Rp � 0.2056 5.8 4.943 4.028 85.2± 0.5

PrMg2Ni9 R-3m Rwp � 0.3734, χ2 � 2.249 46.4 4.918 23.906 501± 1
AlMnNi6 Pm3m 33.5 3.583 3.583 46.0± 0.5
MgNi2 P63/mmc 14.3 4.834 15.824 320± 1

aRp � pattern factor; Rwp �weighted pattern factor; χ2 � goodness of fit.
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XRD and SEM/EDX led to the following correspondences:
M to LaNi5 and PrNi5-type phases, G to LaMg2Ni9 and
PrMg2Ni9-type phases, and D to MgNi2 and AlMnNi6-type
phases.

3.3. Electrochemical Characterization

3.3.1. Corrosion. Figure 6 shows the anodic potentiody-
namic polarization curves for the various tested alloys. At the
corrosion potential, most alloys presented very low current
densities (i), in the order of 10−5 to 10−6 A/cm2, typical of
passive materials, but the lowest i value was related to the
alloy with the highest Mg-content (x� 0.7). For the alloy
without Mg (x� 0), the current density largely increased
with overpotential showing that the passive �lm on this alloy
had the lowest resistance.�e passive �lms on the alloys with
0.6 and 0.4 at.% La content showed intermediate resistances,
between that without Mg and that without La. �ese results
show that electrochemical behavior of the alloys was highly
dependent on their microstructures. �e substitution of La
by Mg that led to re�nement in the grain structure also had
a bene�cial e�ect on their corrosion resistance.

�e polarization curves show that from the corrosion
potential up to 0.7V the e�ect of the alloy composition and
consequently its microstructure on the electrochemical
behavior is clearly seen with the lowest current densities
associated with the alloys with lower La contents, that is,
increasing Mg concentration. At potentials of nearly 0.7V,
all alloys showed a current density increase, and from 0.8V
upwards the electrochemical behavior of the alloys with Mg-
contents of 0.0, 0.1, 0.3, and 0.5 at.% was similar. On the
other hand, for the alloy with total substitution of La by Mg,
the current density values were lower than the other alloys in
the whole potential range.

�e Nyquist diagrams for the various alloys studied are
shown in Figure 7. �e EIS results showed higher imped-
ances associated with the samples with the higher Mg-
contents (x� 0.5 and x� 0.7), indicating a passive behav-
ior for these alloys. �e lowest impedances were associated
with the alloy without Mg and supported the polarization
results that indicated that this alloy presented the lowest
corrosion resistance.

�e Bode phase angle diagrams in Figure 8 show two
time constants for all studied alloys with lower phase angles
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Figure 4: �e lattice parameters and cell volumes of the La0.7−xMgxPr0.3Al0.3Mn0.4Co0.5Ni3.8 (x� 0.0–0.7) alloys: (a) LaNi5, PrNi5, and (La,
Pr)Ni5 phases; (b) (La,Pr)Mg2Ni9 and PrMg2Ni9 phases.
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related to the alloys with low Mg contents (0.0, 0.1, and
0.3 at.%). For the alloys with 0.5 or 0.7 at.% Mg (without La),
the time constant at high frequencies is seen at approximately
1 kHz, whereas for the other alloys, this time constant occurs
at nearly 0.1 kHz. For all alloys, the second time constant
is seen at approximately the same frequency, 0.1Hz. �e
high frequency time constant is related to the surface
oxide/hydroxide �lm, whereas the one at lower frequencies

is associated with charge transfer processes. �ese results
indicate that more protective surface �lms are formed on the
alloys with the high Mg contents. �is is most likely related
to the re�ned grain microstructure associated with these
alloys and shows that the substitution of La by Mg increases
the alloy corrosion resistance mainly due to the formation of
a more protective oxide �lm on their surface comparatively
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WTto that formed on the alloys with larger La contents. Passive
surface �lms such as La(OH)3 and Mg(OH)2 have been
reported in literature for La-Mg-Ni ternary alloy systems
[24, 25]. Due to the very low reduction potentials associated
with Mg and rare earth elements, such as La and Pr, in
alkaline environments, these types of passive �lms are fairly
stable [26].

