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A B S T R A C T   

Sintered nano-silver die-attach materials have been widely used in high-power electronics packaging because of 
their high thermal and electrical conductivities. In this study, we characterized the tensile properties of sintered 
nano-silver particles over a range of strain rates and temperatures, and established the constitutive models. First, 
50 nm nano-silver particles were sintered at 275 ◦C for 50 min as test samples, and their tensile tests were 
conducted under a dynamic thermomechanical analyzer (DMA Q800) and an IBTC 300SL in-situ mechanical test 
system respectively with different strain rates and ambient temperatures. Then, both Anand and variable-order 
fractional models (VoFM) were adopted to analyze the obtained stress-strain data and we studied their fitting 
accuracy and applicability. The results showed that: (1) The Young's modulus of the sintered nano-silver particles 
decreased with increasing temperature. In addition, the tensile strengths declined under lower strain rates and 
higher temperature conditions; (2) both the Anand model and VoFM characterized the tensile stress-strain 
properties of the sintered nano-silver material well. Compared to the Anand model, the VoFM utilized a 
simpler formula with fewer parameters and higher precision.   

1. Introduction 

A new generation of wide-bandgap power electronics has attracted 
widespread attention due to the development of power electronics, as 
represented by SiC and GaN [1]. In aerospace, automotive, and other 
application fields, power devices and modules have to operate in high 
temperature environments (over 200 ◦C) with large temperature fluc
tuations [2]. This places higher requirements on the packaging tech
nology of power electronics. The Restriction of Hazardous Substances 
law imposed by the European Union restricts the use of lead solder 
materials and promotes lead-free processes [3–6]. New types of lead-free 
solder mainly include Sn-Cu, Sn-Ag, Sn-Bi binary solder, and Sn-Ag-Cu 
ternary alloy solder with a melting point ranging from 183 ◦C to 
221 ◦C [7,8]. However, these materials easily decompose at high tem
peratures, making it difficult to meet the electrical conductivity, heat 
conduction, and heat dissipation requirements for wide-bandgap 

semiconductor power modules. Compared to traditional lead-free sol
der, nano-metal particle sintered materials offer better electrical inter
connection, mechanical support, and heat dissipation channel properties 
for wide bandgap semiconductor power electronics packaging, and to 
achieve the request on low temperatures packaging and high tempera
tures service [9,10]. 

The sintered nano-silver has attracted attention in the field of high- 
power electronics packaging because of their high thermal conductiv
ity, electrical conductivity, and high operating temperature [11–13]. 
The proposal and promotion of low-temperature joining technology 
(LTJT) [14] has resulted in the sintering temperatures of nano-silver 
pastes dropping below 300 ◦C. This has also promoted sintering, by 
reducing the particle sizes of the nano-silver particles [15]. Zhang and 
Lu [16] developed a pressure-assisted sintering process using micron- 
scale silver paste sintering method to package power devices, obtain
ing reliable interconnections. Bai et al. [17] prepared sintered nano- 
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silver samples using low-temperature sintering technology at 280 ◦C, 
and their thermal conductivity and conductivity were much higher than 
traditional solder alloys, with a smaller Young's modulus. Wang et al. 
[18] studied the low-temperature sintering process of nano-silver ma
terials, and analyzed the effects of sintering temperature, heating rate, 
and holding time on the sintering process. Under appropriate sintering 
conditions, the micron/submicron silver particle solder paste also 
exhibited high joint strength. Mei et al. [19] realized the rapid sintering 
of micron solder paste by appropriately increasing the sintering pressure 
and temperature, and the joint strength reached 50 MPa. The reliability 
of nano-silver paste has also been extensively studied, including 
indentation hardness, plasticity, ratcheting, and pore ratio properties 
[20–22]. Chen et al. [23,24] studied the ratchet effects of nano-silver 
sintered joints using experimental and simulation methods. Li et al. 
[25] also reported the reliability of sintered silver joints and compared 
the bending curvatures of sintered silver joints and solder joints over 
800 thermal cycles, and the results showed that the sintered silver joints 
had higher reliability. Sakamoto et al. [26] compared the thermal cycle 
reliabilities of nano-particle silver paste, micron-flake silver paste, and 
nano-flake silver paste joints, and the results showed that the strength of 
the nano-flake silver solder paste joints significantly improved after 250 
cycles. 

