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A B S T R A C T   

Low-cycle thermal-mechanical fatigue loadings induce progressive and permanent degradation of mechanical 
properties of lead-free solder materials, and thus reduce the fatigue life of electronic devices. In this study, 
damage evolution and accumulation of Sn-3.0Ag-0.5Cu (SAC305), the most successfully commercialized lead- 
free solder material, was investigated by performing strain-controlled fatigue tests at different temperatures 
(288–373 K) and strain rates (0.001–0.004 s− 1). Unlike existing empirical models, a fatigue damage model was 
proposed based on entropy generation related to the thermodynamic nature of fatigue damage. To be intrinsic to 
entropy generation, the proposed model was calibrated with the peak stress degradation at different tempera
tures and strain rates. Our findings showed that the damage parameter is closely related to temperature and 
strain rate and monotonically increases from 0 to 1 during the low-cycle fatigue loading, which unveiled the fact 
regarding the irreversibility of the internal entropy generation. For the first time, the damage evolution is found 
to be more associated with the applied strain rate than the temperature. By observations using an optical mi
croscopy, the physical damage mechanism is elucidated for SAC305 solder by correlating microstructures and 
damage evolutions. The evolving dendritic β-Sn phase and the surrounding Sn-Ag-Cu ternary eutectic network 
also explained the effects of temperature and strain rate based on the energy dissipation. Our proposed damage 
model reconciled the damage accumulation of SAC305 solder subjected to the low-cycle fatigue loading, which is 
readily adopted to predict the fatigue life of the electronic packaging structures.   

1. Introduction 

Solder materials play an increasingly crucial role in the electronics 
interconnection structures with the rapid development of electronic 
packaging technology. The mechanical reliability of these packaging 
structures also determines the service lifetime of the entire device or 
system, especially under harsh application conditions [1–3]. Therefore, 
selecting and describing the mechanical properties of solder materials 
has become crucial from a practical and reliability viewpoint. 

The Pb-free solders are widely used in the consumer electronics in
dustry instead of the Pb-containing solders because of their harmful 
effects on the environment and human health. Sn-3.0Ag-0.5Cu 
(SAC305) Pb-free solder has been recommended as an alternative to 
Pb-Sn solder in the National Electronics Manufacturing Initiative since 
2000 because of its low melting temperature and good mechanical 
reliability [4,5]. Hence, accurately and quickly assessing the fatigue 

damage of the Pb-free solder materials is becoming a crucial issue in 
achieving packaging structures with a high-performance and 
high-mechanical reliability for critical applications. In crucial applica
tions, repeated power on/off and high-frequency vibration cause cyclic 
loadings and stresses on electrical devices. This thermal cycling and the 
mismatch of the coefficients of thermal expansion of different layered 
materials leads to thermal fatigue failures of packaging structures; this 
failure concentrates at the solder joints, which undergo accumulative 
damage and permanent degradation [6–8]. 

Fatigue is essentially a process consisting of the formation, aggre
gation, and growth of micro-cracks during the cyclic loading, leading to 
strength reduction and, ultimately fracture failure. There have been 
many research activities in the existing literature to predict the fatigue 
evolution of Pb-free solders under different loading conditions [5,9–16]. 
It is generally accepted that the numerical prediction of fatigue life for 
solder materials typically consists of four major steps, as reviewed by 

* Corresponding authors. 
E-mail addresses: xulong@nwpu.edu.cn (X. Long), suyutai@nwpu.edu.cn (Y. Su).  

Contents lists available at ScienceDirect 

International Journal of Mechanical Sciences 

journal homepage: www.elsevier.com/locate/ijmecsci 

https://doi.org/10.1016/j.ijmecsci.2022.108087 
Received 31 May 2022; Received in revised form 27 December 2022; Accepted 27 December 2022   

mailto:xulong@nwpu.edu.cn
mailto:suyutai@nwpu.edu.cn
www.sciencedirect.com/science/journal/00207403
https://www.elsevier.com/locate/ijmecsci
https://doi.org/10.1016/j.ijmecsci.2022.108087
https://doi.org/10.1016/j.ijmecsci.2022.108087
https://doi.org/10.1016/j.ijmecsci.2022.108087
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijmecsci.2022.108087&domain=pdf


International Journal of Mechanical Sciences 244 (2023) 108087

2

Lee et al. [17]. Firstly, a constitutive model is selected to describe the 
mechanical behaviour of solder materials in the finite element simula
tions of packaging structures. Secondly, the mechanical responses (i.e., 
stress, strain, plastic strain, etc.) of the solder materials are calculated by 
applying the cyclic loading, which is identical to that under experi
mental conditions. Thirdly, the obtained mechanical responses are 
examined to identify the critical solder joints. Finally, the fatigue life can 
be estimated using the selected fatigue life prediction model, which is 
validated based on the experimental data. 

