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Graphical abstract Abstract

i o T ik This paper presents the modification and improvement of the Anand
constitutive model for accurately predicting the mechanical behavior of
96.55n-3.0Ag-0.5Cu (SAC305) lead-free solder. The original Anand model had
limitations in capturing strain hardening significantly at low-strain applications.
The modified Anand model addressed this limitation by correlating the initial
value of deformation resistance (so) and hardening coefficient (ho) as a
temperature and strain rate function. The Anand and modified Anand model
parameters were determined through two-stage opfimization-type curve
fitting using Genetic Algorithm (GA) and Nelder-Mead (NM) opfimization
methods. Experimental data indicated good agreement with both models.
However, the modified Anand model showed a significantly lower MSE
(0.2216) than the Anand model (0.3396), suggesting improved agreement with
experimental data. The modified model's yield and saturation stress
prediction were also enhanced, with maximum errors of 4.36% and 4.39%,
respectively. The modified Anand model also exhibited higher coefficient of
determination (R?) value (0.9996), surpassing the original model's R? value of
0.9981. These results demonstrated the enhanced predictive capability of the
modified model at various conditions. Thus, the modified Anand model could
represent the SAC305 solder joint deformation behavior.

Keywords: Anand Model, creep, SAC305, solder joint, stress-strain

Abstrak

Kertas kerja ini membentangkan pengubahsuaian dan penambahbaikan
model konstitutif Anand unfuk meramalkan dengan tepat tingkah laku
mekanikal sambungan pateri bebas plumbum 96.55n-3.0Ag-0.5Cu (SAC305).
Model Anand amat terhad dalam meramal pengerasan terikan pada aplikasi
terikan rendah. Model Anand yang diubah suai menangani isu ini dengan
mengubah suai nilai awal rinfangan ubah bentuk (so) dan pekali pengerasan
(ho) sebagai fungsi suhu dan kadar terikan. Parameter Anand dan Anand
yang diubah suai ditentukan melalui pencocokan lengkung jenis
pengoptimuman dua peringkat menggunakan Algoritma Genetik (GA) dan
Nelder-Mead (NM). Hasil pencocokan lengkung menunjukkan hubungan baik
antara kedua-dua model dengan data eksperimen. Walau bagaimanapun,
ralat kuasa dua minimum (MSE) Anand yang diubah suai menunjukkan MSE
yang jauh lebih rendah (0.2216) berbanding model Anand (0.3396). Ramalan
tfegasan alah dan tegasan tepu juga ditambah baik untuk model yang
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diubah suai menghasilkkan ralat maksimum masing-masing sebanyak 4.36%
dan 4.39%. Ini menunjukkan model Anand yang diubah suai lebih mendekati
dapatan eksperimen berbanding model Anand. Model Anand yang diubah
sudi juga menunjukkan nilai pekali penentuan (R2) yang lebih tinggi (0.9996),
mengatasi nilai R2 model Anand iaitu 0.9981. Keputusan ini menunjukkan
keupayaan ramalan model Anand yang diubah suai yang dipertingkatkan
merentasi pelbagai keadaan. Oleh itu, pengubahsudian yang dilakukan
pada model Anand menunjukkan penambahbaikan ramalan tingkah laku
SAC305 berbanding model Anand.

Kata kunci: Model Anand, rayapan, SAC305, sambungan pateri, tegasan-

terikan

© 2025 Penerbit UTM Press. All rights reserved

1.0 INTRODUCTION

In electronic packaging, solder joints are crucial in
inferconnecting electronic components on printed
circuit boards (PCBs), providing mechanical support
and electrical conduction. As electronic products
confinue to advance in functionality and
miniaturization, the decreasing size of solder joints
poses reliability challenges [1, 2]. Therefore, it
becomes crucial to understand the mechanical
behavior of solder joints under various operating
conditions to ensure their reliability.

During thermal cyclic loading, solder joints
experience inelastic deformation due to mismatches
in thermal expansion between different adjacent
materials [3]. The accumulation of inelastic strain over
time is a crucial factor in determining the reliability of
these solder connections. Typically, the inelastic strain
range remains below 10% under such thermal loading
conditions [4]. Accurately predicting this inelastic
strain behavior is essential to capturing the complex
deformation mechanisms within solder joints, thereby
improving our understanding of their performance
and durability.

