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alloy system during deformation process—Phase field crystal simulation study
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Abstract: The formation and growth of Kirkendall voids in a binary alloy system during deformation process were investigated by
phase field crystal model. The simulation results show that Kirkendall voids nucleate preferentially at the interface, and the average
size of the voids increases with both the time and strain rate. There is an obvious coalescence of the voids at a large strain rate when
the deformation is applied along the interface under both constant and cyclic strain rate conditions. For the cyclic strain rate applied
along the interface, the growth exponent of Kirkendall voids increases with increasing the strain rate when the strain rate is larger
than 1.0x10, while it increases initially and then decreases when the strain rate is smaller than 9.0x10"". The growth exponent of
Kirkendall voids increases initially and then decreases gradually with increasing the length of cyclic period under a square-wave

form constant strain rate.
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1 Introduction

Kirkendall voids exist widely in solders, films and
nanometer materials. Notably, with the development of
electronic products towards further miniaturization,
multifunction and high-reliability, the packing density
has been increasing and the dimension of solder
interconnects (joints) has been scaling down [1—4], and
the existence of Kirkendall voids may increase the
potential for brittle interfacial fracture of solder joints
and reduce the thermal conductivity [5—7]. Massive
Kirkendall voids often appear at the interface of solder
joints and can be affected by deformation during the
solid-state  thermal aging and electromigration
process [8—10]. In particular, the deformation and stress
caused by the electromigration may accelerate (or
decelerate) the growth of wvoids at the cathode
(or anode) [11]. In addition, constant creep deformation
of solder joints usually occurs in constant power
operation of electronic components. But the power is
often fluctuated during the actual application, which
produces thermal cycling and leads to a cyclic creep
deformation. The presence of the deformation affects not

only the mechanical property and crystal structure of the
joint materials, but also the nucleation and growth of
Kirkendall voids in solder joints [12].

Although Kirkendall voids can be clearly observed
in experiments and there is a relation between the failure
of solder joints and Kirkendall voids [13—18], it is still
very difficult to reveal the formation and evolution
mechanism of Kirkendall voids which form quickly at
the interface of microscale solder joints. In general, there
are various kinds of deformation occurring in the solder
joints, such as constant deformation and cyclic
deformation. Thus, it is necessary to introduce reliable
models and numerical methods to describe the nucleation
and growth of Kirkendall voids during deformation
process. Phase field crystal (PFC) method has shown the
great potential for studying the formation and growth
process of Kirkendall voids. Furthermore, the PFC
method has emerged as an attractive computational
approach to tackle interfacial problems [19], especially it
has the advantage to study the interfacial reaction and
microstructure evolution in the atomic scale.

In this study, the formation and growth of
Kirkendall voids during deformation process in a binary
alloy system, which is equivalent to a binary soldering
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system consisting of a solder and a substrate, were
investigated by means of PFC modeling. The strain rate
was employed to describe the deformation. Since a
constant strain rate was applied to all atoms, a constant
deformation was obtained. Other forms of deformation
can be obtained by the similar ways. The influence of
various strain rates (including the constant strain rate and
cyclic strain rate) and the length of cycle period of the
cyclic strain rate on the evolution and growth kinetics of
Kirkendall voids were systematically examined.

2 Model

2.1 Numerical model of binary alloy system

In this study, we consider a binary alloy consisting
of A and B atoms. The free energy functional in
dimensionless form can be written as [19]
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where Bé describes the dimensionless bulk modulus of
the liquid phase; B; describes the dimensionless bulk
modulus of the crystalline phase; B; is related to phase
diagram, n describes the number density; v describes the
concentration; m and v characterize the fluctuation
amplitude; w is related to the difference between
interspecies bond energy and self-bond energy; u and y
describe atomic interactions in the system; KX is related to
the gradient energy coefficient for the concentration
field. More convenient equations of motion for the
dimensionless atomic number density of each species are
incorporated to study the Kirkendall effect [20].
The motion equations can be written as [20]
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where M, is the dimensionless mobility of A atom; My is
the dimensionless mobility of B atom; p,, pg and p; are
the atomic number densities of A atom, B atom and a
supercooled liquid phase, respectively; n, and ng are the
dimensionless atomic number densities of A and B atoms
respectively; na=(n+w)/2=pA/p; and ng=(n—w)/2=pg/p,.

The free energy can be equivalently defined in
terms of density (n) and concentration (), which allows
the dynamic equations to be rewritten as follows:
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A single-mode approximation for the total density, #,
was used [19]:

n(x,y,t=0)=n+
A[cos(2g,y/2)—cos(g,x)cos(g,y)] (7

where ¢,=2n/a, a=6.927, a describes the equilibrium
lattice constant, g, =9, /\/3 ; A is a constant, 4=0.5;
n describes the number density difference and
n =—0.1503.

