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The Anand inelastic constitutive model is commonly employed to depict the deformation 
behaviour of solders in electronics components. In the Anand model, plasticity and creep 
are coupled and described by the same set of flow and evolution relations. Literature 
study reveals that researchers have calculated varying values for the Anand model 
parameters when describing different SAC solders. Using Anand's constitutive model for 
SAC405 (95.5Sn-4.0Ag-0.5Cu) lead-free solder, the theoretical equations for the solder's 
uniaxial stress-strain response were obtained in this paper. The steps to obtain the 
parameters of Anand model using stress-strain were also determined. Data on uniaxial 
stress and strain at various temperatures (T = 298 K (25 °C), 323 K (50 °C), 348 K (75 °C), 
373 K (100 °C), and 398 K (125 °C)) and strain rates (ε̇ = 1 × 10-3 sec-1, 1 × 10-4 sec-1, and 
1 × 10-4 sec-1) was used to calculate the Anand parameters. The Anand model's accuracy 
(goodness of fit) with the retrieved parameters was assessed by comparing the model's 
findings to the observed stress-strain data. The Anand model consistently generated 
good predictions of the empirical data in all cases, across a wide range of temperatures 
and stress-strain levels. The goodness of fit values obtained were 0.992, 0.983 and 0.982 
for strain rate 1 × 10-3 sec-1, 1 × 10-4 sec-1 and 1 × 10-5 sec-1 respectively. 
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1. Introduction 
 

Electronic packaging necessitates the long-term reliability of solder joints. In the real world, 
solder joint failure is typically the result of complex mechanisms involving the interaction of 
numerous fundamental failure processes [1]. The most prevalent failure modes are insufficient alloy 
mechanical strength due to fatigue, creep due to excessive intermetallic compound production, 
voids, and leaching [2]. The phenomenon of weariness, particularly heat exhaustion, has garnered 
much attention. However, there are minimal data on creep and stress deformation in conventional 
solder alloys [3]. Diverse constitutive models for creep have been developed to characterize the 
stress–strain relationship during creep and to represent the material's creep properties [4]. Ma et al., 
have conducted a comprehensive analysis of the mechanical properties and behaviors of lead-free 
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solders. They demonstrated that age-dependent inelastic constitutive equations are crucial for Sn-
Ag-Cu (SAC) lead-free solders. There are numerous approaches to constitutive modelling of 
microelectronic solders described in the literature [5]. Solomon utilized a straightforward power law 
model to describe the interdependence among shear stress, shear strain and shear strain rate. The 
individual exhibited that solder containing significant proportion of lead had greater resistance to 
variations in temperature and strain rate as compared to solder composed of a Tin-Lead alloy. [6]. In 
order to account for the stress-dependence of the activation energy and the strong Bauschinger 
effect, Busso et al., published a continuum-theory-based inelastic model for Tin-Lead solder. The 
model discussed in the study focused on the incorporation of the kinematic hardening rule and static 
recovery factors [7]. 

The Anand model’s ability to forecast plasticity and creep, as well as its incorporation into a 
number of commercial finite element software packages, have made it an appealing option among 
engineers working with Tin-Lead and lead-free solders. Developed by Anand and Brown, the Anand 
model is one of the most popular constitutive models used to de-scribe the mechanical properties of 
solder [8]. The Anand model is typically employed to represent solder deformation in electronic 
packages [9]. High-temperature (above 0.5 Tm) rate-dependent deformation of metals is described 
by a well-known set of inelastic constitutive equations that were introduced by Anand [10]. There 
are two key features that set the Anand model apart from competing constitutive models. To begin, 
the yield condition or loading and unloading requirements are not necessary in this constitutive 
model. Second, the average isotropic deformation resistance to macroscopic plastic flow is expressed 
as a scalar in the model [11]. When utilizing the Anand model to characterize the inelastic 
deformation of solders, it is imperative to consider many physical variables, including temperature 
history effects, temperature sensitivity, strain rate sensitivity, strain hardening, and strain rate [12]. 
The application of finite elements enables the utilization of the unified Anand model for the purpose 
of characterizing the inelastic deformation of solder alloys and simulating the stress-strain responses 
shown by solder joints during their operational lifespan [13]. Plasticity and creep are explained by 
the same set of flow and evolution relations in the Anand model, making it a unified model. 