The Anand model has been widely employed fo
numerically describe the inelastic behavior of solder
alloys. Initially developed for lead solder alloys, this
model has also been extended to lead-free solder,
such as 96.55n-3.0-Ag-0.5Cu (SAC305). The Anand
model offers a unified approach to describe the
mechanical behavior of solder alloys and effectively
captures the influence of temperature and strain rate
on solder joint deformation [5, é]. It can be efficiently
implemented in finite element (FE) models, enabling
accurate stress and strain distribution calculation in
solder joints under different loading conditions [7-11].
Extensive validation has demonstrated the Anand
model's accuracy in predicting the solder's stress-strain
relationship under uniaxial monotonic loading.

Previous studies have utilized the Anand model to
investigate various aspects of solder joint behavior.
Zhang et al. (2014) examined the deformation
behavior of solder joints during board-level drop tests
and found that the Anand model accurately
predicted the inelastic strain at high strain rates [6].
Motalab et al. (2016) employed the Anand model to

simulate the creep behavior of lead-free solder joints
in microelectronic packages, successfully captured
the fime-dependent deformation and provided
accurate predictions of long-term reliability [12].
Talledo et al. (2021) developed a new power
equation for the Quad Flat No-Lead (QFN) packages
for fatigue prediction models based on accumulated
creep strain energy density from Finite Element
Analysis (FEA) simulations [13]. The study highlighted
the Anand model’s ability to accurately predict the
solder joint lifetime in the QFN packages.

Despite its widespread use, the Anand model has
certain limitations. It inaccurately predicts the inelastic
behavior of solder material at low-strain applications,
often overpredicting the flow stress in such regions
[14]. Additionally, the model must accurately predict
solder joint behavior under complex loading
conditions, especially in cyclic loading [14]. Unreliable
models can result in overpredicted inelastic strain,
which, in furn, may lead to premature detection of
fracture or failure in electronic packages.

To address these limitations, researchers have
proposed modifications to the Anand model.
Parameter refinement is a popular approach,
improving the model's accuracy in predicting solder
joint behavior under various loading condifions,
including complex loading applications.  This
approach involves adjusting the model parameters to
better capture solder joints' behavior.

Several studies have focused on modifying the
parameters in the Anand model to enhance its
predictive capability. Rizaman et al. (2024) proposed
an improved Anand model specifically for 96.55n-4.0-
Ag-0.5Cu (SAC405) lead-free solder wused in
microelectronic packages [15]. The modification
focused on the three parameters of the Anand model
(s¢, hy and $§). By introducing temperature and strain
rate dependence for these parameters, more
accurate predictions of the inelastic deformation
behavior of the SAC405 solder were achieved.
Similarly, Xu Long et al. (2020) refined two Anand
model parameters (s, and a) to improve the
prediction of plastic ball grid array (PBGA) packages
under thermal cyclic loading [16]. Sn37-Pbé3 and
SAC305 solders data from the tensile test were used to
calibrate their model. It was demonstrated that the
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parameterized Anand model could effectively
predict the deformation and failure mechanisms of
solder materials across a wide range of temperatures
and strain rates.

This study applied the Anand constitutive model by
modifying two critical parameters, namely the initial
value of deformation resistance (s,) and hardening
coefficient (hy). Parameters of the modified Anand
model were acquired from SAC305 uniaxial tensile
experiments encompassing temperatures ranging
from 25°C to 125°C and strain rates ranging from 10
s1to 103 s1[17]. The model capability was assessed by
comparing the flow stress predicted by the modified
model with the original Anand model and SAC305
experimental data. The modified Anand model is
antficipated to improve the predictive capability
compared to the unmodified Anand model.

2.0 METHODOLOGY

2.1 Mathematical Development of the Anand and
Modified Anand Models

The ftfotal strain (g) in the solder material can be
decomposed into elastic strain (e,) and inelastic strain
(ein) components as defined in Equation (1).

=g, + € (1)

The elastic strain follows Hooke's law. In the classical
strain model, the inelastic strain is expressed as a linear
combination of fime-independent plastic strain (e,)
and time-dependent creep strain (eq,), as given in
Equation (2).

En =&pt+ Ecrp (2)

Equation (2) has a significant limitation as it tends
to overestimate the total strain, particularly under
cyclic loading conditions. This overestimation leads to
inaccuracy in the computed hysteresis curves, which
worsens the fatigue life estimation of solder joints [18].
Additionally, separating creep and  plastic
deformation in experimental measurements poses a
challenge, further necessitating the development of a
unified model to predict solder deformation
accurately [19].

The unified inelastic strain model addresses these
issues by consolidating all inelastic deformation
components, including plastic strain (g,;) and creep
strain (eq), into a single inelastic strain term. This
integration improves the model's predictive
accuracy, offering a more robust framework for solder
joint applications. As a result, the unified approach
has gained widespread acceptance to numerically
simulate the deformation behavior of solder joints.
Among various unified constitutive models, the Anand
model is the most widely adopted to capture the
complex deformation behavior of solder alloys [7-11].

