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Finite element (FE) simulations of visco-plastic indentation in Sn-37Pb eutectic solder alloy
are performed to investigate the influence of loading rate on its creep characteristic. The
resulting indentation load-displacement curves are rate-dependent and have varying creep
penetration depths during the same hold time. Creep indentation hardness H, defined from
the concept of “work of indentation”, varies with volume strain occurring during the creep
hold time, which is a measure of creep strain rate &.. Thus, creep stress sensitivity can be

determined from the H versus & curve. This analysis can be verified by the good
agreement between the derived value and the predefined value, and then be used to
analyze the Berkovich indentation load-displacement curves of Sn-3.5Ag-0.75Cu lead-free
solder. Such indentation tests and physical analysis provide a cheaper and more
convenient method to determine the mechanical properties of the upcoming lead-free
solder alloys. © 2005 Springer Science + Business Media, Inc.

1. Introduction

Lead-free solder alloys have been greatly concerned
in recent years due to the increasing requirement for
the environmental-friendly electronic packaging and
assembly, i.e., prohibition of using certain toxic sub-
stances, such as lead. Numerous Sn-based Pb-free al-
loys have been developed to replace the traditional
Sn-Pb solders [1-3]. Obviously, the new Pb-free sol-
der should not only have a chemical composition with-
out lead, but also provide suitable properties to satisfy
the requirement of soldering application. Therefore, the
evaluation of the mechanical property of Pb-free solder
is necessary since it is essential to the long-term relia-
bility of solder joint. Although the conventional tensile
test is effective for such purpose, it will cost too much
money and time since there are so many candidates as
Pb-free solders. Naturally, a cheaper and more conve-
nient experimental method is expected.

Depth-sensing indentation test, as reviewed by
Fujiwara et al. [4], which is a convenient, non-
destructive and low-cost test method, could be a
reasonable solution for the above expectation. For
rate-independent materials, numerous works have been
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performed to determine the elastic modulus and yield
stress from the indentation load-displacement curves
[5-9]. While, for solder alloy that has a high homolo-
gous temperature, it is well known that its mechanical
properties are significantly rate-dependent and creep
damage plays an important role on the long-term re-
liability of solder joint [10, 11]. Therefore, to directly
derive the creep properties, e.g., rate sensitivity, from
the indentation load-displacement curves is a key point
for the application of depth-sensing indentation test on
the mechanical evaluation of solder alloys.

In this work, finite element numerical simulation has
been performed to obtain the mechanical response, i.e.,
load-displacement curve, of the traditional Sn63-Pb37
eutectic solder alloy during the indentation process. A
well-known visco-plastic constitutive model and the
corresponding parameters [12—14] have been prede-
fined to describe the mechanical behavior of Sn63-
Pb37 solder. It is clearly showed that the obtained
indentation load-displacement curves are significantly
rate-dependent. Meanwhile, a physical analysis method
based upon the concept of “work-of-indentation” has
been proposed in order to derive the creep property
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of solder alloy, e.g., rate sensitivity, directly from the
rate-dependent indentation load-displacement curves.
The validity of the proposed method has been demon-
strated by the good agreement between the derived and
predefined value. Furthermore, such analysis method is
applied for a Pb-free solder alloy to derive its rate sen-
sitivity from the experimentally obtained indentation
load-displacement curves. The derived value is consis-
tent with the reported value for the same Pb-free solder
alloy.

2. Finite element simulation

of indentation process
The sharp indentation using Berkovich indenter, which
is popular for indentation of soft material, has been
simulated here. The indented material is the tradi-
tional Sn63-Pb37 eutectic solder alloy since its rate-
dependent mechanical property is well known.