The Anand model has been used by numerous researchers for applications in electronic 
packaging. Che et al., established four unique constitutive models for the Sn3.8Ag0.7Cu solder alloy. 
They showed that the Anand model was in line with predictions for the fatigue life of lead-free solders 
compared to elastic-plastic, elastic-creep, elastic plastic with creep models [14]. To account for 
temperature effects on one of the model parameters (h0), Chen et al., developed an updated version 
of the Anand constitutive model [15]. Amagai et al., determined the Anand model parameters for 
the lead-free solders Sn-3.5Ag-0.75Cu and SAC105 (Sn-1.0Ag-0.5Cu). Eight from the nine required 
parameters were detailed, however one was left out of their work which was s0 [16]. Kim, et al., 
reported values for all nine parameters for Sn-1.0Ag-0.5Cu lead free solder [17]. Bai et al., provided 
an improved version of the Anand model for the lead-free solders SAC305 (Sn-3.0Ag-0.5Cu) and Sn-
3.5Ag-0.7Cu. Their method involved utilizing values that were temperature and strain-rate 
dependent for model parameter h0 [18]. Jurgen Wilde also incorporated Anand parameters that were 
determined to predict both the stress strain curve and the creep behavior of 92.5Pb-5Sn-2.5Ag using 
the same set of parameters [19]. In addition to this, the Anand model has seen widespread use in the 
simulation of solder joints in electronics components, which is done with the help of finite elements 
[20, 21]. 

Literature study shows that the researchers have calculated varying values for the Anand model 
parameters when describing distinct SAC solders. Moreover, it is apparent that the computed model 
parameters for the same SAC alloy vary considerably across study groups. The determination of the 
nine parameters of the Anand model is commonly achieved by conducting uniaxial stress-strain 
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experiments at various strain rates and temperatures, employing a traditional multistep technique. 
Despite the prevalence of creep data collection for solders, its use in determining Anand model 
parameters is somewhat unusual. 

In this study, the Anand inelastic constitutive model was used to derive the theoretical equations 
for the uniaxial stress-strain response. Also, methods were established for extracting the parameters 
of the Anand model from experimental data. The Anand parameters value for the lead-free solder 
SAC405 (95.5Sn-4.0Ag-0.5Cu) were calculated after these two methods were established. The Anand 
parameters was derived from uniaxial stress-strain data that was collected throughout a broad 
spectrum of strain rates (ε̇ = 1 × 10-3 sec-1, 1 × 10-4 sec-1, and 1 × 10-5 sec-1) and temperatures (T = 298 
K, 323 K, 348 K, 373 K and 398 K). The Anand model’s accurateness (goodness of fit) employing the 
retrieved parameters was assessed by comparing the model responses to the recorded stress-strain 
data. 
 
2. Methodology  
2.1 Data Extraction and Experimental Results 

 
The data gathering process was conducted in order to acquire as much information as possible 

regarding the stress strain test. The data collection comprises several sorts of experiments conducted 
at various temperature ranges. Next, a set of data with varying strain rates was collected to compare 
the different strain rates that will affect the solder joints' creep mechanism. The acquired data was 
utilized for curve fitting techniques that extract the parameters of the new constitutive model 
proposed. Ultimately, the collected data was utilized to validate the dependability of the newly 
suggested inelastic constitutive model in forecasting the inelastic behavior of solder joints. 

Figure 1, 2 and 3 presents three stress-strain curves for SAC405 lead-free solder that was used 
for the experiment at various temperatures (T = 298 K, 323 K, 348 K, 373 K and 398 K) and strain rates 
(ε̇ = 1 × 10-3 sec-1, 1 × 10-4 sec-1, and 1 × 10-5 sec-1). The data were gathered from a paper by Munshi 
Basit and colleagues [22]. 
 