The Anand model was initially developed to describe
the hot-working mechanical behavior of metals under
high-temperature conditions [20, 21]. The model used
an internal scalar variable (s) o represent the isotropic
resistance to inelastic flow offered by the internal state
of the material. It unifies the solder's creep and rate-
independent plastic behavior by utilizing stress, flow,
and evolution equation. For uniaxial loading, the flow
stress is computed using Equation (3).

og=cs (3)

where, s is the internal variable, and c is the strain rate
and temperature function, as expressed in Equation
(4).

c= %sinh_1 [(% eI?_T)m] (4)

where, &;, is the inelastic strain rate, T is the absolute
temperature, & is stress multiplier, A is the pre-
exponential factor, Q is the activation energy, R is the
universal gas constant, and m is the strain rate
sensitivity. Substituting and rearranging Equations (3)
and (4) results in the flow equation of the Anand
model expressed in Equation (5).

1
Ein = Ae_% [sinh (f %)]ﬁ (5)

The value of deformation resistance constantly
changes over time and can be expressed numerically
by Equation (6).

§= [ho |1—%|asign (1 —Si)] (6)

where, hq is the hardening constant, a is the strain rate
sensitivity of the hardening process and s* is the
saturation stress at a given temperature and strain
rate. The value of s* in Equation (6) can be computed
using Equation (7).

&m Q\"
s* = §(feﬁ) (7)

where, § is the deformation resistance coefficient, and
n is the strain rate sensitivity of the saturation value of
the deformation resistance. For s < s*, Equation (4)
can be rewritten in incremental form as indicated in
Equation (8).

*

ds = ho (1~ Si)a des (8)

The s value is determined by integrating Equation (8)
with inelastic strain (g;;,).

s=s5"—[("=5) Y+ (a— 1)h(,sm(s")“1]ﬁ (9)
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where, s, is the initial value of s. Substituting Equation
(7) into Equation (9) yields the expanded version of
internal state variable s, as expressed by Equation (10).

1
( & o\" (1-a) \ i-a
[§ (f eﬁ) - so] +

s.in Q i
ho(a— Ve |$ (7 eRT>

By substituting Equations (4) and (10) into Equation
(3), the flow stress as a function of inelastic strain,
temperature, and strain rate can be described by
Equation (11).

{ |

| I . é;le% n . (1-a) . \1-a | .
g={|r§(%e%)n_% [s(Gzefr) - s } \Il} ()

\! ) )

kho (a—Degy [§ (S‘LTH e%)

For accurate prediction, especially at low-strain
applications, two Anand model parameters were
selected, namely s, and hy. These two parameters are
defined as a function of temperature and strain rate,
as depicted in Equations (12) and (13) from previous
studies [16, 22].

So =¢o + T + ¢, T? (12)
ho = ko + kiT + kT2 + ki + kyin” (13)

The s, and hy parameters control the overall shape
of the flow stress-inelastic strain relation in the Anand
model. The s, parameter defines the yield strength of
the corresponding flow sfress-inelastic strain curve
(intersection at the y-axis). The h, parameter governs
the slope of the flow stress-inelastic strain. The effects
of changing s, and hy, can be summarized in Figure 1.

By substituting Equations (12) and (13) into
Equation (11), the predicted flow stress for the
modified Anand model is expressed by Equation (14).

1 Em o\™
ESinh_l [(feﬁ) ]

1

[ X éin Q0 n (1-a) i-a

sty - |7,
o={l 4 , (14)
R (em %) (co+ 1T + ¢,T?)
A (ko + ks T + kyT? + kaéip + kaéin®)

(a— ey [ﬁ (% el?%)n]_a

For the Anand model, only nine parameters (4, ¢,
Q/R.m, hy, a, s, §, and n) were deftermined. However,
for the modified model, a total of 15 parameters were
needed (4. ¢, Q/R, m,a, §,n, ¢y, ¢c1, ¢z, kg, ky., ko, k3, and
k,) to predict the inelastic behavior of the solder
alloys. These parameters of the Anand and modified
Anand models were  determined  through
optimization-type curve fitting techniques.

2.2 Preparation of Flow Stress-Inelastic Strain
Experimental Data

The stress-strain  curves obtained from different
temperatures and strain rates were essentfial for
determining the Anand and modified Anand model
parameters. In previous study, Motalab et al. (2013)
extracted the SAC305 stress-strain curves at various
temperatures (25°C, 50°C, 75°C, 100°C and 125°C)
and strain rates (10551, 10451, and 103 s71) [17]. These
stress-strain curves were converted into flow stress-
inelastic strain curves using the 0.2% strain offset
method.