It can be found that fatigue damage and life assessment methods for 
solder structures mainly contain Miner’s cumulative damage law [18], 
damage mechanics method [19–21] and probability method [22,23]. 
Among them, the damage mechanics method is more advantageous to 
describe the damage of the material or structure, but has limitations to 
determine the complex relationship between the degree of damage and 
the stress state [24]. The probabilistic method can provide a compre
hensive analysis for a good number of uncertainties affecting fatigue, but 
its drawback is the requirement of a large amount of test data as the basis 
for analysis [25]. The Miner’s cumulative damage method is the most 
widely used, which can effectively assess the proportion of damage 
caused by different temperatures and strain rates, but its assessment 
results may apparently different from the actual cases if no detailed 
investigations are performed [26]. Therefore, great effects have been 
made to develop various improved or derived Miner’s cumulative 
damage models, such as the bilinear damage model and the nonlinear 
damage model [27–32]. In general, low-cycle fatigue life predictions for 
Pb-free solder in the existing literature were usually based on stress and 
strain, which essentially belong to curve fitting models or phenomeno
logical models, such as the Coffin-Manson model and Morrow model 
[12,13,33–36]. For instance, the Coffin-Manson model was adopted 
based on experimental data to correlate the amplitude of cyclic plastic 
deformation with the cycle numbers, which has been proven suitable for 
low-cycle fatigue problems for solder joint materials [36–39]. Addi
tionally, Liang et al. [9] provided a comprehensive review of multiaxial 
fatigue life prediction models to predict the multiaxial ratch
eting–fatigue life. Nevertheless, it should be noted that these prediction 
models are empirical and thus cannot unveil the physical nature of the 
fatigue process of viscoplastic solder materials, especially the underlying 
mechanism of damage evolution and accumulation. 

If any component and structure are considered as a thermodynamic 
system, the energy conversion efficiency is definitely less than 100% 
because of the inevitable energy dissipation based on Newtonian me
chanics and the second law of thermodynamics. With the target to 
directly reflect the nature of damage accumulation until fatigue fracture, 
the thermodynamic entropy can be adopted to describe the degree of 
system disorderliness during the material fatigue process and also pre
dict the fatigue life from a microscopic perspective. Thus, recent works 
developed a new fatigue damage model based on the entropy-generation 
theory. Hwang et al. [40] proposed an energy-based damage model for 
simulating low cycle fatigue for structural stainless steels by modifying 
existing models. They validated the proposed damage model by 
comparing it with through-wall cracked pipe tests of stainless steel. 
Because of plastic deformation during fatigue, energy dissipation can be 
quantified by entropy generation, which increases until its final ultimate 
value during cyclic loading. This phenomenon regarding the increasing 
entropy generation during fatigue loading is observed for various types 
of materials [41–43]. Recently, Samal and Moharana [44] analysed the 
physical properties of the recharging microchannel from the perspective 
of entropy generation. Their results showed that the entropy generation, 
as a thermodynamic quantity, can be reasonably assumed to be related 
to the fatigue evolution of the material specimen. In addition, uniaxial 
fatigue experiments of carbon steel by Jang and Khonsari [45] showed 
that the fracture fatigue entropy (FEE), as an intrinsic material property, 
indicates an accumulative entropy up to the fracture point. Similarly, 
Amiri and Khonsari [41], Naderi et al. [46], and Liakat and Khonsari 
[47] confirmed that the FEE of metal material failure remains constant 

at low- and high-cycle fatigue, while the FEE value is independent on 
external factors such as specimen geometry and loading amplitude. 
Thus, the entropy-based damage model is promising to unveil the un
derlying mechanism and make predictions with more physical signifi
cance for fatigue failure. It can be seen from the above critical review 
about the existing damage models [12,13,33–39], curve-fitting models 
based on experimental data are essentially empirical. Therefore, they 
cannot explain the physical nature of the fatigue process, especially the 
underlying damage evolution and accumulation. Fundamentally 
different from the empirical damage models, the entropy-based damage 
model is superior from a physical point of energy dissipation and is more 
potential to reveal fatigue damage along with the observation of 
microscopic evolution [48–50], and put forward a new fatigue damage 
model based on entropy-generation theory. Therefore, the present study 
makes the first attempt to propose an entropy-based damage model for 
predicting the damage accumulation of the viscoplastic solder materials. 