2.1. Finite element modeling

Fig. 1 shows the two-dimensional finite element model
used in this work, only 1/2 of the indentation half-space
was modeled due to the axial symmetry. The triangle
pyramid Berkovich indenter was modeled as a conical
body using a rigid line. The half-included angle 6 of
this conical indenter was set as 70.3° since it will give
the same ratio of h/A as the Berkovich indenter which
has 6 = 65.3°, where & is the penetration depth and
A is the projected contact area. To avoid any far-field
boundary effect, the total width and height of the mesh
had to be at least 30 times the radius of the projected
contact area. The generating mesh gradually increased
the element sizes in the volume away from the center of
contact in order to keep a balance between simulation
accuracy and calculation time. As the boundary condi-
tion, all nodes at the bottom of the model are prevented
from moving in the x and y directions; nodes along the
symmetric axis are constrained in the x direction. Fur-
thermore, a friction coefficient of 0.1 was introduced
to consider the sliding between the indenter and the in-
dented surface. The commercial finite element program

{7030

ABAQUS® was used for this simulation and the model
totally consisted of 3761 four-node axisymmetric ele-
ments with reduced integration.

In this study, the indenter was assumed to be rigid.
The solder alloy was elastic-viscoplastic with creep
and plastic deformation considered together. The creep
strain rate is defined by the typical sine hyperbolic
equation:

. —AH
& = A(sinh Bo)" exp (W) (1

where ¢ is the uniaxial equivalent creep strain rate, o
is the equivalent stress, AH 1is the activation energy,
R is the universal gas constant, T is the temperature in
Kelvin, n is the creep stress sensitivity, A and B are ma-
terial constants. The material properties of Sn63-Pb37
solder were obtained from [15] and listed in Table 1.

It has been known that the microstructure of the in-
dented Sn63-Pb37 alloy is heterogeneous, therefore, a
large maximum indentation load of 500 mN was se-
lected for the simulation in order to obtain the global
mechanical response for the heterogeneous material,
but not for individual phase. The indentation process
was simulated by load-control, at constant loading
speeds of 0.25, 1, 5, 10, 20,50, 100 and 200 mN/s. To
examine the indentation creep behavior, the maximum
load was kept constant for 5 s before unloading. The
test temperature was set to be 298 K.

2.2. Simulation results

Fig. 2 shows a typical indentation load-displacement
curve obtained from the above simulations. The inden-
tation load, which increases at a constant loading rate,
leads to a nonlinearly increase of the penetration depth.
After the load reaches the given maximum value of Py,
a creep penetration occurs during the hold time and the
depth increases from A, (depth at the end of loading)
to Ay (depth at the beginning of unloading). Finally,
the penetration depth decreases during the unloading
process until the load approaches zero and a residual
depth A, is left.

KR Rigid indenter

-

Figure 1 The Axisymmetric finite element mesh and boundary conditions showing successively finer elements in the vicinity of the indenter.
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TABLE I Sn-Pb eutectic solder properties used in FE model (T = 298 K)

Elastic properties

Plastic properties

Young’s modulus (MPa)  Poisson’s ratio  Yield stress (MPa)

Plastic strain

Yield stress (MPa)  Plastic strain ~ Creep properties

30425 0.3 13.8 0 96.5 7.93E-01 Equation 1:
27.6 7.30E-04 110 1.67E + 00 A =1127.79 /K
414 7.02E-03 124 3.22E + 00 B = 64140.95 um?/N
55.2 3.49E-02 138 5.80E + 00 n=233
68.9 1.21E-01 AH = 52890 J/Kg
82.7 3.36E-01 R =8.314J/(Kg-K)
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Figure 2 Typical indentation load-displacement curve for rate-
dependent creep solder alloys.
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Figure 3 Load-displacement indentation curves with changing the load-
ing rate for Sn-37Pb solder alloy from FE model.

Fig. 3 shows the indentation load-displacement
curves of the indented Sn63-Pb37 solder obtained from
the simulation results with different loading rates. Fig.
4 shows the rate-dependent characteristics of penetra-
tion depth. First, although the maximum indentation
load is the same, a slower loading rate leads to a deeper
penetration depth &y, i.e., lower indentation hardness
and yield stress. Second, during the same hold time,
a higher loading rate leads to a larger creep penetra-
tion Ak, which indicates a resulting higher creep strain
rate.