3.3.2. Discharge Capacity. Figure 9 shows the discharge
capacity characteristics of the alloy electrodes with cycling.
�e range of measured discharge capacity values, limited to
250mAh/g, could be attributed to super�cial oxide for-
mation during the preparation of the electrodes in the air. It
can be seen that the electrodes can be easily activated within
2 cycles. Higher discharge capacity values were obtained for
the Mg-free alloy with a maximum of 250mAh/g and for
x� 0.1 (maximum of 220mAh/g). A signi�cant decrease was
observed for x� 0.3 (maximum ∼140mAh/g), and a dra-
matic reduction in this property with higher amount of Mg
was observed. Clearly, increasing the magnesium content on
the alloys decreased the discharge capacity of the negative
electrodes. From the structural viewpoint, the increasing
amount of Mg decreased the presence of the phase similar to
the LaNi5-type phase in the alloys, and the consequent in-
crease of the abundance of the others observed phases
(phases similar to the (La,Pr)Mg2Ni9 and MgNi2 phases).
Notwithstanding the limitation of the discharge capacity
showed experimentally by the LaNi5 phase (hexagonal, type
CaCu5) [5, 27], the performance of this phase still overcame
the (La,Pr)Mg2Ni9 and MgNi2 phases. �e (La,Pr)Mg2Ni9
phases follow the structural model formed by the relation
between the subunities (MgNi2)/(LaNi5) equal to 2. �e
subunity MgNi2 present (Laves phases, hexagonal type
MgNi2) shows some slow performance for hydrogen storage
very similar to that individually presented by the MgNi2
alloy (H/M∼0.33% in mass) [21]. Conversely, the hydride

corresponding to the LaNi5 phase shows a hydrogen storage
capacity H/M of 1.4% in mass [28]. �us, comparatively, the
higher abundance of the phase similar to the LaNi5 phase
demonstrated to be bene�cial to a higher discharge capacity
of the electrodes. Furthermore, the re�ning of the alloys’
microstructure that followed the increasing substitution of
La by Mg showed unfavorable to the discharge capacity.
Counteracting this e�ect, the re�ning proved to be bene�cial
to the corrosion resistance, as indicated by the experimental
results. �us, magnesium addition proved to be favorable to
the corrosion properties, but high amounts have shown to be
deleterious to the discharge capacity of the alloy electrodes
tested. �e overall discharge capacities of the present as-cast
La0.7−xMgxPr0.3Al0.3Mn0.4Co0.5Ni3.8 alloys were somewhat
superior to those obtained using mechanical alloying with
a composition of La1−xMgxAl0.4Mn0.3Co0.3Ni3.8 (x� 0–0.2)
[7]. On the other hand, better discharge capacities were
obtained with La-rich mischmetal (MI) electrodes of
MI1−xMgxAl0.10Mn0.10Co0.55Ni3.0 (x� 0.05–0.30) alloys [8].
�ese discrepancies can be attributed to the alloy prepara-
tion method, to testing conditions, and to the slight dif-
ferences in the alloys compositions.

Figure 10 shows the discharge potential curves of the as-
cast La0.7−xMgxPr0.3Al0.3Mn0.4Co0.5Ni3.8 (x� 0.0–0.7) alloys.
It is well known that the principle of operation of a Ni/MH
battery is based on the ability of certain metals, alloys, or
intermetallics to absorb hydrogen in a reversible way. �e
hydride formation/decomposition process occurs via elec-
trochemical charge transfer reaction [5, 29]. It can be seen in
Figure 10 that for the �rst three conditions of substitution of
La byMg (x� 0.0, x� 0.1, and x� 0.3) it is possible to identify
two regions that are commonly present in the curves of
discharge potentials.�e relatively ¤at part is called potential
plateau and corresponds to the discharge process controlled
by charge transfer. On the other hand, the �nal part of the
curve represents the striking decrease of the potential due to
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the depletion of hydrogen atoms from the electrode surface.
Additionally, the discharge potential also decreases with the
increase of the internal resistance of the alloy. 1e internal
resistance of alloy generally includes contact resistance,
charge transfer resistance, and diffusion resistance [30]. 1e
La0.7Pr0.3Al0.3Mn0.4Co0.5Ni3.8 (x� 0.0) electrode alloy pre-
sented the longest potential plateau, indicating more ef-
fective charge transfer process and lower internal resistance
compared to the other studied alloys. Again, the substitution
of La by Mg in the alloys studied, considering the structural
changes that resulted, proved to be deleterious to the dis-
charge capacity of the electrodes.

4. Conclusions

From the structures and electrochemical properties of the as-cast
La0.7−xMgxPr0.3Al0.3Mn0.4Co0.5Ni3.8 (x� 0.0–0.7) alloys investi-
gated in this study, some conclusion can be summarized:

(1) 1e substitution of La by Mg in the hydrogen storage
alloys refined the grain microstructure. Total sub-
stitution changed the structure of the grains from
equiaxed to columnar. 1e investigated alloys con-
sisted of LaNi5-, PrNi5-, LaMg2Ni9-, and PrMg2Ni9-
type phases, and the lattice parameters and cell
volumes of the phases decreased with increasing Mg
content.

(2) 1e electrochemical results showed that the Mg
addition leads to corrosion improvement likely due
to a more protective oxide film formed on the refined
grainmicrostructure of the substrate.1e results also
indicated that at nonpolarized conditions all alloys
showed very low current densities, indicating
a passive behavior. Hence, the corrosion resistance of
the studied alloys is not a limiting property for their
use as negative electrodes in Ni/MH batteries.