In recent years, the concept of entropy has been adopted for the 
complex systems working under mechanical fatigue, thermal loading, 
and wear conditions based on mechanical thermodynamics [51–53]. 
Some entropy-based fatigue models were proposed to characterize the 
fatigue life of composite materials [54–57]. However, there are only a 
few studies in the existing literature on the entropy-based fatigue models 
for Pb-free solders. In the present study, low-cycle fatigue experiments 
were performed on SAC305 specimens at a maximum strain of 0.12, 
subjected to different temperatures and strain rates. The entropy gen
eration was derived as a damage parameter based on the Newtonian 
mechanics and the second law of thermodynamics. Then, the variables 
in the damage model were correlated to temperatures and strain rates, in 
combination with the strength degradation under different cyclic 
loading conditions. Finally, the damage evolution was reconciled to 
confirm the accuracy of the proposed entropy-generation damage model 
with the accumulative damage data generated during the 
mechanical-cyclic loading. This result has never been realized for 
Pb-free solder materials to the best of our knowledge. To further eluci
date the microscopic evolution of SAC305 under different cyclic con
ditions, the microstructure of SAC305 after fatigue tests was also 
characterized by an optical microscope. Therefore, the damage model is 
proposed to provide a basis for coupling with the unified creep plasticity 
model [58–60] through UMAT subroutine in the future. On the basis of 
this, the damage accumulation during mechanical cycling of viscoplastic 
solder can be simulated by finite element simulation software to obtain 
the equivalent plastic strain increment PEEQ, and finally the fatigue life 
of the material can be evaluated by Coffin-Manson model. 

2. Experimental and theoretical methods 

This section presents the experimental and theoretical methods for 
exploring the fatigue damage of SAC305 under low-cycle fatigue. The 
material specification, specimen preparation and fatigue loading 
method are described. The framework of the proposed damage model is 
derived based on the entropy-generation. 

2.1. Materials preparation and experimental procedure 

The chemical composition of the purchased SAC305 Pb-free solder 
rods from Alpha Assembly Solutions (New Jersey, US) is shown in 
Table 1, and the solder rods were cut into rectangular specimens with 
the dimensions of 69.8, 3.0 and 5.0 mm, respectively, by the low-speed 
wire-cut electrical discharge machining. Then, the specimens were 
further prepared by chamfering for the transition regions and the sur
faces were smoothened by using the high-speed milling cutter. Eventu
ally, the dog-bone shaped SAC305 specimens were obtained as shown in 
Fig. 1, which has a surface finish of 0.8 μm Ra to satisfy the practical 
requirement for those parts that are exposed to stress concentration. 
According to the existing natural aging methods [61–64] to release the 
residual stress and stabilize the microstructures, the solder specimens 
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were stored at the room temperature and in a dry environment for more 
than 20 days to relieve the residual stress caused by the machining 
process [65]. 

Then, the solder samples were tested in a universal testing machine 
by SUNS Inc. (Shenzhen, China) with a temperature chamber under 
strain-controlled cyclic conditions for up to 400 cycles at constant 
temperatures and strain rates. Different testing temperatures were 
selected, i.e., 288 K, 308 K, 343 K and 373 K, and the corresponding 
strain rates were chosen, i.e., 0.001 s− 1, 0.002 s− 1 and 0.004 s− 1, 
respectively, to cover all typical loading scenarios of mechanical reli
ability assessment. 

Based on the soldering and packaging processes, residual strains 
remained in the solder joints of electronic packaging structures to in
fluence the fatigue life of solder joints under the service conditions. 
According to the monotonic tensile behaviour in Fig. 2, it can be found 
that SAC305 solder has clearly entered the plastic stage when the strain 
reaches 0.12 by uniaxial tensile experiments at different temperatures. 
This means that the damage definitely exists and accumulates at the 
tensile strain of 0.12, which can also be a representative working con
dition when the solder material undergoes excessive stress due to 
installation or CTE mismatch of electronic packaging structures. 
Therefore, this study prescribed a tensile strain of 0.12 for the SAC305 
solder specimens before applying the strain amplitude of 0.01 during the 
strain-controlled fatigue tests. Subsequently, all fatigue experiments at 

different temperatures were performed using a triangular waveform 
loading path with different strain rates, as shown in Fig. 3. In light of the 
fact that fatigue behaviour exhibits significant scatter, the average 
values and standard deviations of three duplicate specimens for each 
testing condition are shown in Fig. 4. The apparent peak stress differ
ences of experimental results confirm the damage differences due to 
different temperatures and strain rates. The average value was consid
ered the reliable experimental data for the damage analysis and the 
calibration of the proposed entropy fatigue model. Furthermore, it 
should be noted that applied low-cycle fatigue deformation at a quasi- 
static state was consistent with the actual applications of solder mate
rials in electronic packaging structures [65]. 