 
Fig. 1. Stress-strain curves of lead-free solder SAC405 at constant strain rate 
of 1 × 10-3 sec-1 with different temperatures [22] 

0

10

20

30

40

50

60

70

80

90

0 0.005 0.01 0.015 0.02

Fl
ow

 S
tr

es
s,

 σ
(M

Pa
)

Inelastic Strain, ε

Exp. 298K
Exp. 323K
Exp. 348K
Exp. 373K
Exp. 398K



Journal of Advanced Research in Applied Mechanics 
Volume 113, Issue 1 (2024) 162-175 

165 
 

 
Fig. 2. Stress-strain curves of lead-free solder SAC405 at constant strain 
rate of 1 × 10-4 sec-1 with different temperatures [22] 

 

 
Fig. 3. Stress-strain curves of lead-free solder SAC405 at constant strain 
rate of 1 × 10-5 sec-1 with different temperatures [22] 
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elastic and plastic.  Elastic deformation refers to a reversible alteration in the shape of a material that 
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once the stress is alleviated. The observed behavior adheres to Hooke's law, which asserts that the 
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stress applied, as long as the material remains within its elastic limit. In contrast, plastic deformation 
is a type of deformation that is not reversible and takes place when the force applied to the material 
surpasses its yield strength. When a substance experiences plastic deformation, it develops a 
persistent alteration in its form, failing to revert to its initial state upon an absence of external stress. 

The utilization of the 0.2% offset approach in the analysis of stress-strain curves is attributed to 
its ability for accurately determining the yield strength of a given material. The yield strength is a 
fundamental mechanical parameter that signifies the critical point at which a material experiences 
plastic deformation, hence changing from its elastic phase. By employing the 0.2% offset approach, 
a specific point on the stress-strain curve may be found where the material starts to deform 
plastically. This approach provides enhanced clarity, particularly in situations where the curve lacks 
a pronounced and well-defined yield point. The 0.2% offset provides a standardized and consistent 
technique, allowing scientists and engineers to examine materials and assess their appropriateness 
for various applications.  

In order to implement the 0.2% offset method, the stress-strain curve is plotted and the linear 
elastic region, where stress and strain are proportional, is identified. Then, a line parallel to this region 
is drawn, shifted by 0.2% strain (0.002 in strain units). At the intersection of this line and the stress-
strain curve, the 0.2% offset yield strength is measured. The Figure 4, 5 and 6 below show the new 
stress strain curves for all three strain rates after the 0.2% offset method has been employed. 
 

 
Fig. 4. Stress-strain curves of lead-free solder SAC405 at constant strain 
rate of 1 × 10-3 sec-1 with different temperatures [22] with 0.2% offset 
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Fig. 5. Stress-strain curves of lead-free solder SAC405 at constant strain 
rate of 1 × 10-4 sec-1 with different temperatures [22] with 0.2% offset 

 

 
Fig. 6. Stress-strain curves of lead-free solder SAC405 at constant strain 
rate of 1 × 10-5 sec-1 with different temperatures [22] with 0.2% offset 

 
2.3 Anand Inelastic Constitutive Model 
 

The isotropic resistance of the internal state to plastic flow is represented in the Anand model by 
the scalar internal variable s. Solder’s creep and rate-dependent plastic behavior are brought under 
a single theoretical roof by using a stress equation and integrating a flow equation and an evolution 
equation [23]. Neither a loading criterion nor a yield condition are required in this model. 
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Eq. (1) below shows the equivalent stress equation for the one-dimensional case (uniaxial 
loading). 

 
𝜎𝜎 = 𝑐𝑐𝑐𝑐;   𝑐𝑐 < 1 (1) 

 
where σ is the equivalent stress for steady plastic flow, s is the internal variable and c is the function 
of temperature and strain rate which can be stated as Eq. (2). 

 

𝐶𝐶 =
1
𝜉𝜉
𝑠𝑠𝑠𝑠𝑠𝑠ℎ−1 ��

𝜀𝜀𝑖̇𝑖𝑖𝑖
𝐴𝐴
𝑒𝑒𝑒𝑒𝑒𝑒 �

𝑄𝑄
𝑅𝑅𝑅𝑅

��
𝑚𝑚

�  (2) 

 
where ξ is the multiplier of stress, ε̇in is the inelastic strain rate, A is the pre-exponential factor, Q is 
the activation energy, R is the universal gas constant, T is the absolute temperature and m is the 
strain rate sensitivity. 