(3) Magnesium inclusion in the alloys studied proved to
be deleterious to the discharge capacity, with the
maximum discharge capacity decreased with the
amount of Mg substitution, from 250mAh/g
(x� 0.0) to 12mAh/g (x� 0.7), which corresponds
to a fact that the abundance of a similar LaNi5
reference phase decrease with increasingMg content.

(4) Based on the effect of substitution of Mg by La on
the characteristics of the alloys and performance of
the electrodes, it has been found that the
La0.7Pr0.3Al0.3Mn0.4Co0.5Ni3.8 alloy could work as
a base alloy for nonstoichiometry in the system AB5
together with the addition of small amounts of Mg
aiming the improvement of Ni/MH battery electrodes.
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Cu-Sn based alloy powders with additives of elemental Pb or Cwere densified by hot pressing technique.The influence of densifying
on the properties of the hot pressed materials was investigated. The properties, such as the hardness, compressive strength, and
wear resistance of these materials, were determined. The hot pressed Cu-Sn specimens included intermetallic/phases, which were
homogeneously distributed. The presence of graphite improved the wear resistance of Cu-Sn alloys three times. Similarly, the
presence of lead improved the densification parameter of Cu-Sn alloys three times. There was no significant difference in the
mechanical behavior associated with the addition of Pb to the Cu-Sn alloys, although Cu-Pb alloys showed considerably higher
ultimate strength and higher elongation. The Cu-Sn-C alloys had lower strength compared with those of Cu-Sn alloys. Evidence
of severe melting spots was noticed in the higher magnifications of the compression fracture surface of 85% Cu-10% Sn-5% C and
80% Cu-10% Sn-10% Pb alloys. This was explained by the release of load at the final event of the fracture limited area.

1. Introduction

Metalmatrix composites had attracted the interest ofmaterial
scientists in the last few decades due to its unique properties
[1, 2]. The motivations behind developing metal matrix
composites were to fabricate structures that have superior
stiffness and to simultaneously have better toughness and
structural integrity [3, 4]. Copper alloy powders have been
used in industrial applications for many years, as they have
high corrosion resistance, high ductility, moderate to high
hardness and strength behavior, high thermal and electrical
conductivity, and high fatigue and abrasion resistance [5].
Copper matrix composites had been considered as one of
the appealing candidates in various applications [5–7]. Tin
(Sn) is a malleable, ductile, and highly crystalline silvery
white metal. It has a relatively low melting point of 231∘
compared to copper (Cu) which has a melting temperature of
1084∘C. Tin resists corrosion from water but can be affected
by acids and alkalis [5, 8]. Tin could be highly polished
and was used as a protective coating layer for other metals
[9]. In this case, the protective oxide layer prevents further
oxidation, as it acts as a catalyst when oxygen is in the solution

and helps to accelerate the chemical attack [9]. Accordingly,
the composites produced from the combination of these
materials are expected to possess superior properties for
various industrial applications [10]. Cu-Sn alloys have been
widely used as self-lubricant materials for many years [5],
and powder metallurgy (PM) has been the main process to
fabricate these alloys. The mechanical properties of copper
represent the key factor in determining the suitability of
the composite materials especially in applications where
the material was subjected to high loads and frictions [11].
Copper reinforced with fine and uniform tin dispersoids
has shown remarkable thermal and mechanical stability
at an elevated temperature as reported by Xie et al. [12].
They reported that the monotonic shear behavior of as-
reflowed Cu-Sn exhibits high strain to failure values [12].
The microstructure of the Cu-Sn alloys has shown a gradual
cellular to dendritic transition which reflects stabilization in
the growth [13]. This leads to an increase in the ultimate
tensile strengths associated with finer eutectic cells for Cu-
Sn alloys [13]. Recently, Kim et al. [14] introduced graphite
to Cu-Sn alloys to improve thermal properties. These new
composites have proven to be very useful in the lithium ion
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batteries applications [15, 16].The graphite addition improves
the wear resistance. The density, impact toughness, and
hardness decrease with increasing the C content. The impact
toughness has a maximum value of 11.7 J/Cm2 at 2% C and
a minimum value of 4.3 J/Cm2 at 6% C [17]. Leaded bronzes
(Cu-Sn-Pb) were mainly used for bearings due to their good
wear resistance. For wide range of solidification, Cu-Sn alloys
are extremely difficult to be produced by casting. However,
because of the wide temperature range of crystallization
and the large difference in the densities of copper and lead,
intensive segregation takes place during solidification of Cu-
Pb alloys [17]. Consequently, it was difficult to obtain homo-
geneous distribution of Pb in the microstructure by melting
and casting.Therefore, powder metallurgy offers a promising
processing route for producing such parts. The lead, the
insoluble graphite in copper, and their additions to Cu-Sn
alloys have some advantages in developing antifriction alloys
especially by powder metallurgy. The powder metallurgy
(PM) processing technique has definite advantages when
used for consolidation of prealloyed powders.