50

So
o1 o eiicrzzzez==c== B L
® -
s
=30
(]
[}
@
= .
R - - - - Reduced 30%
g = === Reduced 20%
i - - - - Reduced 10%
" 10 Base Value
Increased 10%
Increased 20%
- -~ - Increased 30%
0 . . i
0.000 0.005 0.010 0.015 0.020

Inelastic Strain

20 - - - - Reduced 50%
- - - - Reduced 30%
= === Reduced 10%
Base Value

Flow Stress (MPa)

Increased 10%
Increased 30%
- - - - Increased 50%

0.000 0.005 0.010 0.015 0.020
Inelastic Strain

(b)
Figure 1 Effects of changing Anand model parameters: a) s,
and b) hy [23]

The conversion process involved determining the
modulus of elasticity (E), yield strength (gy), and
saturation stress (os,:). The modulus of elasticity was
deftermined by examining the linear elastic region of
the stress-strain curve, where the material can return
to its original length after unloading. The E values at
various temperatures and strain rates are calculated
using Equation (15), which is the change of stress (40)
to the change in strain (4¢).

Ao
_29 15
E=— (15)
SAC305 solder alloy, like many materials, does not
exhibit a distinct yield point where the stress-strain
curve suddenly transitions from elastic fo inelastic
deformation. Instead, the curve fransitions gradually,
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making determining an exact yield point difficult.
ASTM E8/E8M-24 standard proposed 0.2% to 2.0% strain
offset in determining the yield strength of the metals
[24]. This study chose the 0.2% strain offset to minimize
the nonlinearity at the elastic region near the yield
point. An offset of 0.2% strain with a slope equal fo E
determined the yield point. The offset line can be
represented mathematically by Equatfion (16). The
intfersection of this line with the stress-strain curve
indicates the yield strength of the material.

o = E(e — 0.002) (16)

The stress-strain behavior of the solder alloy can be
effectively modeled using the hyperbolic tangent
empirical model, as introduced by Suhling (1985) [25],
expressed in Equation (17).

0 = ¢, tanh(c,€) + 5 tanh(c,e) (17)

Suhling and his colleagues utilized the hyperbolic
tangent model to fit the stress-strain relation of solder
alloy obtained from experiment testing [17, 26]. The
good predictive capability of the hyperbolic tangent
empirical model with the experimental data indicates
the model's reliability in predicting the solder alloys'
stress-strain relation.

The exiracted stress-strain curves from published
literature at different temperatures and strain rates
were fitted to Equation (17). The hyperbolic tangent
empirical model could substitute the graphical 0.2%
offset line technique in finding the modulus of
elasticity, yield strength, and ultimate tensile strength
(saturation stress). Using Equation (17), the saturation
stress (a54¢) Of the solder alloy can be determined using
Equation (18) by assuming a nearly constant stress
value at a prolonged strain condition (& - oo).

Usatzglgglogza(oo)zﬁ"‘% (18)

The instantaneous slope of the stress-strain curve,
which can be used to find the modulus of elasticity (E),
is determined by differentiating Equation (17) and
yield Equation (19).

do
= ac sech?(c,€) + c3cq sech?(c €) (19)

The value of E can be found in Equation (20) by
assuming the slope value at zero strain condition
(e—0).

do
E= lgl_%la =10 + 304 (20)

Equation (20) can be used to describe the modulus
of elasticity (E) for each stress-strain curve. The value
strain at the yield point (e,) can be determined by

combining Equations (16) and (17), thus generating
Equation (21).

c tanh(czsy) +c3 tanh(c4sy) = E(sy - 0.002) (21)

Since Equation (21) is a non-linear expression
(cannot be solved directly), the indirect procedure
must be utilized to find the g, value. By utilizing the
Newton-Raphson method in Equation (21), the value
of g, can be found. Subsequently, the yield strength
(oy) can be computed using Equation (22).

oy = Eg, (22)

The inelastic strain (g,) is calculated as the
difference between the total strain () and the elastic
strain (e,) obtained from the linear portion of the stress-
strain curve as described in Equation (23).

I 2
Eim = €~ 4 (23)

Each exiracted stress-strain curve is converted into
its corresponding flow stress-inelastic  strain by
identifying the modulus of elasticity, yield stress, and
saturation stress. After identifying these properties, by
using Equation (23), the flow stress-inelastic strain can
be determined.