Figure 4 Rate-dependent penetration depth of Sn-37Pb solder alloy
from FE model.

3. Physical analysis of rate-dependent
indentation load-displacement curves
Several physical analysis methods have been illus-
trated to be effective to derive the elastic and rate-
independent plastic properties from the indentation
load-displacement curves [8, 16, 17].

For these load-displacement curves, the elastic mod-
ulus of indented material could be measured with
Oliver-Pharr method [16]; the plastic properties, e.g.,
yield stress, of tested material could be determined from
methods proposed in Giannakopoulos’s papers [8, 17].
However, there are no credible methods for the deriva-
tion of rate-dependent properties from the indentation
curves. In this paper, it could be expected to determine
the creep properties, i.e. rate sensitivity (n) of the in-
dented material from the holding step in rate-dependent
indentation curves.

According to Equation 1, at the uniform temperature
of 298 K, the relation between creep strain rate and
creep stress may be expressed in another way:

& o (sinh Bo)" or Iné o nlin(sinh Bo) (2)
The value of n is usually named as creep stress sensitiv-
ity related with creep strain rate and can be derived from
the o versus é curve of conventional creep tests. Since
it is very difficult to directly determine the stress and
strain rate during an indentation test, certain measures
with a reasonable physical definition, with values that
can be directly calculated from the indentation load-
displacement curve, are suggested in this work.

Here we consider the definition of indentation hard-
ness proposed by Stilwell and Tabor [18]. They
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deformed volume during
creep hold time

Plastic deformation boundary

Figure 5 Schematic of creep deformed volume during hold time in an
indentation test.

proposed the concept of “work of indentation” and sug-
gested that indentation hardness could be defined as:

H =
Vp

3

where Wp is the plastic work done during the indenta-
tion process, Vp is the plastically deformed volume in
the indented material. The physical meaning of Equa-
tion 3 is that, indentation hardness, which reflects the
deformation extent of the indented materials, can be
understood as the energy expenditure per unit volume
during indentation [18, 19]. Following this idea, for the
indentation process of rate-dependent material, after the
loading stage (line AB in Fig. 2) that leads to inelastic
deformation in the indented material, all of the work-
of-indentation W, during the hold time (the shadow
area in Fig. 2) can be considered to contribute to the
irreversible increase of the creep deformed volume V..
Therefore, we can define the indentation hardness of
creep material H; as:

Ho = —r @
AV

As illustrated in Figs. 3 and 5, W, and V., can be cal-
culated as:

Wcr = m(hmu - hml) (5)

AVer = S (B = ) (©)

where g is a geometric factor and is equal to 24.56 for
the Berkovich indenter, i.e., the projected contact area
of the Berkovich indenter is 24.56 h?.

Also, as shown in Fig. 5, there exists a hemispher-
ically shaped elastoplastic boundary, which separates
the plastically deformed volume surrounding the sharp
penetration. The so-called “cavity” model of Johnson
[20] can be applied to extract the hemi-spherically
shaped elastoplastic boundary as follows:

3P, 172
c:|: } %

2moy
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where oy is the uniaxial yield strength. The relationship
between hardness and uniaxial stress is often estimated
by

H = Coy ®)

where C is constant and is between 2.7-3.3. In this pa-
per C was set as 2.8, as the value provided from Tabor
[21] and Mata el al. [22]. As the effective Mises stress
contour shown in Fig. 6, from the 2D FE model with
the loading rate of 50 mN-s~! after the loading step
for Sn-37Pb eutectic solder, the elastoplasitc bound-
ary is really hemi-spherically shaped, as the dotted line
in Fig. 6, and its plastic zone radius c is about 62 um
according to Equation 7 for indentation model. Further-
more, the change of plastic zone radius during holding
step in FE simulation is lower than 5 pum. Therefore,
we assume that for creep indentation during the hold
time, plastically deformed volume Vp of the indented
material remains invariable due to the smaller change
of plastic zone radius and the constant values of the in-
dentation load and creep indentation hardness defined
by Equation 4. Thus, the corresponding creep strain rate
can be related to the volumetric creep strain occurring
during the hold time, which is the ratio of change in
deformed volumes AV, to the normalization volumes
given by Vp:

. AV, 1 3AV, 1
Eer = =

Ve At w3 At

€))

where At is the hold time for creep indentation and is
equal to 5 s in this FE models.