The production of such composites via the conventional
melting and casting techniques was extremely difficult as a
result of the nonhomogenous distribution of the dispersoids.
This leads to lowering the mechanical properties of the
produced composites [18]. The suitability in controlling the
homogeneous distribution of different materials in the PM
depends on the technique used in preparing such composites
[19]. Although the use of PM techniques proved to be the
best in producing a homogeneous distribution of reinforced
materials in the final product, this process alone has not
given convenient results [18, 19] especially with reinforced
materials having extremely fine particles. A few trials, such
as mechanical alloying or rapid solidification, have been
examined [19, 20] but have often shown a contamination
and poor economic efficiency [18]. Generally, compaction is
one of the most widely used techniques to obtain powder
products. The well-known press and sintering technique was
widely used to obtain dense products, but difficulties may
arise especially in the sintering stages. The hot compaction
technique densification has two stages. In the first stage,
rearrangement of particles takes place by sliding and local
plastic deformation of grain surface irregularities. At the
second stage, the relative motion among particles becomes
very small as the relative density increases [21, 22].

The scope of this research study was to manufacture four
different Cu-Sn metal matrix composites using hot pressed
powder alloying process, namely, 90% Cu-10% Sn with no
additions, 85% Cu-10% Sn-5% C, 80% Cu-10% Sn-10% Pb,
and 90% Cu-10% Pb weight percentages. The effect of the
carbon and lead addition on the microstructure was studied.
The effect of graphite or lead particles powder in addition to
the Cu-Sn metal matrix composites was investigated on the
hardness, mechanical, and wears properties.

2. Materials and Methods

Elemental Cu, Sn, C, and Pb possess strong ionic interatomic
bonding giving rise to desirable material characteristics.

Powderswith purity greater than 99%with an average particle
size less than 10 𝜇m in diameter and manufactured by Alfa
Aesar, USA, were used as the starting source materials.
The various powder components were mechanically mixed
forming the nominal composition, namely, 90% Cu-10% Sn
with no additions, 85% Cu-10% Sn-5% C, 80% Cu-10% Sn-
10% Pb, and 90% Cu-10% Pb weight percentages. To ensure
uniformity of the particle shapes, the Cu, Sn, C, and Pb
powders were mechanically milled and mixed in an agate
rockmortarwith high energy bollmilled for half an hourwith
different weight ratios according to the composition design.
The mechanical milling of the powders resulted in uniform
sphere-like particles for Cu-Sn alloys. Figure 1 presents the (a)
scanning electron microscopy (SEM) surface microstructure
of Cu-Sn alloys, as the red arrows pointing to the semisolid
tin during the electroless process, (b) the graphite particle,
(c) the lead particle as uniform spherical shape, (d) Cu-Sn
alloys with graphite particles, and (e) Cu-Sn alloys with lead
particles during the electroless process.

The process starts with preparing the plating baths that
contain the tin/graphite/lead particles of known weight using
the electroless mixture solution and reducing agent. A uni-
form copper filmwas formed on the tin/graphite/lead surface
particles in about 10–15min deposited from the hypophos-
phite based solutions from the alkaline baths. In addition, a
complexing agent generally citrate and ammonium salts were
also used to increase the particulate bonding.The complexing
agents serve the function of preventing the precipitation of
basic salts, as it also affects the deposition rate and properties.
Thebath ph level was usuallymaintained at the range between
8 and 10 using ammonium hydroxide. Lower deposition
rates resulted when the ph level was adjusted with sodium
hydroxide. Therefore, ammonium hydroxide was used for
adjusting the ph of baths. The first bath was used to produce
semibright tin/graphite/lead particles deposits containing
approximately 4% phosphorus [23].

Deposition rates were increasedwith increased bath ph or
hypophosphite concentration.The deposition rate in the first
bath was increased from 5.6 𝜇m/h to 10 𝜇m/h at 85∘C by sim-
ply adding organosulfur compound of 0.2 gm./cm3 thiourea.
The second bath contained less citrate than the first onewhich
resulted in a substantially greater deposition rate. However,
the resulting deposits had inferior physical properties. The
last bath was a typical acid electroless tin/graphite/lead parti-
cles plating bath, using reducing agent that was incapable of
yielding tin/graphite/lead particles deposits from acidic solu-
tion. Some of the reported advantages of electroless method
were significant cost reduction, quality improvement of the
deposited materials, and elimination of cross-contamination
[8, 24–26]. The weight of copper coatings was estimated by
the difference in weight between the graphite particles before
and after the electroless coating process.