Constitutive modeling is one of important tools for predicting ma
terial stress-strain responses and material mechanical failure mecha
nisms. Currently, the Anand model is the main constitutive model used 
to describe the mechanical properties of tin-lead and lead-free solders 
[27]. Previous studies have shown that sintered nano silver materials 
exhibited viscoplastic mechanical behavior at high temperatures. 
However, as its viscoplastic property is not noticeable at low tempera
tures, current constitutive models are still based on the Anand model. 
For example, Yu et al. [28] described the uniaxial tensile properties of 
low-temperature sintered nano-silver films using the Anand model. 
However, the extraction process for nine independent parameters in the 
Anand model was complicated. Moreover, the fractional calculus is 
considered as an effective method for establishing complex constitutive 
models [29]. Specifically, the variable-order fractional model (VoFM) 
provides a new tool for characterizing the mechanical properties of new 
materials. When the fractional order is 0, the model can characterize the 
elastic behavior of the material, and when the fractional order is 
considered a function of strain or time, it can be used to characterize the 
viscoplastic behavior of the material [30]. 

According to the above literature review, there are numerous studies 
on the joint strength and reliability of sintered nano-silver under 

different sintering conditions, however, report on its evolution of me
chanical properties under different strain rates and ambient tempera
tures are rare. Considering the above advantages of VoFM, the 
motivation of this paper is to model the high temperature tensile 
behavior of sintered nano-silver particles by comparing the VoFM with 
classical Anand model. The remaining portions of this study are orga
nized as follows: Section 2 introduces the theoretical models, Section 3 
describes the sintering process used to prepare the test samples and 
describes the test process, Section 4 discusses the compared fitting re
sults, and the concluding remarks are given in Section 5. 

2. Constitutive modeling 

2.1. Variable-order fractional model (VoFM) 

The tensile strain of sintered nano-silver particles can be divided into 
two processes, including the viscoelastic phase and the viscoplastic 
phase. The formula can be expressed by [30] 

ε(t) =
{

εe(t) 0 ≤ t ≤ tE
εE + εev(t) tE ≤ t ≤ tb

, (1)  

where εe and εev correspond to the linear elastic strain and viscoelastic 
strain, respectively, tE represents the time when the linear elastic strain 
reaches the maximum value εE, and tb represents the failure time. The 
material exhibits linear elasticity before tE; therefore, the stress-strain 
relationship follows Hooke's law: 

σe(t) = Eεe(t), (2)  

where E is the Young's modulus. 
When the strain rate is constant, the stress and strain in the visco

plastic stage can be expressed by [31] 

σve(t) =
E(cϕ)αε1− α

Γ(2 − α) , 0 < α < 1, (3)  

where c denotes the strain rate and ϕ is a material parameter that is 
affected by the ambient temperature and strain rate. When the fractional 
order α for performance is between 0 and 1, then Γ(*) is the gamma 
function, according to 

Γ(z) =
∫ ∞

0
e− vtz− 1dv,Re(z). > 0. (4) 

Also, the expression for the viscoplastic stage during a nonlinear 

Fig. 1. Test sample preparation process.  
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stress response is given by 

σve(t) =
Ecϕα(t)

Γ(2 − α(t) )t
1− α(t), 0 < α(t). < 1. (5)  

2.2. Anand model 

A unified viscoplastic material constitutive model was proposed by 
Anand and further improved by Brown [27]. The model is expressed by 

σ = cs, (6)  

where c is a function of temperature and strain rate, and s is an internal 
variable: 

c =
1
ξ
sinh− 1

((
ε̇p

A
e

Q
RT

)m )

c < 1, (7)  

where ε̇p is the inelastic strain rate, A is a constant, Q is the activation 
energy, m is the strain rate sensitivity index, ξ is the stress multiplier, R is 
the gas constant, and T is the absolute temperature. The internal variable 
can be expressed by 

ṡ =
[
h0

⃒
⃒
⃒1 −

s
s*

⃒
⃒
⃒

a
sign

(
1 −

s
s*

) ]
ε̇p, (8)  

where 

s* = ŝ
[

ε̇p

A
exp

(
Q

RT

)]n

. (9) 

In Eq. (8), S* represents the saturation value of the internal variables 
at a given temperature and strain rate, h0 is the hardening/softening 

coefficient, and a is the strain rate sensitivity index. In Eq. (9), ŝ and n 
denote the coefficient and strain rate sensitivity for the saturation value 
for deformation resistance, respectively. 

The flow model adopted by the Anand model can also be expressed 
by 

ε̇p = Aexp
(

−
Q

RT

)[
sinh

(
ξ

σ
s

) ]1
/

m
. (10)  

3. Sample preparation and tests 

3.1. Sintering process of nano-silver particles 

Fig. 1 shows a schematic of the sample preparation process, where 
the raw material consisted of nano-silver powder with an average par
ticle size of 50 nm. The quantitative raw materials were weighed and 
placed in the molds, which were separated by iron blocks and fixed with 
a clamp. After sample filling was completed, an auxiliary pressure of 30 
MPa was applied to the samples using a pressure sensor. Then the jig was 
placed into a vacuum muffle furnace for sintering, and the sintering 
curve is shown in Fig. 2. The temperature increased from room tem
perature to 275 ◦C at a constant heating rate for 40 min and then 
maintained for 50 min. Afterward, the sintered nano-silver particles was 
demolded and cooled to room temperature. 