For the solder microstructure characterization, the solder specimens, 
after being tested for 400 cycles, were sectioned in the middle of the 
gauge length using a precision cutting machine at a low speed of 400 
rpm. Then, metallographic grinding and polishing machines were used 
with the diamond pastes (0.3 μm and 0.05 μm) to polish the samples to 
reach a mirror-like surface for the solder sample. To reveal different 
phases of the microstructures on the solder, the polished solder speci
mens were etched with a mixed solution of 2% HCl + 3% HNO3 + 95% 
C2H2OH (vol.%) for 9 s [66]. Finally, the specimens were cleaned in an 
ultrasound bath of ethanol for 3 min to remove any diamond paste and 
chemical residue left from the polishing and etching process. Optical 

Table 1 
Chemical composition of SAC305 solder (wt.%).  

Solder type Sn Ag Cu Pb Sb As Fe Ni Al Zn 

SAC305 Bal. 3.0 0.5 <0.08 <0.05 <0.03 <0.02 <0.01 <0.002 <0.002  

Fig. 1. Geometry of dog-bone shaped specimen of SAC305 Pb-free solder to investigate the monotonic tensile behaviour and damage evolution during the fatigue 
tests (unit: mm). 

Fig. 2. Monotonic tensile behaviours of the specimens of SAC305 solder by 
uniaxial tensile experiments at four different temperatures of 288 K, 308 K, 343 
K, and 373 K respectively. 

Fig. 3. Strain-controlled cyclic loading paths for different strain rates of 0.001 
s− 1, 0.002 s− 1, and 0.004 s− 1 in uniaxial fatigue tests of SAC305 solder speci
mens, which were conducted with the same prescribed tensile strain of 0.12 and 
strain amplitude of 0.01 to identify the effects of temperatures and strain rates. 
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microscopy (Model ISH500 from Tucsen, Fuzhou, China) was used to 
capture micrographs at representative locations of the solder specimens. 

2.2. Framework of the proposed entropy-generation damage model 

It is reasonable to assume that the energy dissipation is quantified by 
the strength reduction caused by cyclic loading. In addition, entropy 
generation is a quantity larger than zero, indicating the accumulation of 
energy dissipation during the irreversible process of the thermodynamic 
system. In terms of governing equation, Temfack and Basaran [67] 
presented the range and trend of damage parameters based on the 
thermodynamic laws, and verified them with uniaxial cyclic and 
monotonic loading. Based on the internal energy and entropy change 
perspectives, the internal entropy generation γ is based on the change of 
the total entropy in the system of a solder specimen, and can be 
expressed as 

γ =
σ : εp

T
+

k
T2

⃒
⃒
⃒grad
̅̅ →

T
⃒
⃒
⃒

2
+

ρr
T

≥ 0 (1)  

where σ represents the stress tensor, εp is the plastic strain, T is the 
temperature, ρ is the material density, r represents the specific internal 
heat source per unit time, and k is constant. In Eq. (1), the first term 
represents the plastic work done which incorporates the effect of me
chanical loading, the second term represents the contribution by the 
thermal loading, and the last term represents the other types of loading 
acting on the solder specimen. 

It is widely accepted that the damage parameter should be zero in the 
initial state before the fatigue deformation. The damage parameter 

gradually grows during the fatigue loading as the loading time increases. 
When the damage parameter reaches a critical value usually taken as the 
unit 1.0, the material specimen is considered to have failed due to the 
applied fatigue loading. Therefore, the internal entropy is first normal
ized to accommodate the damage evolution by characterizing the ma
terial property degradation during the mechanically cyclic loading. As 
the ratio of the change in the disorder parameter W to the initial state 
disorder parameter W0, the damage parameter D is defined as [43, 
68–70] 

D =
W0 − W

W0
(2) 

In addition, a relationship between the disorder parameter W and the 
internal entropy si of the specimen system can be established as [42] 

si =
R

ζ ⋅ ms
ln(β ⋅ W), (3)  

where R is the gas constant, ms represents the molar mass, ζ is the 
loading-related parameter to indicate the thermo-mechanical coupled 
effect, and β is a scaling factor to guarantee to be physically and 
mathematically compatible. After rewriting Eq. (3), Eq. (4) can be ob
tained as 

W =
1
β

exp
(

ζ ⋅si ⋅
ms

R

)
. (4) 

After substituting Eq. (4) into Eq. (2), the damage parameter can be 
further expressed as 

Fig. 4. Average values and standard deviations of experimental data obtained at temperatures of 288 K, 308 K, 343 K, and 373 K for strain rates of (a) 0.001 s− 1, (b) 
0.002 s− 1, and (c) 0.004 s− 1, respectively. The insets illustrate the authenticity and reliability of the data from this experiment. 
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D =
W0 − W

W0
= 1 − exp

[
− ζ⋅(si − si0) ⋅

ms

R

]
. (5) 