The sintered density was obtained by both dimensional
measurements as well as Archimedes density measurement
technique. To compare the densification response of various
compositions, the sintered densities were normalized with
respect to the theoretical density. To take into account the
influence of the initial as-pressed density, the compact sinter-
ability was also expressed in terms of densification parameter,
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Figure 1: The (a) SEM surface microstructure of Cu-Sn alloys as the red arrows points to the semisolid tin during the electroless process, (b)
the graphite particle, (c) the lead particle as uniform spherical shape, (d) Cu-Sn alloys with graphite particles, and (e) Cu-Sn alloys with lead
particles during the electroless process.
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Figure 2: The die setup of the hot pressing technique.

which was calculated as the densification parameter, Δ𝐷
= (sintered density − green density)/(theoretical density −
green density), as the theoretical density (𝜌𝑡) was calculated
using the following equation [8]:

𝜌𝑡 =
∑𝑛𝑖=1 𝜌𝑖
∑𝑛𝑖=1 𝜌𝑖 ⋅ 𝑤𝑖

, (1)

where 𝜌𝑖 and 𝑤𝑖 are the element density and weight fraction,
respectively.

Hot compaction was performed in a single acting piston
cylinder arrangement at room temperature in order to get
30mm diameter and 50mm height of the green compact, as
shown in Figure 2. The die bore was smeared with intended
powders reduce die wall friction, and the desired weights of
mixed composites were used for each compact. A hydraulic
testing machine of 200 tons capacity was used to perform
the compaction of the alloy powder with constant cross head
speed of 2mm/min. The height of the green compact was
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Figure 3: SEM micrographs of heat-treated (a) 90% Cu-10% Sn and (b) 85% Cu-10% Sn-5% C alloys.

measured directly before and after ejecting from the die. The
final height was also calculated from the load displacement
curve. After unloading the elastic recovery of the compacts
was neglected [17]. The die temperature was measured by
means of a NiCr-Ni thermocouple, which was inserted
through the die and kept near its cavity. The temperature
was maintained at the required level with a tolerance of
±5∘C. Different mold temperatures were tested up to 550∘C
at constant pressure of 314.38MPa and constant crosshead
speed of 2mm/min [11]. All hot pressed MMCs were heat-
treated at about 550∘C to allow the atoms to diffuse randomly
into a uniform solid solution as liquid phase sintering [27, 28].
The tin melts to form a thin film surrounding the copper
particles enhancing the alloying element bonding [28].

The setup was heated up to the preselected temperature
which was kept constant for 30 minutes in order to homog-
enize the temperature throughout the powder alloy. The
forming pressure was lowered for all tested hot components.
After the compact operation, the samples were covered
with aluminum foil and embedded in a graphite powder to
protect its surface from the oxygen and nitrogen from the
atmosphere during the sintering process.The specimenswere
sintered under liquid phase conditions at a constant heating
rate of 20∘C/min to a temperature of 550∘C for one hour
allowing tin to melt and enhance the bonding of the copper
matrix. The temperature was maintained at that level with a
tolerance of ±5∘C.

3. Results and Discussion

3.1. Optical Investigations. The microstructure investigation
on the Cu-Sn alloys was conducted using a Jeol 5400
SEM unit with a link EDS detector attachment to observe
the particle morphology, particle size, particle shape, and
agglomeration of particles after the fabrication process. Fig-
ure 3 shows the microstructures of the hot pressed Cu-Sn
alloys with various elemental powder additions as C and Pb.
The comparison between the pure Cu-Sn alloys shown in
Figures 3(a) and 3(b) indicates the enhancement of diffusion
and alloy formation as results of liquid phase sintering [29].
Note that the large dark particle in Figure 3(b) presents the
graphite particles.

The graphite black particles were seen in Figure 3(b),
as the graphite was well combined with the matrix. Two
phase microstructures were presented in Figure 4, as the
microstructure included 𝛼-Cu (twining structure), graphite,
and precipitates around the grain boundaries. SEM micro-
graphs and EDX analysis of these specimens were given in
Figures 4(a) and 4(b), respectively.

The Cu-Sn alloy (Figure 4(a)) was composed of the major
bright phase zones and the others of gray ones. The matrix of
these specimens was composed of the bright areas, and point
2 was Cu-6.8% Sn which was a solid solution of Sn in Cu (𝛼-
phase) whereas the gray particles have considerably higher Sn
content as point 1 that corresponds to 𝛿-phase in the Cu-Sn
system. The gray phase in Figure 4(b) as points 1 and 2 was
also Sn-rich particles, containing 16.2%. This also coincides
with the composition of the 𝛿-phase.