The thermal fluctuation noise term affecting the
evolution of the system has been neglected in this
simulation. Equations (5) and (6) are solved numerically
by using a simple Euler algorithm for the time derivative,
and the usual spherical Laplacian approximation is
adopted for all spatial gradients. In the simulation, the
dimensionless time step is used, Ar=0.01. The
configuration and dimensions of the simulation system
are shown in Fig. 1, where the dimensions of the
simulation region are set to be 512Ax along the x-axis
direction (i.e., along the interface) and 200Ay along the
y-axis direction (i.e., vertical to the interface), and
Ax=Ay=0.989634. The boundary conditions  and n are
periodic along the x-axis, while the Neumann type
boundary conditions are adopted at the bottom (1Ay) and
top surface (200Ay). The a phase layer (A atom-rich
phase), L phase layer (Supercooled liquid phase) and S
phase layer (B atom-rich phase) are positioned in
horizontal layers from the bottom of the domain to the
domain top; the a phase layer is set between 1Ay and
98Ay, the L phase layer is set between 99Ay and
102Ay, and the rest of the region is pre-occupied by the S
phase.

” S
= i B phase layer (£) X
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o

Fig. 1 Configuration and dimensions of computational domain



Wen-jing MA, et al/Trans. Nonferrous Met. Soc. China 27(2017) 599-607 601

In the early stage of evolution process, the liquid
layer solidifies and naturally forms an interface between
the two phase layers, and atoms on both sides of the
interface layer continuously assimilate the interface to
form an atomic mismatch region. Kirkendall voids
nucleation and growth occur in the atomic mismatch
region at the interface. The atomic mismatch region at
the interface can be considered as the premelting and
melting grain boundary. According to the previous
studies [19-21], when the temperature infinitely
approaches the critical melting temperature of an alloy,
the atomic mismatch regions relate to the wetting
temperature, the melting temperature and interface
misorientation angle. With referring to the previous
research on the small interface misorientation angle
about Kirkendall voids [20], an interface misorientation
angle of 4.8° is chosen. In this simulation work, the
initial concentration for each phase is set as follows:
w1=0, y,=—0.2 and w;=0.2 according to the model
proposed by ELDER et al [20]. The positive
concentration indicates the faster diffuser while the
slower diffuser is represented with a negative value. The
parameters used in the simulation are listed in Table 1.

Table 1 Material parameters used in simulation [20]

B, B B* K m v ® u

0.7 -1.8 1 4.0 0.6 1.0 1.0 4.0

2.2 Deformation simulation

A numerical technique was used to perform the PFC
method deformation simulation. In the simulation,
deformation volume is kept constant to ensure that the
simulation can reveal the appropriate deformation
behavior of metallic materials like solders. Figure 2
shows the numerical technique for analyzing the
deformation by the PFC simulation in two dimensions.
The increment of each time step in the x-axis direction
is described as d = éAxAt=¢Ax/N. Here, Ax is the initial

Initial grid size

X S=xy=x'y’

Before deformation

grid size, £ is the dimensionless strain rate, ¢ is the
strain and N is the total time step. After running the
simulation for one time step, the size is increased by
Ax'=Ax+Nd and Ay'=(AxAy)/Ax' in the x and y directions,
respectively, and the increment of each time step is a
constant [22].

In Fig. 2, S represents the area of the simulation
system, S| and S, are the grid sizes of the initial and
deformed areas, respectively; Ax and Ay are the initial
grid sizes in the x and y directions, respectively; Ax' and
Ay’ are the deformed grid sizes in the x and y directions,
respectively. Equations (5) and (6) ensure that the
deformation volume is a constant. The conventional
spherical Laplacian approximation, as described in
Eq. (8), was used in the case of equal grid size [23,24],
while the modified spherical Laplacian approximation, as
shown in Eq. (9), was employed in the case of unequal
grid size:
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Experimental observations reported in a previous

study [18] indicated that the strain rate is related to the
effective stress o, material constant &, and yield stress

After N steps

A=Ay’
S=S,=AxAy=Ax' Ay’

During deformation

Fig. 2 Two-dimensional schematic configuration of tensile deformation simulation by PFC



602 Wen-jing MA, et al/Trans. Nonferrous Met. Soc. China 27(2017) 599-607

0y. The dimensionless effective stress ¢’ at each time step
is calculated by o'=Af/Ae, where Af'is the change in free
energy density, A¢ is the strain increment during the time
step Az, Based on the experimental study on the
formation behavior of IMC layer [18], the value of the
typical strain rate is in the range of 10°—10"*. In this
simulation, the dimensionless strain rate & is set to
1.0x10"*-9.0x10"°.