Based on Eq. (4), when the internal entropy si is equal to the initial 
internal entropy si0, the damage parameter of the specimen system is 0 if 
the solder specimen does not have any existing initial damage. On the 
other hand, when the internal entropy si is infinity, the damage 
parameter equals 1, i.e., the system solder specimen fails. This 
assumption is compatible with the commonly known fact that the 
thermodynamic system is regarded to fail before the damage parameter 
reaches 1 in most situations. According to Eq. (1), the term si − si0 can 
then be written in a generalized form as 

si − si0 = Δsi =

∫t

t0

γ
ρ dt =

∫t

t0

σ : εp

ρT
+

k
ρT2

⃒
⃒
⃒grad
̅̅ →

T
⃒
⃒
⃒

2
+

r
T

dt. (6) 

Since the mechanical effect on the fatigue behaviour of SAC305 
solder material is the main focus of the present study, the specimen 
temperature was maintained constant during the loading process. The 
specimen was only subjected to mechanically cyclic loading in a uniaxial 
direction. As a result, the second and third terms in Eq. (6) are no longer 
considered further for our analysis. As the damage parameter D is 
directly reflected by the reduction of peak stress in each loading cycle 
during the fatigue experiments, Eq. (6) can be rewritten as 

si − si0 = Δsi =

∫t

t0

σ : εp

ρT
dt =

∑n

i=0

Δσ ⋅ Δε
ρT

, (7)  

where Δσ represents the reduction of peak stress per loading cycle, Δε 
represents the strain amplitude for each cycle which is set as 0.02 in this 
study, and n is the number of cycles that is up to 400 as a low-cycle 
fatigue history. 

To capture the degradation of measured peak stress during the fa
tigue loading, the continuum damage mechanics and the linear damage 
degradation are adopted from Krajcinovic [71]. Thus, the peak stress 
degradation can be described as 

σpeak = σpeak,0 ⋅ (1 − D), (8)  

where σpeak,0 and σpeak are the peak stresses prior to and during fatigue 
deformation, respectively. Based on Eq. (8), the proposed damage 
parameter in Eq. (5) can be achieved from the peak stress degradation, 
providing the relationship between fatigue cycle number and solder 
material strength obtained from the performed experiments. These 
derivations suggest that the degradation of solder material strength is 
the consequence of entropy generation during the fatigue history. 

3. Experimental results and damage model calibration 

The proposed entropy-generation damage model describes the fa
tigue behaviour of SAC305 Pb-free solder materials. Therefore, the 
involved parameters of the damage model are calibrated against the 
experimental measurements from cyclically loaded material specimens 
at different temperatures and strain rates to confirm their applicable 
conditions. In addition, the evolution of the damage parameter D is 
elucidated under various loading conditions to verify the accuracy of the 
proposed entropy-generation damage model in capturing the funda
mental accumulative damage during mechanical cyclic loading. This 
result is of interest to probe the underlying mechanisms of the damage- 
constitutive behaviour and provide the theoretical basis to numerical 
estimations for the fatigue life for Pb-free solder joints. 

3.1. Effect of temperature and strain rate on damage 

Experimental results are summarized from cyclically loaded material 
specimens at different temperatures and strain rates. The fatigue tests 

were performed in a strain-controlled manner, which facilitated the 
stress response in the time history to be obtained directly. The stress- 
strain relationship is derived further by associating the applied strain 
history in Fig. 5. Here, the stress at the maximum strain of 1.2 gradually 
decreases with increasing cycle numbers. Additionally, the envelope 
area in the center of the hysteresis loop becomes smaller as the cycle 
number increases, indicating the capacity deterioration of energy 
dissipation and thus confirming the accumulated damage during the 
fatigue test. 

To derive the strength deterioration, the peak stress at each strain 
cycle is extracted to form the peak stress–cycle number responses to 
indicate the damage accumulation and entropy generation during the 
cyclic loading history. Fig. 6 shows the relationship between the cycle 
number and the peak stress for the entire loading history at various 
temperatures and strain rates with the same cyclic strain amplitude of 
0.01. By inducing a significant reduction and subsequent stabilization of 
the peak stress for SAC305, the applied 400 strain cycles are sufficient to 
produce the damage evolution and accumulation. 

Based on comparisons between the peak stresses at different tem
peratures and strain rates in Fig. 6, SAC305 solder demonstrates 
noticeable temperature softening and strain-rate hardening phenome
non. The deterioration trend of peak stress is similar to the previously 
reported experimental results by Long et al. [72]. The nonlinear rela
tionship between peak stress and the cyclic number obtained from this 
experimental work proves that strength decreases significantly within 
the first 50 cycles. Then, the decrease gradually stabilizes because of the 
damage accumulation and entropy generation with the evolution of the 
damage parameter under different working conditions. 