Figure 2 shows the process flow of converting stress-
strain from the exiracted experimental data to flow
stress-inelastic strain of SAC305 solder alloy at various
temperatures and strain rates.

2.3 Extraction of the Model Parameters

Recent advancements in computational speed and
optimization algorithms have revolutionized
parameter identification. Pei and Qu (2005) applied
neural networks (NN) to effectively determine Anand
model parameters for 96.63n-3.5Ag and 95.55n-3.8Ag-
0.7Cu solder alloys [27]. Subsequently, Qinghua Su et
al. (2023) demonstrated the utility of NN in determining
Anand model parameters for SAC305 [28]. The NN
approach eliminates the multi-step procedures to
determine model parameters as introduced by
previous researchers [20, 21]. Additionally, Zhao Zhang
(2019) utilized an evolving type of algorithm to identify
Anand model parameters for SAC305, highlighting the
versatility of contemporary optimization techniques
[29]. Similarly, Martin Fusek et al. (2021) incorporated a
modified genetic algorithm (GA) combined with
sensitivity analysis and hill-climbing algorithms to
determine Anand model parameters for ABS-M30
plastic utilized in 3D printing applications [30].

Evolving algorithms, including GA, enhance
exploration and randomness in the optfimization
process, significantly facilitating the discovery of
opfimal solutions and mitigating the risk of entrapment
in local optima [29]. In contrast to gradient methods
that may converge to local minima, GA leverages a
population-based approach, allowing the
simultaneous exploration of multiple solutions. This
characteristic is crucial when dealing with Anand



944 Yamin et al. / Jurnal Teknologi (Sciences & Engineering) 87:5 (2025) 939-949

model parameters, as the parameter space can be
highly non-linear and complex.

Extract the ¢, & g, value by

solving a hyperbolic tangent

equation & 0.2% offset line

using the Newton-Raphson
method

Collection of o-¢ curves from
various temperatures & strain
rates

) e tanh(cye,) + ¢ tanh(cye,) = E(s, — 0002)
H
e 9 = EBey
£ R
E 017 ] .
o £. [0
0.000 0010 0020 25 [t
Strain £ e
i i
a 1
Extract £ & gy, value using 0.000 0010 0.020
hyperbolic constants Strain
: 1
. . . Convert o — ¢ curves to
Fit o-& curves with hyperbolic Ofiow — Ein CUIVES by

tangent empirical equation subtracting the €, component

from the total strain equation

© = ¢; tanh(cy€) + c3 tanh(cye)

a,
y
Em =€— 3
E

g

L

Strass (MPa)
r\:

Flow Stress (MPa)

0.000 0.010 0.020

Straln 0.000 0010 0.020

Inelastic Strain

Figure 2 Flowchart of converting stress-strain curves of the
extracted experimental data to flow stress-inelastic strain
curves of SAC305 solder alloy

In this study, two-stage optimization technique was
employed to find the optimal set of parameters of the
Anand model (4, & Q/R, m, hy, a, sq, §, and n) and
modified Anand model (4, &, Q/R, m, a. §, n, ¢y, ¢y, ¢y,
ko. ki, ko, ks, and k). The first stage utilized GA as a
meta-heuristic optfimization method to explore the
parameter space and identify the initial set of model
parameters for the second stage of the optimization
process (Nelder-Mead algorithm). The second stage
optimization method was needed as a local search
optimization technique to fine-tune the initial solution
obtained from the GA optimization.

Figure 3 summarizes the process of determining
Anand and modified Anand model parameters using
two-stage optimization-type curve fitting. Initially, the
process began with compiling the flow stress-inelastic
strain dataset, essential for calibrating both models.
Random values were then assigned to the model
parameters to form the initial population for the GA.

The GA evolves this population over multiple
generations through selection, crossover, and
mutation operations. At each generation, the mean
squared error (MSE) between the experimental flow
stress  (oexp) and predicted flow stress (opreq) s
calculated to assess each parameter set, which is
summarized in Equation (24).

1 2
MSE =~ (Gex — Gprea) (24)

Solutions with lower MSE were selected for further
crossover and mutation to improve performance. This

iterative process confinued until the GA converged,
either by reaching a predefined number of
generations or when no significant improvement in
MSE was observed.

The best-performing parameter set from the GA
was further refined using the Nelder-Mead (NM)
simplex method for local opfimization. The NM
algorithm began by generating a simplex in the
parameter space, which was then iteratively updated
through reflection, expansion, contraction, and
shrinkage steps. These steps evaluated the MSE of the
newly generafted points relative to the simplex and
adjusted the parameter values accordingly tfo
minimize the MSE. The algorithm confinued iterating
until the MSE converged below a specified threshold
or after a maximum number of iterations.