In this study, three different conditions are
considered, as shown in Fig. 3. 1) Deformation with a
constant strain rate (&=1.0x10"°-9.0x10"%) is applied
along the interface (i.e., in the x-axis direction), as shown
in Fig. 3(a); 2) Deformation with an alternating
tensile-compressive square-wave form strain rate is
applied along the interface; in this case, a constant strain
rate (&=1.0x10"-9.0x10"°%) is applied during the first
half cycle and the same constant strain rate in the
opposite direction during the second half cycle, as shown
in Figs. 3(b) and (c); 3) Deformation with a square-wave
form constant strain rate (&=6.0x10"°) is applied along
the interface, while varying the length of the cyclic (or

&
0 t
(@
I
1.5¢,
0 121, T, 3/24T, 2T, t
_15 éo
(©

period), as shown in Figs. 3(b) and (d). It should be
noted that the length of the cyclic period in Figs. 3(b)
and (c) is remained constant (71), while Fig. 3(d) shows
a length of the cyclic period for 27;.

3 Results and discussion

3.1 Evolution of Kirkendall voids under different

constant strain rates

In simulations, deformations with three different
constant strain rates, i.e., &=6.0x10"° 3.0x107° and
1.0x107°, are applied along the interface, as shown in
Fig. 3(a). The morphological evolution of Kirkendall
voids is shown in Fig. 4. Clearly, with increasing ¢ from
0 to 1.0x10°, atoms on both sides of the interface layer
continuously assimilate the interface to form an atomic
mismatch region, as shown in Figs. 4(a), (b;) and (c;).
The atomic mismatch region at the interface promotes
the nucleation of Kirkendall voids by reducing the free
energy barrier via decreasing the interface energy [11].
The atomic mismatched regions play a role in pinning

é
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é
&
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Fig. 3 Schematic of different loading conditions in deformation simulation: (a) Constant strain rate; (b) Square-wave form strain rate

with low amplitude of &,; (c) Square-wave form strain rate with increased amplitude of 1.5 &, ; (d) Square-wave form strain rate

with large length of cyclic period for 271

Fig. 4 Morphological evolution of Kirkendall voids with different constant strain rates of & =6.0x107% (a;—a3), £=3.0x107% (b;—bs),
£=1.0x10"%(c;—c3), and different time steps of =1.0x10° (a;—c,), £=3.0x10° (a,—c,) and =7.0x10’ (a3—c3)
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vacancy sinks, which cause the supersaturation of
vacancy concentration. Kirkendall voids could grow
towards the vacancy concentration supersaturation regions
easily. Thus, Kirkendall voids nucleate preferentially at
the interface. The size of Kirkendall voids increases with
both the time and strain rate, and the coalescence of the
voids can be observed obviously in the later stage of the
evolution process. The larger the strain rate is, the greater
the deformation is in the same time, and the more the
atomic mismatch regions distribute on both upper and
lower sides along the interface direction. These atomic
mismatch regions can cause a higher growth rate of the
Kirkendall voids along the vertical direction than along
the horizontal direction. With decreasing the strain rate,
the growth mode (or direction) of Kirkendall voids
changes from the direction perpendicular to the interface
to the direction parallel to the interface.

The diffusion-controlled growth of Kirkendall voids
can be described by an exponential function [25]:

Y=K1" (10)
1,— =

Y==(D, +D 11
S (D +Dy) (11)

where Y is the average size of Kirkendall voids, ¢ is the
time step, n, is the growth exponent, K, is a constant,
D, is the average value of the length dimensions as the
average size of the voids, Dy is the average value of
the height dimensions as the average size of the voids.
The average size of Kirkendall voids changing with
time under different strain rates and the growth exponent
of Kirkendall voids versus level of strain rate are shown
in Fig. 5. It is clear that the average size of Kirkendall
voids increases with both the time and strain rate, as
shown in Fig. 5(a). This is consistent with the results
reported in Refs. [11,26]. Further, the growth exponent of
Kirkendall voids under different values of &, from
1.0x107° to 9.0x10°%, also increases with increasing the
strain rate, as shown in Fig. 5(b). According to the

classical theory of transformation in metals and
7.02 @
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alloys [27], the grain boundary nucleation after
saturation occurs when the growth exponent is less than
1, while the grain edge nucleation after saturation takes
place with a growth exponent between 1 and 2. The
values of the growth exponent, which lie in the range of
0.585—0.788, indicate that the nucleation of Kirkendall
voids occurs at the interface. Thus, in this simulation, the
change in the strain rate shows no significant influence
on the nucleation site of the voids.