Furthermore, the difference between the initial peak stress and the 
stabilized peak stress increases with increasing temperature and strain 
rates, implying that the higher temperature or higher strain rate causes 
more significant for the same cycle number. Therefore, the temperature 
effect on damage is attributed to the increased energy dissipation for the 
same amount of time or the same number of cycles at higher tempera
tures. This result is consistent with the experimental results of other 
independent researches [73,74]. Similarly, the effect of strain rate on 
damage is attributed to the faster strain rates resulting in faster energy 
dissipation of SAC305 Pb-free solder for the same amount of time or 
number of cycles. 

To quantify the fatigue damage at different temperatures, the rela
tionship between the number of cycles and the peak stress can be further 
correlated by Eq. (8), as shown in Fig. 6, from which the results of 
damage parameters are obtained in Fig. 7 as the function of cycle 
number. It is noteworthy that it was observed that the most critical 
location was located in the middle of the gauge length by the 

Fig. 5. Representative stress-strain relationship for the SAC305 solder spec
imen subjected to strain-controlled cyclic loading for a maximum of 400 cycles 
at a temperature of 288 K and a strain rate of 0.001 s− 1. 
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observation of the experimented specimens. And in order to make the 
damage parameters more convincing, the studied damage parameters 
were obtained by calculating the average of the three sets of data at the 
most dangerous point. The trend of the damage parameter D increases as 
expected but in a highly nonlinear manner with the number of cycles. 
The loading-related parameter ζ defined in the damage parameter D in 
Eq. (5) could thus be calibrated to achieve a better curve fitting to the 
experimental results. 

It should be noted that the initial value of the damage parameter was 
not zero because of the prescribed uniaxially tensile strain of 0.12, 
which was applied to SAC305 specimens ahead of strain cycles. Since 
SAC305 has a relatively low value of Young’s modulus, the prescribed 
tensile strain causes irrecoverable plastic deformation in the material 
specimens, resulting that a certain degree of damage accumulates before 
the subsequent strain cycles. As a result of the thermal softening effect, 
the higher temperature results in more significant initial damage. It can 
also be concluded from Fig. 7 that the strain rate presents a promoting 
effect on the damage accumulation and entropy generation of SAC305 
material under the same temperature conditions. 

3.2. Calibration of the damage parameter 

The loading-related parameter ζ in the damage parameter D is 
determined in Fig. 8 by cyclic loading experiments in the ranges of 
temperatures (288–373 K) and strain rates (0.001–0.004 s− 1). There
fore, a bilinear relationship between the parameter ζ, temperature and 
strain rate is proposed as 

ζ(T, ε̇) = 3.005T + 9786ε̇ − 677.4, (9)  

where T and ε̇ represent temperature and strain rate, respectively. Eq. 
(9) accommodates the determination of the damage parameters D at 
different temperatures and strain rates, to lay the experimental foun
dation for subsequent modelling for the damage-constitutive behaviour 
and predictions for fatigue life for Pb-free solder joints. 

The evolution of damage parameter is the derivative of the damage 
parameter with respect to time. Unlike the damage parameter, the 
evolution of damage parameter indicates the instantaneous rate of 
damage generation accumulation, and also reveals also reveal the rate of 
energy dissipation during the fatigue process. Therefore, the damage 

Fig. 6. Measured and predicted relationships between the number of cycles and peak stress at temperatures of 288 K, 308 K, 343 K, and 373 K, with the applied strain 
rates of 0.001 s− 1, 0.002 s− 1, and 0.004 s− 1. Noticeable effects of temperature softening and strain-rate hardening on SAC305 solder are demonstrated and simulated 
by the proposed damage model. 

Fig. 7. Damage accumulation predicted by the proposed damage model at different temperatures of 288 K, 308 K, 343 K, and 373 K, with the applied strain rates of 
0.001 s− 1, 0.002 s− 1, and 0.004 s− 1. The damage accumulation is promoted by the increase of strain rate and temperature. 
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evolution can be obtained by using EXCEL for the first order derivative 
with respect to time of the damage parameter that are calculated by the 
numerical model, and the evolution of the damage parameter are 

provided in Figs. 9 and 10 for SAC305 solder materials at different 
temperatures and the applied strain rates. The damage evolution in the 
first 50 cycles is emphasized, while the later cycles are excluded as the 
damage evolution is approximately zero and thus does not contribute 
much to the damage accumulation. These damage accumulation rates 
are significantly rapid at the beginning of the fatigue experiments. This 
result provides the basis for the required cyclic numbers to predict the 
fatigue life of SAC305 solder joints by performing finite element 
simulations. 