The predicted flow stress in the Anand and
modified Anand model is computed using Equations
(11) and (14), respectively. After the two-stage
optimization process, the model's parameter values
were evaluated by comparing the predicted stress
values with the experimental data. The fit quality was
assessed based on MSE and coefficient of
determination (R?). The R? values quantify the
goodness of fit between the predicted model and
experimental data, as described in Equations (25) and
(26).

_ Z(Uexp - o-pred)z

Z(Jexp - O_avg)z

1
Oavg = ;Z Oexp (2¢)

where, g4, is the mean flow stress of the experimental
data, and nis the total number of data points.

R2=1 (25)

Table 1 Anand and modified Anand model parameters for
SAC305

Parameter Anand Modified Anand
g (K1) 11690 11396
As) 788 268
3 9.532 11.252
m 0.1578 0.0412
3 (MPa) 43.59 77.81
n 0.0239 0.0477
a 0.9636 1.4529
s ¢o (MPQ) 219.5
(MOPG) ¢, (MPaK) 56.98 0.02151
s (MPa.K=2) -5.8795% 10
ko (MPQ) 38320
A ky (MPa.K-) -2240
(M"PO) ks (MPa.K?2) 23148 9.4077
k, (MPa.s) -1.100%108
ks (MPa.s2) 5.792x108
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Figure 3 Flowchart of Anand and modified Anand model parameters determination using two-stage optimization type curve fittings
for SAC305 solder alloy

Table 2 Comparison of predicted and experimental yield stress and safuration stress between Anand and modified Anand models

Yield Stress Saturation Stress

Temp. Strain Exp. Anand Mod. Anand Exp. Anand Mod. Anand
(°C) Rate (s1)

Value Valuve Error Value Error Value Valuve Error Value Error
(MPa) (MPa) (%) (MPa) (%) (MPa) (MPa) (%) (MPa) (%)

105 24.25 24.77 2.14 24.00 1.03 29.26 30.39 3.86 30.28 3.49
25 104 26.66 26.13 1.99 26.18 1.80 35.55 35.01 1.52 35.57 0.06
108 27.17 28.35 4.34 27.50 1.21 40.52 40.06 1.14 40.85 0.81
105 21.72 21.14 2.67 21.91 0.87 24.43 24.89 1.88 24.55 0.49
50 104 22.94 23.31 1.61 23.18 1.056 29.55 28.96 2.00 29.00 1.86
108 23.99 25.48 6.21 24.46 1.96 33.90 33.50 1.18 33.95 0.15
105 17.91 19.38 8.21 18.69 4.36 20.13 20.68 273 20.41 1.39
75 104 20.76 20.55 1.01 20.86 0.48 24.66 24.15 2.07 24.39 1.09
108 21.47 23.03 7.27 21.75 1.30 27.90 28.45 1.97 28.48 2.08
105 16.34 17.10 4.65 16.58 1.47 17.13 17.38 1.46 17.35 1.28
100 104 19.02 18.18 4.42 18.74 1.47 21.33 20.58 3.52 20.76 2.67
108 20.33 19.28 5.16 20.91 2.85 24.02 24.47 1.87 24.35 1.37
105 14.99 14.74 1.67 15.02 0.20 15.45 14.74 4.60 15.02 2.78
125 104 15.53 16.90 8.82 16.00 3.03 17.08 17.85 4.51 17.83 4.39

108 18.57 17.00 8.45 19.06 2.64 21.42 21.17 1.17 21.28 0.65
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3.0 RESULTS AND DISCUSSION
3.1 Anand and Modified Anand Model Parameters

This sectfion compares the results of parameter
determination of the Anand and modified Anand
models obtained from the two-stage optimization-
type curve fitting with the experimental data.

Table 1 shows the optimized parameter values of
SAC305 solder material for Anand and modified
Anand models. These parameters were crucial to
accurately predict the SAC305 deformation behavior.
The s, and hy values of the Anand model were
constantly maintained for all temperatures and strain
rate conditions. However, the s, and h, values of the
modified Anand model depended on the
temperatures and strain rates.

The modified Anand model introduced lower
differences in A, ¢, Q/R, m, a, §, and n values
compared to the original Anand model. For instance,
the Q/R value in the Anand model was reduced from
11690 K1 to 11396 K1 in the modified Anand model,
indicating a change in the temperature sensifivity of
the material. The ¢ value also increased from 9.532 in
the Anand model to 11.252 in the modified Anand
model, suggesting an adjustment in the material's
strain-hardening behavior. These modifications are
expected to enhance the predictive capability of the
modified Anand model.