3.2. The tensile test under IBTC 300SL 

We prepared the tensile test samples for the IBTC-300SL in-situ 
mechanical test system according to the following process. First, 0.8 g of 
raw materials were weighed, and then we obtained a rectangular sheet 
with a size of 30 * 6 * 0.8 mm using a low-temperature sintering process 
as shown in Figs. 1 and 2. The sintered nano-silver sheet was then 
divided to three test samples with a size of 30 * 2 * 0.8 mm through a 
wire cutting. 

Tensile tests on the prepared sample were conducted as shown in 
Fig. 3. The constant strain rate tensile method was used in the test. In 
order to ensure the test accuracy, a 300 N sensor was installed on IBTC- 
300SL in-situ mechanical test system for load collection, and the strain is 
obtained by displacement measurement and calculation, a temperature 
control box with a temperature range of room temperature to 400 ◦C was 
used to maintain a constant temperature. The testing conditions under 
IBTC 300SL consisted of three temperatures (60 ◦C, 120 ◦C, and 185 ◦C) 
and five constant strain rates (0.001%, 0.005%, 0.01%, 0.05%, and 
0.1%/s). Three samples were tested under each condition. 

℃/er
utare

p
me

T

Time/min

Sintering 

      temperature

Fig. 2. Sintering temperature curve.  

Fig. 3. The IBTC-300SL in-situ mechanical test system.  
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3.3. The tensile test under DMA Q800 

Another tensile test was performed on a DMA Q800 instrument, as 
shown in Fig. 4. The test samples with a size of 30 * 2 * 0.3 mm were 
prepared under the same process as shown in Figs. 1 and 2. The similar 
tensile test method was adopted under DMA Q800: the force sensor with 
loading accuracy of 0.00001 N was used for load collection, and the 
strain was obtained by displacement measurement and calculation, a 
temperature control box was used to maintain a constant temperature. 
The testing conditions included three constant strain rates (0.001%, 
0.01%, and 0.1%/s) and seven ambient temperatures (− 40 ◦C, 0 ◦C, 
25 ◦C, 60 ◦C, 120 ◦C, 150 ◦C, and 185 ◦C). Three samples were tested 
under each condition. 

4. Results and discussion 

4.1. Static mechanical properties analysis 

The initial linear elastic phases of the stress-strain data for nano- 
silver sintered samples obtained from the IBTC-300SL in-situ 

Fig. 4. DMA Q800.  

Fig. 5. Young's modulus of the sintered nano-silver particles obtained from (a) 
the IBTC-300SL and (b) DMA Q800. 

Fig. 6. Tensile strength of the sintered nano-silver particles obtained from (a) 
the IBTC-300SL and (b) DMA Q800. 
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mechanical test system and the DMA Q800 were fitted, and the slopes of 
the fitted lines were considered as the Young's modulus of the test 
samples. As shown in Figs. 5 and 6, Whether the tensile tests were 
conducted under a DMA Q800 or an IBTC 300SL in-situ mechanical test 
system, the Young's modulus and tensile strength properties of the sin
tered nano silver particles were simultaneously affected by the tem
perature and strain rate. The results indicate that: when the temperature 
was constant, the tensile strength increased as the strain rate increased. 
When the strain rate was constant, the Young's modulus and tensile 
strength decreased with increasing temperature. 

4.2. Comparison of fitted results 

As shown in Fig. 7, the stress-strain data of the nano silver sintered 
samples collected by the IBTC-300SL system were fitted by the Anand 
model and VoFM. The fitting processing for the stress-strain data from 
the DMA Q800 tensile test was the same. The fitting results are shown in 
Fig. 8. 

The fitting parameters α0 for the VoFM are shown in Tables 1 and 2, 
those reflected the changes in viscoelastic mechanical properties. The 
fractional order α0 varies between 0 and 1, which respectively corre
sponds to pure solid and pure fluid. That means the smaller α0 indicates 

Fig. 7. The fitting results of stress-strain data collected by the IBTC-300SL tensile test (a) 0.1%/s, (b) 0.05%/s, (c) 0.01%/s, (d) 0.005%/s, and (e) 0.0001%/s.  
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greater elasticity and less viscosity. When the fractional order was 
constant, the constant order α0 increased with increasing temperature at 
a constant strain rate. It was due to the softening of the metallic material 
with increasing temperature. However, under certain conditions, the 
constant order α0 was not sufficient to describe the viscoelastic defor
mation well. When the fractional order was a variable, it appeared as a 
linear function with respect to time α(t), that presents in the non-linear 
tensile stage. According to Figs. 7 and 8, and Tables 1 and 2, those are 
verified the feasibility of the VoFM for characterizing the mechanical 
properties of sintered nano-silver materials. 