3.2 Evolution of Kirkendall voids under different
cyclic strain rates

For solder joints under actual service conditions, the
deformation is often generated by the way of periodic
cycle acting on the joints. The cyclic deformation often
occurs under thermal cycling and electromigration
circumstance as reported in Ref. [11].

Figure 6 shows the morphological evolution of
Kirkendall voids under the loading condition shown in
Figs. 3(b) and (c) with three different cyclic strain rates
of 6.0x10°° 3.0x10° and 6.0x10" for different time
elapsed from 1.0x10° to 3.0x10° and then to 7.0x10°. It
can be seen clearly that Kirkendall voids nucleate
preferentially at the interface and grow parallel to the
interface, and the size of the voids increases with the
time. When the strain rate is large enough (& >7.0x107°),
the coalescence of the voids can be observed in the later
stage of the evolution process. The size of the voids
increases with increasing strain rate. Further, with
increasing ¢ from 0 to 1.0x10°, atoms on both sides of the
interface layer continuously assimilate the interface to
form an atomic mismatch region at the interface, which
results in the enhancement of the nucleation of
Kirkendall voids by reducing the interface energy, as
shown in Figs. 6(a,), (b;) and (c,).

The average size of Kirkendall voids versus
evolutionary time under different cyclic strain rates and
the growth exponent of Kirkendall voids at different
strain rates are shown in Fig. 7. It is clear that the

0.812
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0.725
0.696
0.667
0.638 -
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0.580 "

0 1.1 22 33 44 55 66 7.7 88 9.9
/107

(b)

Growth exponent

Fig. 5 Average size of Kirkendall voids vs time at different strain rates (a) and growth exponents of Kirkendall voids vs level of strain

rate (b)
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Fig. 6 Morphological evolution of Kirkendall voids under different cyclic strain rates of &=6.0x10"°(a;—a3),
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£=3.0x10"% (b;—bs),

£=6.0x10" (c;—c3), and different time steps of =1.0x10° (a,—¢,), =3.0x10° (a,—¢,) and =7.0x10° (a3—c3)
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Fig. 7 Average size of Kirkendall voids vs time under different cyclic strain rates (a) and growth exponent of Kirkendall voids under
different strain rate ranges of &=1.0x10"°-9.0x10"°(b), £=1.0x10""-9.0x10"" (c) and &=1.0x10"*-9.0x10"*(d)

average size of Kirkendall voids increases with
increasing both of evolutionary time and strain rate, as
shown in Fig. 7(a), which is in good coincidence with the
results of the constitutive model simulation [18]. The
values of the growth exponent of Kirkendall voids with
the same cyclic period while in different strain rate
ranges of 1.0x107° t0 9.0x10°°, 1.0x10"7 t0 9.0x10 " and
1.0x10® to 9.0x10® are shown in Figs. 7(b)—(d),

respectively. In Fig. 7(b), clearly, the growth exponent
increases with increasing the strain rate, which may
cause the coalescence of the voids in the later stage of
evolutionary process and consequently result in
formation of a large number of cracks. While in Figs. 7(c)
and (d), with increasing the strain rate, the growth
exponent increases initially (i.e., from 0.669 to 0.766 and
from 0.653 to 0.665, respectively) and then decreases



Wen-jing MA, et al/Trans. Nonferrous Met. Soc. China 27(2017) 599-607 605

(i.e., from 0.766 to 0.637 and from 0.665 to 0.651,
respectively). In early stage of the evolutionary process,
the deformation promotes the nucleation and growth of
Kirkendall voids by providing more atomic mismatch
regions and vacancies as also indicated in Ref. [18]. In
later stage of the evolutionary process, the growth
exponent decreases due to the lack of vacancies which
are not sufficient for growth of the voids. The values of
the growth exponent, which lie in the range of 0.6—1.0,
indicate that the nucleation of Kirkendall voids takes
place at the interface [27].

However, it is worth noting that there are effects of
the cyclic strain rate on the growth exponent of
Kirkendall voids. When the strain rate is equal to or
greater than 1.0x10°°, both of the average size and
growth exponent of Kirkendall voids increase with
increasing the strain rate. The large strain rate
(£2>7.0x10"°) can cause the coalescence of the voids in
the later stage of the evolutionary process. The growth
rate of Kirkendall voids increases rapidly with increasing
the growth exponent. When the strain rate is equal to or
smaller than 9.0x1077, with increasing the strain rate, the
size of the voids increases monotonically, while the
growth exponent increases initially and then decreases.