The performance of the fit was evaluated by
computing the overall MSE against the experimental
data. The modified Anand model exhibited lower MSE
of 0.2216 compared to that of the Anand model
(0.3396). This value signified that the modified Anand
model was more accurate in describing the fransient
relationship between flow stress and inelastic strain of
SAC305 solder material. These additional parameters
allowed for a more refined description of the
material's response, leading to more accurate
predictions.

3.2 Yield Stress and Saturation Stress Prediction of
Anand and Modified Anand Models

A comparative analysis of the Anand and modified
Anand models' predictive capabilities for yield and
saturation stress is presented in Table 2. The predicted
yield stress values ranged from 15 MPa fo 27 MPa
across strain rates of 10551 to 103 s and temperatures
between 25°C and 125°C. The saturation stress values
ranged from 15 MPa to 40 MPa under similar strain
rates and temperatures. Both models followed the
general frend of experimental data, with yield and
safuration  stresses decreasing as temperature
increased, and both properties also reduced as
the strain rate decreased.

When examining the prediction accuracy, the
error margin for the yield stress of the Anand model
ranged from 1.01% to 8.82%. In contrast, the modified
Anand model achieved significantly reduced errors,
ranging from 0.20% to 4.36%, indicating a clear

improvement in accuracy. For the saturation stress
prediction, the Anand model’s errors ranged from
1.14% to 4.60%, whereas the modified Anand model
further improved the accuracy with errors between
0.06% and 4.39%. The consistently lower error margins
of the modified Anand model demonstrated its
superior performance in predicting vyield and
safuration  stresses at  different  environmental
conditions. This enhanced capability highlighted the
robustness of the modified model over the original
Anand model.

At each specific condition, the modified Anand
model showed improved predictive accuracy. For
instance, at 25°C and strain rate of 10 s, the
modified model produced an error of only 1.03%
compared fo the original Anand model (2.14%). This
frend was consistent in other conditions. At 50°C and
strain rate of 103 571, the modified model’s error was
1.96%, significantly lower than the original model’s
error of 6.21%. These improvements were attributed to
the modified model's capability to adjust the s, and hy
values based on temperature and strain rate.

The Anand model demonstrated optimal
accuracy for yield stress prediction at strain rate of 10-
4 51 and temperature of 75°C. However, the least
accurate prediction occurred at the same strain rate
but at elevated temperature of 125°C. In contrast, the
modified Anand model exhibited the best
performance at strain rate of 105 5" and temperature
of 125°C, although it performed less accurately at 10
s’ strain rate and 75°C (environmental conditions).

Similarly, for the saturatfion stress prediction, the
Anand model achieved the highest accuracy at
strain rate of 103 s and temperature of 25°C, and
least accuracy at 10°% s strain rate and 125°C
temperature. The modified Anand model, however,
exhibited the most accurate prediction of the
saturation stress at strain rate of 104 s and
temperature of 25°C, while its worst performance was
seen at 104 57! strain rate and 125°C temperature.

Based on the comparative analysis of both models,
the modified model demonstrated the superior
predictive capability of vyield and saturation
stresses under different strain rates and temperatures.
The modified Anand model consistently achieved
lower error margins, offering more accurate and
reliable predictions under various conditions.

3.3 Flow Stress-Inelastic Strain Prediction of Anand
and Modified Anand Models

Figure 4 compares the flow stress-inelastic strain
response predicted from the Anand and modified
Anand models with experimental data at various
temperatures (25°C to 125°C) and strain rates (105 57!
to 10% s-1). Both models showed reasonable
agreement with the experimental data. Nevertheless,
the modified Anand model demonstrated a more
significant improvement in predicting the flow stress.
This was evidenced by the specimen being tested at
103 s and 25°C (Refer to Figure 4 (c)). The solid line
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representing the flow stress predicted by the modified
model was more closely aligned with the
experimental data than the dotfted line representing
the unmodified model. From this situation, both
models could also accurately predict the yield and
safuration  stresses  in line  with  experimental
observations. However, the evolution of the flow stress
was quite different for both models. The predicted
flow stress between yield and safuration stress was
slightly overpredicted by the Anand model as
opposed to the modified model due to the
differences in the hy, and a values. For this test
condition, the a values of the Anand and modified
Anand models were 0.9636 and 1.4529, respectively.
Similarly, the hy values of the Anand and modified
Anand models were 23 148 MPa and 96 719 MPa,
respectively. These two parameters confrolled the
predicted values of the flow stress responses. As a
result, the flow stress of the Anand model in this
condition was more prone fo early saturation than
that of the modified model.