Furthermore, the optical SEM microstructures of 80%
Cu-10% Sn-10% Pb and 90% Cu-10% Pb alloys were shown
in Figures 5(a) and 5(c), respectively. In Figure 5(a) the
Sn-rich phase (𝛿) particles were observed as the addition
to the Pb particles in the alloys. Separate Pb particles
were defined in the microstructure as presented in higher
magnification in Figure 5(b). The Pb solidified as almost
pure lead forming globules at the copper grain boundaries.
The structure consists of fine homogeneous Cu particles with
some twining, as presented in Figure 5(c). It was noticed in
higher magnifications (Figure 5(d)) for the 80% Cu-10% Sn-
10% Pb alloys that the Sn particles form a uniform thin layer
around the Cu particles as explained earlier during the liquid
phase sintering process. A narrower Cu and Sn region, with
higher inner connections between Cu and Sn particles, gives
better mechanical interlock.

3.2. Vickers Microhardness Measurements. Vickers micro-
hardness measurements were carried out for the different
phase constituents of the hot pressed Cu-Sn alloys, using
a load of 10 Kg for 20 sec in time, and the speed of the
indenter was 100 𝜇m/sec. To insure consistency throughout
the material surface and homogeneity, a minimum of five
readings were taken for each case and the average value was
recorded. In all alloys the bright phase, which corresponds
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Element, wt.% 

(a) 90% Cu-10% Sn alloy: points 1 and 2 refer to the regions analyzed by EDX

General analysis, wt.%: 
Cu Sn

85.02 9.98

Spot no. Element, wt.% 
Cu Sn

1 87.03 12.97
2 83.95 16.20
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(b) 85% Cu-10% Sn-5% C alloy: points 1 and 2 refer to the regions analyzed by EDX

Figure 4: SEM micrographs and EDX analysis of heat-treated (a) 90% Cu-10% Sn and (b) 85% Cu-10% Sn-5% C alloys.

(a)

(b)

50𝜇m

(c)

(d)

50𝜇m

Figure 5: Optical SEM micrographs of heat-treated (a) 80% Cu-10% Sn-10% Pb, (b) with higher magnification, (c) 90% Cu-10% Pb alloys,
and (d) with higher magnifications.

to 𝛿-phase, had Vickers microhardness measurements about
two times greater than the correspondingmatrix as presented
in Table 1. It was observed that the 85% Cu-10% Sn-5% C
alloys exhibit lower hardness values compared to the other
Cu-Sn alloys for the matrix and 𝛿-phase. This decrease

was attributed to the presence of graphite in the copper
matrix.

As higher inner connections between Cu and Sn particles
have the higher mechanical interlock of these alloys, the
introduction of large C particles weakens the interlock
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Figure 6: Weight losses in (mg) versus the applied pressure in MPa and the sliding distance in Km for the heat-treated (a) 90% Cu-10% Sn
and (b) 85% Cu-10% Sn-5% C alloys.

Table 1: Vickers microhardness values in Kg/mm2 of hot pressed
Cu-Sn alloys.

Alloys Vickers microhardness (𝐻V) Kg/mm2

Matrix (𝛼-Cu) Bright (𝛿-phase)
90% Cu-10% Sn 112.2 246.6
85% Cu-10% Sn-5% C 83.7 162.7
80% Cu-10% Sn-10% Pb 108.9 222.2
90% Cu-10% Pb 101.4 210.3

compared to the effect of the smaller Pb particles as presented
from the hardness values.

3.3. Wear Resistance. Wear measurements were performed
by means of pin-on-disc method in dry conditions. The
wear specimens were 8mm in diameter and 12mm in
length. Surface preparation was conducted before the wear
test, where each specimen was grinded with 1 𝜇m alumina
suspension. Wear tests were conducted under dry sliding
conditions, applied loads of 10N, and a constant sliding speed
of 1.8m/s.Wear loses were obtained by calculating the weight
loss of the specimens before and after the testing using an
electronic balance with a sensitivity of 0.1 milligram. The
samples were cleaned in an acetone bath and dried using
hot air before the tests to remove organic substances. The
wear characteristics of 90% Cu-10% Sn and 85% Cu-10% Sn-
5% C alloys were presented in Figure 6. The variations of
weight loss of Cu-based alloys with the contact pressure at
sliding distance of 1.258 km were presented in Figure 6(a).
It should be reported that a sudden acceleration in weight
loss at contact pressure 0.8MPa for the 90% Cu-10% Sn alloy
was observed. The 85% Cu-10% Sn-5% C alloy exhibited
considerably high wear resistance compared to the 90% Cu-
10% Sn alloy that can be seen in Figure 6(a). This may be
attributed to the presence of graphite in the Cu matrix. It