In essence, the inelastic strain energy density decreases at a faster 
rate at lower temperatures and higher strain rates, implying faster en
tropy generation and faster damage accumulation. Compared with the 
temperature effect in Fig. 9, the effect of strain rate in Fig. 10 is more 
significant for describing the damage evolution in the time history. The 
damage accumulation of SAC305 solder at lower strain rates is slower, 
and thus its fatigue life is longer. In addition, the difference in the 
evolution of damage parameter at different temperatures is larger at low 
strain rates as shown in the insets of Fig. 9. With the increase in fatigue 
cycles, the difference in damage evolution resulting from different 
temperatures disappears, similar to those shown in Fig. 10. This trend is 
essentially the same at different temperatures and thus is considered 
independent of temperature conditions. This observation suggests that 
the evolution of the damage parameter is more associated with the 
applied strain rate than the temperature. 

4. Microstructure observation and discussion 

Based on optical microscopy, the microstructure of the fatigue-tested 
SAC305 solder specimens at different temperatures and strain rates are 

Fig. 8. Relationship between loading-related parameter ζ and strain rate for 
the same strain level of 0.12 at temperatures of 288 K, 308 K, 343 K, and 373 K. 
This insert illustrates the relationships between loading-related parameter ζ, 
temperature and strain rate by the way of projection. 

Fig. 9. Evolution of damage parameter at different temperatures of 288 K, 308 K, 343 K, and 373 K, with the applied strain rates of (a) 0.001 s− 1, (b) 0.002 s− 1, and 
(c) 0.004 s− 1. The insets show the detailed comparisons of the evolution of damage at various temperatures. 
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Fig. 10. Evolution of damage parameter at different strain rates of 0.001 s− 1, 0.002 s− 1, and 0.004 s− 1, with the applied temperatures of (a) 288 K, (b) 308 K, (c) 343 
K, and (d) 373 K. The insets depict detailed comparisons of the evolution of damage at various strain rates. 

Fig. 11. Microstructural evolutions of SAC305 specimens subjected to the strain rate of 0.001s− 1 with the applied temperatures of (a) 288 K, (b) 308 K, (c) 343 K, and 
(d) 373 K, demonstrating that an increase in temperature motivates β-Sn phases through thermal energy. 
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shown in Figs. 11 and 12, respectively. As a typical Sn-based solder 
material, the microstructure of as-prepared SAC305 solder comprises 
the dendritic β-Sn phase as the brighter zone and the surrounding Sn-Ag- 
Cu ternary eutectic network (i.e., Cu6Sn5 and Ag3Sn) as the darker zone 
[75–78]. The intermetallic compounds (IMCs) particles are finely 
distributed between these dendritic arms [75–78]. These microstruc
tures differ for the fatigue-tested specimens at different temperatures 
and strain rates. 

Fig. 11 shows the microstructure of SAC305 specimens with different 
temperatures at the strain rate of 0.001 s− 1. The change of β-Sn phase is 
focused in order to investigate the damage caused by energy dissipation 
of SAC305 solder at different temperatures and strain rates. It is 
observed that when the temperatures are 288 K and 308 K as presented 
in Fig. 11(a) and (b), the shape of the β-Sn phases are mostly narrow 
strips with large aspect ratios, and some strips are even connected to 
form large plates. As a result, the aspect ratios of the β-Sn phase decrease 
dramatically, and the shapes of most β-Sn phase almost become circular 
in Fig. 11(c) and (d). These comparisons suggest that as the temperature 
increases but with the same loading factor, the morphology of β-Sn 
phase dramatically change, which is apparently attributed to more 
active atom diffusion resulting from the increasing thermal energy [79]. 
When the same cyclic loading is applied to those specimens with 
different morphologies, the mechanical response and also the induced 
damage are different. Therefore, it is confirmed that more reduction in 
peak stress and more significant fatigue damage of SAC305 is induced at 
higher temperatures. Considering that the mechanical properties of 
SAC305 solder are also dependent on the temperature, it is challenging 
to explicitly explain the underlying mechanism by considering such 
coupled multiple factors. This outlines the significance of the present 
work to propose a damage model based on entropy generation. By taking 
advantage of the entropy generation to describe the irreversible pro
cesses (such as mass transfer processes) and thermodynamic cycle from 

the viewpoint of energy, the mechanical behaviour of SAC305 solder is 
attempted to be phenomenologically elucidated during the cyclic 
loading with the irreversible damage accumulation. 