When Eq. (2) is substituted into Eq. (1), the equivalent stress equation becomes 
 

𝜎𝜎 =
𝑠𝑠
𝜉𝜉

sinh−1 ��
𝜀𝜀𝑖̇𝑖𝑖𝑖
𝐴𝐴
𝑒𝑒𝑒𝑒𝑒𝑒 �

𝑄𝑄
𝑅𝑅𝑅𝑅

��
𝑚𝑚

� (3) 

 
By rearranging Eq. (3) and finding the strain rate, the Anand model’s flow equation will be 

obtained. As a result, the Anand model can be expressed as Eq. (4). 
 

𝜀𝜀𝑖̇𝑖𝑖𝑖 = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 �−
𝑄𝑄
𝑅𝑅𝑅𝑅

� �sinh �𝜉𝜉
𝜎𝜎
𝑠𝑠
��

1
𝑚𝑚

 (4) 

 
The following is the expression for the evolution equation for the internal variable, ṡ. 
 

𝑠̇𝑠 = �ℎ0 �1 −
𝑠𝑠
𝑠𝑠∗
�
𝑎𝑎
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 �1 −

𝑠𝑠
𝑠𝑠∗
�� 𝜀𝜀𝑖̇𝑖𝑖𝑖 (5) 

 
With the saturation value of s, s* is given by: 
 

𝑠𝑠∗ = 𝑠̂𝑠 �
𝜀𝜀𝑖̇𝑖𝑖𝑖
𝐴𝐴
𝑒𝑒𝑒𝑒𝑒𝑒

𝑄𝑄
𝑅𝑅𝑅𝑅

�
𝑛𝑛

 (6) 

 
where h0 and a are material parameters, ŝ is a coefficient of saturation and n is the strain rate 
sensitivity for the saturation value of deformation resistance. Eq. (5) can be integrated to yield the 
final version of the evolution equation for the internal variable s 

 

𝑠𝑠 = 𝑠𝑠∗−�(𝑠𝑠∗ − 𝑠𝑠0)(1−𝑎𝑎) + (𝑎𝑎 − 1)�(ℎ0)(𝑠𝑠∗)−𝑎𝑎𝜀𝜀𝑝𝑝��
1

1−𝑎𝑎 (7) 

 
The final equations in the Anand constitutive model are the stress equation in Eq. (3), the flow 

equation in Eq. (4), and the integrated equation in Eq. (7). These expressions include the nine material 
parameters: A, ξ, Q/R and m in Eq. (3) and (4); and parameters h0, a, s0, ŝ and n in Eq. (7). 
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To obtain the formula of the saturation stress, σ*, Eq. (1), Eq. (2) and Eq. (4) are derived, together 
with σ* = cs*, are as follows. 

Substitute Eq. (2) into Eq. (1) 
 

𝜎𝜎∗ =
𝑠𝑠∗

𝜉𝜉
𝑠𝑠𝑠𝑠𝑠𝑠ℎ−1 �
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𝑅𝑅𝑅𝑅

��
𝑚𝑚

 (8) 

 
Substitute Eq. (6) into Eq. (8) 
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𝜉𝜉
�
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��
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 (9) 

 
The saturation stress, temperature, and strain rate are all included in Eq. (9). We can derive the 

following equations from Eq. (1) and Eq. (5) under isothermal and s* > s conditions. 
 

𝜎𝜎 = 𝑐𝑐 �ℎ0 �1 −
𝑠𝑠
𝑠𝑠∗
�
𝑎𝑎
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 �1 −

𝑠𝑠
𝑠𝑠∗
�� 𝜀𝜀𝑖̇𝑖𝑖𝑖 (10) 

 
To perform differentiation of stress, σ with respect to strain rate, 𝜀̇𝜀in, the parameters of s need to 

change to σ, and s* needs to change to σ*. 
 