was observed that for the investigated alloy, in case of 90%
Cu-10% Sn alloy the aspirates of counterpart steel disc can
abrade the copper alloy surface during dry sliding wear.
Under a wear contact pressure of 1.2MPa the wear rate of
90%Cu-10% Sn alloy after 1.2 km sliding distance was about 3
times higher than that of 85% Cu-10% Sn-5% C alloy. Similar
results were observed for high wear contact pressure up to
1.2MPa, as shown in Figure 6(b). This results in plastic strain
localization in the subsurface region, leading to the formation
of delaminating crack. The excessive delaminating of surface
layers of copper alloy matrix leads to a high wear loss, which
increases with increasing the contact pressure. Increasing the
wear contact pressure tends to cause high plastic deformation
of the matrix interface that can cause particle deformation.
Thus, the wear rates of the alloys were mainly dependent on
the level of the contact pressure.

The characteristics of wear resistance for both Cu-based
alloys (with and without graphite particles) were presented in
Figure 6(b), showing theweight loss variationswith respect to
sliding wear distance at constant contact pressure of 1.2MPa.
Using (1), the densification parameter (%) was calculated for
the selected Cu-based alloys and presented in Table 2. It
was observed the densification parameter increases with the
addition of Pb significantly. For low sliding distance (0.748
and 1.2 km) the 90% Cu-10% Sn alloy gives two times higher
wear rate compared to Cu-Sn-C compact. For the long sliding
distance, 1.87 km, the presence of graphite leads to an increase
in the wear resistance of the alloy by about three times.

The weight losses result in 90%Cu-10% Pb and Cu-Sn-Pb
alloyswith respect to slidingwear distance at constant contact
pressure of 1.2MPa as presented in Figure 7.Theweight losses
for 90% Cu-10% Pb alloy were slightly lower than that for
80% Cu-10% Sn-10% Pb alloy. Thus Sn in 90% Cu-10% Pb
compacts was harmful to wear resistance.

For comparison purposes, the weight loss for Cu-based
matrix alloys, at sliding distance of 1.258 km and contact

202 Alloys: Metallurgy and Engineering

__________________________ WORLD TECHNOLOGIES __________________________



WT

Table 2:The weight losses in mg at sliding distance of 1.258 km and
contact pressure of 1.2MPa and the densification parameter for all
Cu-based alloys.

Alloy composition, wt.% Weight losses, mg Densification
parameter, %

90% Cu-10% Sn 80 12.01
85% Cu-10% Sn-5% C 30 14.61
80% Cu-10% Sn-10% Pb 178 34.03
90% Cu-10% Pb 115 36.45
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Figure 7: Weight losses in mg versus sliding distance in Km for the
heat-treated 80% Cu-10% Sn-10% Pb and 90% Cu-10% Pb alloys.

pressure of 1.2MPa, and the densification parameter were
presented in Table 2 for all Cu-based alloys. It could be
concluded from the wear resistance values for the Cu-based
alloys that the addition of C elements improves the wear
resistance of the alloys. On the contrary, the addition of Pb
elements degrades the wear resistance of the alloys.

Low wear losses of the counter surface were found with
the existence of the C large particles as affected by the particle
agglomeration.The introduction of large C particles weakens
the interlock inner connections between the Cu and Sn
particles resulting in low hardness, but the large particles
losses were reduced at these wear losses conditions. This was
on the contrary when compared to the effect of introduction
of the smaller Pb particles as observed in surface alloyed
coated particles [30, 31].

3.4. Compression Mechanical Measurements. Cylindrical
specimens of aspect ratio of ℎ𝑜/𝑑𝑜 = 1.5 (ℎ𝑜 and 𝑑𝑜 were the
original height and diameter of the specimen, resp.) were
tested under frictionless conditions at the compression platen
interface. The tests were carried out at room temperature
usingMTS TestingMachine (Model 610) fitted with a 160KN
load cell operating in the displacement control mode. The
stress-strain responses of Cu-based alloys were measured
from uniaxially compression testing performed accordingly

Table 3: The compressive test results for the Cu-based alloys.

Alloy
Yield

strength
𝜎𝑦, MPa

Ultimate
strength
𝜎UTS, MPa

Elongation%

90% Cu-10% Sn 210 586 23
85% Cu-10% Sn-5% C 194 325 9
80% Cu-10% Sn-10% Pb 207 583 22.8
90% Cu-10% Pb 201 669 39