The specimen microstructures at the different strain rates are 
compared in Fig. 12. Fig. 12(a) and (b) show that when the strain rate 
increases from 0.001 to 0.002 s− 1, the microstructure become coars
ened, and a few non-penetrating cracks are produced in the dendritic 
β-Sn phase. However, compared with the effect of temperature varia
tions, the β-Sn phase remains mostly narrow strips with large aspect 
ratios as the strain rate increases. This phenomenon is supported by the 
observations in Fig. 12 that the damage evolution at different strain rates 
do not strongly depend on the temperature conditions. When the strain 
rate further increases, it is evident that penetrating cracks gradually 
appears through the dendritic β-Sn phases [80,81]. In fact, cracks appear 
mainly as primary cracks at low strain rates, while the secondary cracks 
gradually grow and the number of cracks increases as the strain rate 
increases in Fig. 12. In order to quantitatively describe the cracks under 
different strain rates, the number of cracks is counted in the represen
tative region as shown in the yellow box of 0.01 mm2 in Fig. 12 and is 
found to increase with the increase of strain rate are shown in Fig. 13. 
These penetrating cracks are attributed to the increase in deformation 
rate in the specimen due to the increasing strain rate, resulting in more 
dissipated energy and more significant fatigue damage in the micro
structure of solder materials [79]. By correlating with the degradation 
trend of mechanical properties, it can be concluded that the micro
scopical morphologies are attributed to the entropy generation in terms 
of energy dissipation under the coupled effects of temperatures and 
strain rates. 

As the present work is conducted to focus on the macroscopic dam
age model to accurately describe the degradation trend of mechanical 
properties as the outcome of multiple coupled macroscopic and meso
scopic factors, the proposed model is believed to be applicable as long as 

Fig. 12. Microstructural evolutions of SAC305 specimens subjected to the temperature of 288 K with the applied strain rates of (a) 0.001 s− 1, (b) 0.002 s− 1, and (c) 
0.004 s− 1. With the increasing strain rate, the microstructural evolutions and cracks in the dendritic β-Sn phases result in entropy generation and fatigue damage. 
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the crack does not propagate at the macro-scale to induce a macroscopic 
fracture of the SAC305 solder. Absolutely, it should be noted that some 
limitations and assumptions were made to simplify the proposed fatigue 
damage model. For instance, the tin recrystallization could be consid
ered in the proposed entropy generation-based fatigue damage model, 
but the grain growth is not detailed characterized in this study. The 
influence of the elastic stage was neglected, so the proposed model was 
only applicable to low cycle fatigue with relatively large plastic strain. 
Future works can be performed to address the lifetime prediction for Pb- 
free solder under cyclic loading conditions by establishing FE simula
tions [82–84] based on this proposed damage model accompanied by 
calibrated parameters incorporated into the existing constitutive model. 
This enrichment could considerably improve the fatigue life estimation 
for electronic packaging structures and electronic devices with the 
thermodynamics basis of entropy generation. 

For practical implementations, the proposed damage model provides 
a basis for coupling with the unified creep plasticity model through 
UMAT subroutine in the future. After comparing the prediction accuracy 
and computational cost of a standard dog-bone specimen in the estab
lished FE model, the optimal element size can be determined to achieve 
a satisfactory mesh convergence. On the basis of this, the damage 
accumulation during mechanical cycling of viscoplastic solder can be 
simulated by finite element simulation software to obtain the equivalent 
plastic strain increment PEEQ, and finally the fatigue life of the material 
can be evaluated by the Coffin-Manson model which is widely utilized in 
practice of electronic packaging industry. 

5. Conclusions 

In this study, low-cycle fatigue tests were performed on SAC305 Pb- 
free solders subjected to different temperatures and strain rates. Ac
cording to observed degradation of peak stress, an entropy-generation 
damage model was proposed to relate the thermodynamic nature of 
the damage accumulation and evolution during a mechanical-cyclic 
loading. Fundamentally different from the existing empirical damage 
models for SAC305, the proposed approach was superior at the aspects 
of revealing fatigue damage in combination with microscopic evolution, 
which greatly enhances the physical nature when predicting fatigue life 
of electronic packaging structures. 

As the measure of entropy generation, the peak stress degradation 
was reproduced by the proposed damage model and the corresponding 
damage evolution was computed. Greater amount and rate of 

mechanical degradation at the peak stress were found with the 
increasing temperature and strain rate. In other words, more energy was 
dissipated at higher temperatures and strain rates during the fatigue 
deformation of SAC305 solder. As the derivative of calibrated damage 
accumulation with changes of time, the damage evolutions were more 
associated with strain rates rather than the temperature. This observa
tion had never been reported for Pb-free solder materials to the best of 
our knowledge. As characterized by using the optical microscopy, the 
shape of the β-Sn phase evolved from strips to circles with the increasing 
temperature. The dendritic β-Sn phase gradually coarsened with pene
trating cracks with rise in temperatures and strain rates. These 
morphology observations confirmed that temperature and strain rate 
variations lead to energy dissipation, entropy generation and mechani
cal degradation. This trend essentially complied with the predictions by 
the proposed entropy-generation damage model. 
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