For the fitting results of stress-strain data collected by both tensile 
tests, both the variable-order fractional and Anand models described the 
stress-strain response of the sintered nano-silver particles well. The 
Anand model is mainly used to characterize plastic strain, and is not 
good at describing linear elastic deformation at low temperatures. 
Comparing the root mean square error (RMSE) of fitting results for both 
models, shown in Tables 3 and 4, whether it is the linear elastic stage or 
plastic strain, the fitting accuracy of VoFM was better than the Anand 
model. Furthermore, the Anand model required more parameters for the 
fitting process, with a more complicated fitting complexity compared to 
the VoFM. It can be seen that the VoFM performs better in describing the 
tensile behavior of sintered nano-silver particles over a wide range of 

Fig. 8. The fitting results of stress-strain data collected by the DMA Q800 
tensile test (a) 0.001%/s, (b) 0.01%/s, (c) 0.1%/s. 

Table 1 
The fitting parameter α0 of the VoFM in IBTC-300SL tensile test.  

Strain rate Temperature 

60 ◦C 120 ◦C 185 ◦C 

0.1%/s  0.2876  0.3840  0.3624 
0.05%/s  0.3527  0.3719  0.6296 
0.01%/s  0.2504  0.3828  0.7569 
0.005%/s  0.2728  0.5904  0.6818 
0.001%/s  0.3312  0.7140  0.7503  

Table 2 
The fitting parameter α0 of the VoFM in DMA Q800 tensile test.  

Temperature Strain rate 

0.1%/s 0.01%/s 0.001%/s 

¡40 ◦C  0  0.3992  0.4492 
0 ◦C  0.2073  0.3229  0.3203 
25 ◦C  0.2875  0.2714  0.5492 
60 ◦C  0.4712  0.4264  0.6197 
120 ◦C  0.4982  0.5932  0.6861 
150 ◦C  0.5493  0.6373  0.7831 
185 ◦C  0.5217  0.8933  0.5102  

Table 3 
RMSE of the Anand and variable-order fractional modeling on the IBTC-300SL 
tensile test results.  

Temperature Strain rate Models 

Anand VoFM 

60 ◦C 0.1%/s  1.1246  0.3328 
0.05%/s  0.7327  0.4650 
0.01%/s  0.7670  0.1697 
0.005%/s  0.7093  0.0652 
0.001%/s  0.6826  0.1199 
0.1%/s  0.7581  0.4135 
0.05%/s  0.4938  0.3228 

120 ◦C 0.01%/s  0.5214  0.1572 
0.005%/s  0.2726  0.1892 
0.001%/s  0.0569  0.1296 
0.1%/s  0.5904  0.2294 
0.05%/s  0.2608  0.2629 

185 ◦C 0.01%/s  0.1856  0.0919 
0.005%/s  0.1146  0.0956 
0.001%/s  0.0719  0.0268  
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strain rates and temperatures, which provides a new and more effective 
constitutive modeling of sintered nano-metal particles. 

5. Conclusions 

In this study, we characterized the tensile behavior of sintered nano- 
silver particles at different temperatures and strain rates. Then two 
constitutive models, i.e. Anand model and VoFM, were applied to 
describe their high-temperature deformation behaviors. After 
comparing and analyzing the fitted results of tensile tests under both 
DMA Q800 and IBTC 300SL, the identical concluding remarks can be 
obtained: first, the Young's modulus of the sintered nano-silver particles 
decreased with increasing temperature, and the tensile strength 
decreased with increasing temperature or decreasing strain rate. 
Furthermore, both Anand model and VoFM represented the tensile 
properties of the sintered nano-silver well, however, the fitting accuracy 
of the VoFM was slightly better than the Anand model, especially under 
low-temperature conditions. Anand model can merely characterize its 
viscoplastic behavior, while the sintered nano-silver particles always 
show both viscoelastic and viscoplastic behaviors in the tensile tests 
under different strain rates and temperatures. The VoFM can charac
terize these two behaviors simultaneously, which is more versatility. 
Moreover, compared to the Anand model, the VoFM also offered certain 
advantages in fewer parameters and a simple fitting process. Generally, 
the VoFM is an effective method to characterize the mechanical defor
mation behavior of sintered nano-silver particles over a wide range of 
strain rates and temperatures. 
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