to ASTM standard E–9 for metals. The cross head speed
was adjusted to give an average strain rate of 7.6 × 10−4 s−1
across the specimen height. The test was terminated as the
first surface crack was observed. The tests were repeated
with three samples for each experiment. Figure 8 presents
the experimental results of the flow curve versus the strain
obtained by the compression tests for 90% Cu-10% Sn
with no additions, 85% Cu-10% Sn-5% C, 80% Cu-10%
Sn-10% Pb, and 90% Cu-10% Pb weight percentages alloys,
respectively.The Cu-Sn alloy indicates that high strength and
remarkable strain with respect to the 85% Cu-10% Sn-5%
C alloy in Figure 8(a). Brittle fracture was observed for
the 85% Cu-10% Sn-5% C alloy. The strength and ductility
were substantially affected by the addition of Sn and Pb
particles, as presented in Figure 8(b). The ductility of the
90% Cu-10% Pb alloys, as in Figure 8(a), demonstrated
improvement over the 90% Cu-10% Sn alloys, as presented in
Figure 8(b). In addition, the Pb addition for the Cu-Sn alloys
did not show any improvements in the strength or ductility
as seen in Figure 8(b). Comparison of the yield strength,
ultimate strength, and the elongation percentage for the
tested materials produced by the hot pressing PM technique
were extracted as in Table 3.

Similarly, with the introduction to the C large particles to
the Cu-Sn alloys the stress-strain response tends to decrease.
As explained through the hardness the addition of C weakens
the interlock inner connections between the Cu and Sn
particles, whereas the addition of Pb enhances it.

3.5. Fracture Surface. Copper particles coated with thin tin
were relatively small, irregularly shaped, and tending to
agglomerate. The Cu phase was dispersed with many pools
or lakes present in the compression fractured samples. The
high hardness may be attributed to the process of continuous
crystallization during the plastic deformation. Cu-Sn alloys
with the addition of C and Pb have been observed to undergo
mechanically induced fine crystallization as presented in
Figures 9(a) and 9(b). Fine crystal precipitation in Cu-Sn
alloys was also observed within vein protrusions on the
compression fracture surface and along crack propagation
paths, as well as within shear bands resulting from bending
[32]. The 85% Cu-10% Sn-5% C and 80% Cu-10% Sn-10% Pb
alloys show an apparently classical inclined fracture surface,
about 45∘ with the applied stress axis, which was similar to
that encountered for a variety of hardmetals [33] as presented
in Figures 9(a) and 9(b).
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Figure 8: The stress-strain curves for the heat-treated (a) 90% Cu-10% Sn and 85% Cu-10% Sn-5% C and (b) 80% Cu-10% Sn-10% Pb and
90% Cu-10% Pb alloys.
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Figure 9: SEM image of irregularity and rough morphology of the fracture surface for (a) compression fractured 85% Cu-10% Sn-5% C
alloys, (b) higher magnification showing melting droplets morphology, (c) compression fractured 80% Cu-10% Sn-10% Pb alloys, and (d)
higher magnification showing melting droplets morphology.

Evidence of severe melting spots were noticed as shown
in the higher magnifications of the fracture surface of 85%
Cu-10% Sn-5% C and 80% Cu-10% Sn-10% Pb alloys in
Figures 9(b) and 9(d). This could be due to the release of
the load at the final event of fracture in this limited area.
The fracture surface was linked to the formation of the very

fine particles in the alloys. This enhances the homogeneity of
the deformation, leading to the formation of multiple shear
planes instead of a single shear plane normally encountered
in 85% Cu-10% Sn-5% C and 80% Cu-10% Sn-10% Pb alloys
as presented in Figures 9(a) and 9(c).The viscosity of the Cu-
Sn alloys in the region where fewer fine particles exist will
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be lower. This leads to a less critical shear stress and a more
readily plastic deformation [34, 35].

4. Conclusions

Based on the results of the present study, the following
conclusions can be summarized:

(1) The Cu-Sn powder alloys were successfully fabricated
using hot pressing technique with the additions of C
and Pb.

(2) The hot pressed specimens Cu-Sn alloys included
intermetallic phases such as 𝛼-Cu and 𝛿-phase, which
were homogeneously distributed.

(3) As higher inner connections between Cu and Sn
particles have the higher mechanical interlock of
these alloys, the introduction of large C particles
weakens the interlock compared to the effect of the
smaller Pb particles as presented from the hardness
values.

(4) The effect of adding C improves the wear resistance of
the Cu-Sn alloys compared to alloys without graphite
addition by three times. Compressive properties of
Cu-Sn-C alloys were lower than those of Cu-Sn alloys.

(5) Significant differences in the mechanical properties
such as yield strength, ultimate, and elongation per-
cent of Cu-Sn and Cu-Sn-Pb alloys were noticed. Cu-
Pb alloy had higher mechanical properties than those
other compacts. Also, the wear resistance of Cu-Sn
alloy was considerably higher compared to the other
alloys.

(6) Evidence of severe melting spots was noticed in the
higher magnifications of the compression fracture
surface of 85%Cu-10% Sn-5%C and 80%Cu-10% Sn-
10% Pb alloys, as it could be explained by the release
of the load at the final event of fracture in this limited
area.
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