3.3 Evolution of Kirkendall voids with different

lengths of cyclic period

Figure 8 shows the morphological evolution of
Kirkendall voids with different lengths of cyclic period
for 200, 1000 and 5000 time steps, respectively, with
different evolutionary time elapsed from 1.0x10° to
3.0x10° and then to 7.0x10°. The way of applying the
constant cyclic strain rate (6.0x107°) is explained briefly
as follows: for instance, the length of the cyclic for 200
time steps means that the strain rate is applied along the
interface during the first 100 time steps and the same
constant strain rate is employed in the opposite direction
during 101-200 time steps. The same way was used for

the cyclic period with length of 1000 and 5000 time
steps. It can be seen clearly in Fig. 8 that Kirkendall
voids nucleate preferentially at the interface in the initial
stage of the evolutionary process, and the coalescence of
the voids cannot be seen clearly in the later stage of the
evolutionary process. The atomic mismatch regions at
the interface, as shown in Figs. 8(a;), (b;) and (c)),
promote the nucleation of Kirkendall voids with
decreasing the interface energy.

The changes of the average size of Kirkendall voids
versus evolutionary time with different lengths of cyclic
period (i.e., 200, 500 and 5000 time steps, respectively)
and the growth exponent of Kirkendall voids versus the
length of cyclic period are shown in Fig. 9. Apparently,
the average size of Kirkendall voids increases with
increasing the evolutionary time, as shown in Fig. 9(a).
There is only a small effect on the average size of
Kirkendall void when changing the length of the cyclic
period from 200 to 500 and then to 5000. Notably, in
Fig. 9(b), the trend of the growth exponent of Kirkendall
voids changing with the length of cyclic period (herein,
six values are counted, i.e., 7;=200, 300, 500, 1000,
2000 and 5000) shows an initial increase (from 0.764 to
0.812) and then a gradual decrease (from 0.812 to 0.726),
indicating that the length of cyclic period in the same
evolutionary process has a significant influence on the
growth exponent of the voids. According to the classical
theory of transformations in metals and alloys [27], the
grain boundary nucleation after saturation occurs when
the growth exponent is less than 1, while the grain edge
nucleation after saturation takes place with the growth
exponent value between 1 and 2. The values of the
growth exponent, which lie in the range of 0.726—0.812,
indicate that the nucleation of Kirkendall voids occurs at
the interface [27]. Thus, as shown in simulation results of
the present study, the change in the length of cyclic
period has no large influence on the nucleation site of the
voids. When changing the length of cyclic period, there

Fig. 8 Morphological evolution of Kirkendall voids with different lengths of cyclic period of 77=200 time steps (a;—a3), 7;=1000
time steps (b;—bs;) and 7;=5000 time steps (c,—c3), and different evolutionary time of =1.0x10° (a;—¢,), =3.0x10° (a;—c,) and

=7.0x10° (a5—c3)
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Cyclic period length
" — T7,=200
e — T:=500
. — T{=5000

1 1 1 L

7 8 9 10

1

the coalescence of the voids in the later stage of
evolutionary process and consequently result in
formation of cracks. When the strain rate is equal to or
smaller than 9.0x1077, with increasing the strain rate, the
growth exponent increases initially and then decreases.
4) Under a square-wave form constant strain rate
with different lengths of the cycle period applied along
the interface, there is only little effect on the average size
of the voids but a significant influence on the growth
exponent when changing the length of the cyclic period.
With increasing the length of the cycle period, the
growth exponent increases at first and then decreases.
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Fig. 9 Changes of average size of Kirkendall voids vs time
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is only a small effect on the average size of the voids but
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4 Conclusions

1) Under three different deformation conditions, i.e.,
a constant strain rate, an alternating tensile—compressive
square-wave form strain rate and a square-wave form
constant strain rate with different lengths of the period
applied along the interface, Kirkendall voids nucleate
preferentially at the interface, and the average size of the
voids increases with the time and strain rate.

2) Under a constant strain rate applied along the
interface, in the evolutionary process the coalescence
growth of Kirkendall voids is not apparent, while there is
an obvious coalescence of the voids in the later stage of
the evolutionary process under a large strain rate
(£2>7.0x10°%).

3) Under an alternating tensile—compressive square-
wave form strain rate applied along the interface,
Kirkendall voids grow parallel to the interface. When the
strain rate is equal to or greater than 1.0x10°°, the growth
exponent increases with the strain rate, which may cause
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