∴  𝜎𝜎 = 𝑐𝑐 �ℎ0 �1 −
𝜎𝜎
𝜎𝜎∗
�
𝑎𝑎
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 �1 −

𝜎𝜎
𝜎𝜎∗
�� 𝜀𝜀𝑖̇𝑖𝑖𝑖 (11) 

 
𝑑𝑑𝑑𝑑
𝑑𝑑𝜀𝜀𝑖̇𝑖𝑖𝑖

=  𝑐𝑐 �ℎ0 �1 −
𝜎𝜎
𝜎𝜎∗
�
𝑎𝑎
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 �1 −

𝜎𝜎
𝜎𝜎∗
�� (12) 

 
Integrating Eq. (12) yields the following form: 
 

𝜎𝜎 = 𝜎𝜎∗ − �(𝜎𝜎∗ − 𝑐𝑐𝑐𝑐0)(1−𝑎𝑎) + (𝑎𝑎 − 1){(𝑐𝑐ℎ0)(𝜎𝜎∗)−𝑎𝑎}𝜀𝜀𝑖𝑖𝑖𝑖�
1

(1−𝑎𝑎) (13) 

 
In which s0 is the starting value of s and σ0 = cs0. The material parameters ch0, cs0 (σ0), and a will 

be calculated using Eq. (13). In these constitutive equations, the following material parameters must 
be determined: A, Q, m, n, ξ, ŝ, a, h0 and s0. The starting value of the deformation resistance is given 
by s0. 
 
2.4 Procedures for Determining the Model Parameters Based on the Data from the Stress-Strain Curve 
 

The practical applicability of a model relies heavily on how straightforward it is to establish the 
values for the model’s material parameters. The Anand inelastic constitutive model includes nine 
parameters, but their determination is straightforward as all that is needed is data from experiments 
at different temperatures and strain rates. A, Q/R, ŝ/ξ, h0, ξ, m, n, a and s0 are all material properties 
that can be resolved using the methods outlined below: 
 

i. Obtain the stress and strain result from the experiment for each temperature and strain 
rates. 
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ii. Calculate the constant value of parameter s* for each temperature and strain rate by using 
the Eq. (6) given above using the Anand model parameters that have been predicted 
based on Table 1. 

iii. Next, using the obtained value of parameter s* from (2), the internal variable s is 
calculated by using the Eq. (7). 

iv. The parameter c is determined by using Eq. (2) as mentioned above. After proving that 
parameter c has a value of less than unity, the predicted stress is then calculated using Eq. 
(1). 

v. A non-linear least square fit method is then used to find all the nine Anand model 
parameters simultaneously. 

In order to make an accurate prediction, the values of the Anand parameters should fall within a 
particular range, as indicated by previous research. Table 1 provides the allowed values for each 
Anand model parameter in SAC405 lead-free solder. 
 

Table 1 
Minimum and maximum values for each anand model parameters 
Symbols Anand Parameters Minimum Maximum 
s0 Internal variable 10 100 
Q/R Activation energy and universal gas 

constant 
5000 15000 

A Pre-exponential factor 1000 10000 
ξ Multiplier of stress 1 10 
m Strain rate sensitivity 0.05 0.5 
h0 Material parameters 50000 250000 
ŝ Coefficient of saturation 10 100 
n Strain rate sensitivity for the 

saturation value of deformation 
resistance 

0.0001 0.1 

a Material parameters 1 5 
 
3. Results and Discussion 
 

The material parameters for SAC405 lead-free solder material were calculated using the 
aforementioned method and are presented in Table 2 below. 
 

Table 2 
Anand model parameters determined for SAC405 from stress-strain data 
Symbols Anand Parameters Units Values 
s0 Internal variable MPa 76.675 
Q/R Activation energy and universal gas 

constant 
1/K 10573 

A Pre-exponential factor sec-1 1557.67 
ξ Multiplier of stress Dimensionless 8.52 
m Strain rate sensitivity Dimensionless 0.3097 
h0 Material parameters MPa 229749 
ŝ Coefficient of saturation MPa 67.84 
n Strain rate sensitivity for the 

saturation value of deformation 
resistance 

Dimensionless 0.0159 

a Material parameters Dimensionless 2.031 
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Once the parameters are collected, the stress-strain curve may be predicted using the 
constitutive model at each temperature and strain rate recorded in the experiment. Correlating the 
Anand model’s stress-strain curves with the experimental stress-strain curves allows the constitutive 
model’s fit to the experimental data to be analyzed. Figures 7, 8, and 9 illustrate the correlation 
between the experimental results obtained for the five tested temperatures and three strain rates, 
and the stress-strain curves predicted by the Anand model. There is consistent evidence of a high 
degree of correlation between the derived Anand model parameters and the experimentally 
determined test data in each case. 