According to the above analysis, creep stress sensi-
tivity of the Sn-Pb eutectic solder can be determined
from the In(sinh Bo) vs Iné. curve, represented by
Equation 2, where both magnitudes can be directly cal-
culated from the indentation load versus depth curve.
Fig. 7 shows the calculation results. It can be seen that
the derived result gives almost the same value of stress
sensitivity predefined in the FE model. Therefore, by
means of the creep indentation tests with different load-
ing rates, the above physical analysis will be applicable
to the lead-free solder alloy.

4. Application to experimental results on
lead-free solder

Sn-3.5Ag-0.75Cu alloy, which was recommended as
the best candidate of lead-free solders [23], was used
in this work. Microindentation tests were performed at
room temperature by using Micro Zone Tester (Akashi
Co., Japan) with a Berkovich indenter. The specimen
with 20 x 20 x 12 mm volume was chemically pol-
ished to remove the surface layer before the test. A
large maximum load of 500 mN was selected for the
microindentation in order to obtain the global mechani-
cal response for the heterogeneous material, but not for
individual phase. The indentation was carried out by
load-control, at constant loading speeds of 0.25, 0.5, 1,
2.5, 10, 20, 50 and 100 mN-s~!. The maximum load
was kept constant for 5 seconds before unloading, and
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Figure 6 Mises stress contour for Sn-37Pb solder alloy from FE model with loading rate of 50 mN-s~!.
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Figure 7 Derived values of creep stress sensitivity for the Sn-37Pb eu-
tectic solder alloy from FE simulations.

then the unloading rate was 500 mN-s~!. Fig. 8 shows
some typical load-displacement curves with different
loading rate in indentation experiments.

Due to the unknown constant B in Equation 1, the
solder creep law was given in another Norton Equation:

AH
&=Ac"exp| ——— (10)
P\™&T

At the temperature of 298 K, Equation 10 can be given
as

n

txo® or Iné xnlno (1)

The physical analysis given in Section II can be used
to derive the creep stress sensitivity, n. Fig. 9 shows
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Figure 8 Load-displacement indentation curves with changing the load-
ing rate for Sn-3.5Ag-0.75Cu solder alloy.
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Figure 9 Derived values of creep stress sensitivity for the Sn-3.5Ag-
0.75Cu solder alloy.
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the derived result for the Sn-3.5Ag-0.75Cu solder alloy
used in this work. The result of creep stress sensitivity
(n = 11.63) from indentation tests can be comparable
to that from the tensile creep tests for Sn-Ag-Cu (n =
12.0) given by Wiese et al. [24].

5. Conclusions

(1) Finite element simulations of visco-plastic inden-
tation in a typical creep material, Sn-37Pb eutectic sol-
der alloy, are performed with different loading rates
by arigid conical indenter (70.3° half-included angle).
The results show that the indentation load-displacement
curves are loading-rate-dependent. A slower loading
rate leads to a deeper penetration depth in loading step,
instead a smaller creep depth in holding step.

(2) The concept of “work of indentation” is intro-
duced for the definition of creep indentation hardness
and creep yield stress. The volume strain occurring dur-
ing the creep hold time is measured for the definition
of creep strain rate. Thus creep stress sensitivity can
be determined from the relationship between the creep
stress and creep strain rate. The derived value of n is
consistent with the predefined value.

(3) The above physical process is used to analyze the
load-displacement curves from the Berkovich indenta-
tion of Sn-3.5Ag-0.75Cu lead-free solder. Such meth-
ods provide not only a cost and time-saving method, but
also a possible manner to obtain the material parameters
form a small volume in the dimension of micrometer,
if combined with other researchers’ results about the
determination of the elastic and plastic properties from
indentation curves.
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