Table 3 Comparison of Anand and modified Anand models’
R2 values at different temperatures (25°C to 125°C) and strain
rates (105 s to 103 s1) for SAC305

Temp. Strain R?
(°C) Rate (s) Anand Mod.
Anand

105 0.1068 0.4579
25 104 0.9875 0.9983
103 0.9927 0.9996
105 0.1022 0.9255
50 104 0.9785 0.9833
103 0.9981 0.9994
105 -0.9013 0.5656
75 104 0.9848 0.9946
103 0.9933 0.9961
105 -6.0384 -3.7527
100 104 0.9617 0.9756
103 0.9958 0.9983
105 -165.1766 -59.7077
125 104 0.7715 0.7736
103 0.9971 0.9988

To quantitatively evaluate the predictive
performance of the models, the R? value at each
temperature and strain rate condition was calculated
and is presented in Table 3. The R? values measured
the proportion of variance in the experimental data
captured by the models, with values approaching 1
indicating a good fit and near 0 indicating a poor fit.
In Table 3, the modified Anand model outperformed
the Anand model based on the R? values. For
example, at 50°C and strain rate of 105 s, the R?
value of the modified Anand model was 0.9255,

whereas the Anand model achieved R? value of
0.1022.
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Figure 4 Predicted flow stress-inelastic strain responses of the
Anand and modified Anand models at various temperatures
(25°C - 125°C) and strain rates: a) 10551, b) 10451, and c) 10-
3 51

The maximum and minimum R? values of the
Anand model were 0.9981 (103 s and 50°C) and -
165.1766 (10 s and 125°C), respectively. For the
modified Anand model, the maximum and minimum
R? values were 0.9996 (103 s and 25°C) and -59.7077
(105 s and 125°C). It should be noted that the
minimum R? values of both models were below zero.
The negative R? values suggested that the models
failed to capture the variation and trends exhibited by
the experimental data under these conditions. Both
models were less accurate for predicting flow stress at
low strain rates (10% s1) and high temperatures.
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However, the modified Anand model showed higher
minimum R? value than the Anand model, indicating
a lower risk in predicting the flow stress at lower strain
and high temperature conditions. These results
suggested that the capability of the modified Anand
model to capture the material's response under
varying conditions improved.

Overall, the accuracy of the modified Anand
model significantly improved compared to the
unmodified model. Modifying the model parameters
of s, and h, resulted in reduced MSE and improved R?
values. The increasing tfrend of R? values
demonstrated improved predictive performance of
the modified model under various conditions. The
negafive R? values highlighted the necessity of
modifying the existing Anand model to accurately
capture the material's response.

4.0 CONCLUSION

In conclusion, this study presents the modified Anand
constifutive  model to accurately predict the
mechanical behavior of SAC305, a lead-free solder
alloy. The modified Anand model demonstrated
superior performance compared fo the Anand
model, as evidenced by the MSE values. The MSE
value of the Anand model was 0.3396, whereas the
modified Anand model achieved MSE value of
0.2216. This indicated a significantly reduced
deviation from the experimental data.

The predictive capability of both models was
evaluated by their accuracy in predicting yield and
safuration sfresses at various femperatures and strain
rates. The modified Anand model yielded higher stress
prediction error of 4.36% compared to 8.82% for the
Anand model. For the saturation stress, the modified
Anand model demonstrated a maximum error of
4.39%, while the Anand model yielded an error of
4.60%. The reduction in error affiimed the superior
accuracy and robustness of the modified Anand
model in capturing material behavior under varying
conditions.

The predictive performance was also assessed by
comparing the R? values of the flow stress-inelastic
strain curves at different temperatures and strain rate
conditions. The Anand model exhibited R? values
ranging from a maximum of 0.9981 to a minimum of -
165.1766. In confrast, the modified Anand model
achieved R? values ranging from 0.9996 (maximum)
and -59.7077 (minimum). Although both models
produced negative R? values under certain
conditions, the modified model significantly improved
overall R? values and reduced the occurrence of
negative R? values.

The results of this study suggested that the modified
Anand model provided a more reliable framework for
capturing the deformation behavior of SAC305 solder
material. Its reduced error in predicting flow stress
values makes it useful for future research to explore the
model's applicability for other lead-free solder

materials or alloys with similar creep and stress-
relaxation behaviors.

Refining model parameters through experimental
calibration at more exireme strain rates or
temperature ranges may enhance its versatility across
different applications, such as high-reliability
electronic components.
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