Based on the figures shown, it can be seen that the Anand prediction results in a high goodness 
of fit value of above 0.9 for all three constant strain rates. Figure 7 of strain rate 1 × 10-3 sec-1 have 
an average goodness of fit value of 0.992, while 0.983 for strain rate 1 × 10-4 sec-1 shown in Figure 8. 
The average goodness of fit value for the strain rate 1 × 10-5 sec-1 shown in Figure 9 is 0.982. 
Consequently, it can be argued that the Anand model possesses the capability to accurately forecast 
the stress-strain behavior of materials. Next, the data show that the Anand model is more accurate 
at higher temperatures than at lower temperatures in predicting the stress-strain response. This is 
evidence from all three stress-stain rates of Figure 7, 8 and 9. Figure 7 also showed the best accuracy 
compared to both Figure 8 and 9. As seen from the figure, almost all the temperatures for strain rate 
1 × 10-3 sec-1 can be predicted accurately. 

Although the figures above demonstrate how the Anand model can simulate non-linear 
deformation behavior at various temperatures and strain rates while maintaining a very good 
accuracy with a high goodness of fit value. However, it is not considered that the Anand model fitting 
outcome to be ideal. One can see that there are certain differences between the experimental data 
and the data from the real world, and vice versa. The results show that, especially at high homologous 
temperatures, the Anand model is not very good at characterizing the cross-dependent relationship 
between temperature and strain rate. 

h0 and a are two important parameters that affect the shape of the stress-strain curve. It is 
possible to make more accurate predictions of the experimental results if a is assumed to be constant 
and consider h0 to be a function of temperature and strain rate.  

When h0 is a constant and a is a variable, it is not always possible to obtain a close approximation 
of the stress-strain curve. The constant plastic flow state is typically reached at strains around two 
percent for lead-free solders, allowing the value of the saturation stress to be established at an earlier 
stage. Although strain hardening behavior was observed at low temperatures, lead-free solder’s 
remarkable stability suggests that the material may attain a steady state in under 60 seconds. The 
parameter a did not vary much with temperature and strain rate, while ch0 varied greatly with each 
test throughout the whole process of nonlinear fitting to Eq. (13) of the stress-strain curve shown in 
Figures 7, 8, and 9. The Anand model can be adjusted by correlating h0 with temperature and strain 
rate in future studies. 
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Fig. 7. The comparison of experiments [22] and predictions of anand 
model for lead free solder SAC405 for constant strain rate of 1 × 10-3 sec-1 
with different temperatures 

 

 
Fig. 8. The comparison of experiments [22] and predictions of anand 
model for lead free solder SAC405 for constant strain rate of 1 × 10-4 sec-1 
with different temperatures 
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Fig. 9. The comparison of experiments [22] and predictions of anand model 
for lead free solder SAC405 for constant strain rate of 1 × 10-5 sec-1 with 
different temperatures 

 
4. Conclusions 
 

The Anand inelastic constitutive model was used to calculate the uniaxial stress-strain curve in 
this study. In addition to this, the processes by which the Anand model parameters can be obtained 
from experimental data on stress-strain curve have been worked out. The Anand parameters for 
lead-free solder SAC405 are then calculated using a set of experimental test data using the developed 
approaches. The Anand parameters were calculated using a variety of strain rates (ε̇ = 1 × 10-3 sec-1, 
1 × 10-4 sec-1, and 1 × 10-5 sec-1) and temperature-dependent (T = 298 K, 323 K, 348 K, 373 K and 398 
K) uniaxial stress-strain data.  

The numerical magnitudes are very close when the Anand model parameters based on the stress-
strain data are compared to the experiment data. In addition, the computed Anand model responses 
have been assessed to the observed stress-strain data to establish the Anand model’s accurateness 
(goodness of fit) utilizing the retrieved material characteristics. In every instance, the Anand model 
was proven to accurately replicate the experimental data throughout a broad temperature and 
stress-strain range of 0.992 for strain rate 1 × 10-3 sec-1, 0.983 for strain rate 1 × 10-4 sec-1 and 0.982 
for strain rate 1 × 10-5 sec-1. 
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