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Abstract—In the field of power electronics device function 

leads to high operating temperatures. High stresses and strains 

are induced as a result of mismatch in Coefficient of Thermal 

Expansion (CTE) leading to plastic deformation in constrained 

joints. The thermomechanical stresses stimulate mechanisms 

such as dislocation glide or creep. Especially when the 

homologous temperature increases, time dependent creep failure 

becomes a dominant issue in the joint reliability. This work is 

devoted to the development of a temperature dependent material 

model for pressure assisted silver sintered joints. This model is 

validated on the basis of stress relaxation experiments aside from 

measurements of shear strength and mechanical fatigue. For this 

purpose, Ag-sintered copper joints were manufactured (0-hour) 

and heat treated at 250 °C for 250 hours in air and in protective 

atmosphere. Investigations of microstructure were made by 

scanning electron microscopy (SEM). Shear and stress relaxation 

tests were conducted in a tensile machine with thermal chamber 

at temperatures of 25 °C, 130 °C and 200 °C. For lifetime 

estimation of the samples Weibull probability plots for low cycle 

fatigue were determined. Further, Norton power law was 

employed to determine material parameters such as stress 

exponent n and creep activation energy Q. In conclusion, a 

unified model of plasticity and creep was established. 
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I. INTRODUCTION

In power electronics packaging besides the mechanical 
properties such as hardness or tensile and shear strength, 
characterization of the time and temperature dependent 
behavior of the interconnection materials is important for 
fatigue investigations and reliable lifetime estimation. As the 
most commonly used interconnect technology of last decades 
the properties of conventional lead containing or lead-free 
solders such as SAC have been extensively investigated, also 
on their creep behaviour [1, 2]. Due to its high melting point 
and good thermal and electrical conductivity sintered silver is a 
promising alternative joining technology.  

In the past, mechanical properties of sintered silver were 
often described by constitutive models, which have actually 
been developed for materials without significant amount of 
porosity. Yu et al. [3] determined appropriate material 
parameters of the viscoplastic Anand model [4] for sintered 
nano-silver. The Anand model was also applied to sintered 
silver by Chen et al. [5], who compared the model predictions 

with a plasticity model of kinematic hardening. Indeed, there 
are many experiments, which can successfully be interpreted in 
this way. In the case of a material with high porosity, however, 
a different material response is expected. In the quasi-static 
deformation regime, porous materials are well described by the 
Gurson – Tvergaard – Needleman [6-8] model (GTN model). 
An interesting extension of the GTN model to rate dependent 
plastic deformations was proposed by Yao and Gong [9], who 
used an approach of McDowell et al. [10] in order to derive a 
unified model of plasticity and creep. This model of Yao and 
Gong was validated through shear experiments. 

In the present study, we are aiming at a phenomenological 
material model unifying the ideas of Gurson plasticity and 
creep. Thereby, it must be considered that porous materials 
show a pronounced pressure dependence of the material 
response. In contrast to plastically incompressible von Mises 
materials, porous materials can be subjected to both inelastic 
deformation types, to deviatoric and to volumetric plastic 
deformations. Therefore, the determination of appropriate 
material parameters should involve experiments showing 
deviatoric and volumetric plastic deformations.  

In this article, we will focus our interest on shear 
experiments, which are representing purely deviatoric 
deformations. In a second study to be published elsewhere 
[11], additional experiments under tensile load are performed 
with sintered silver. 

II. SAMPLE PREPARATION

A. 0-hour Samples

Cu-Ag-Cu lap-joints samples were prepared as follows: as
shown in Fig. 1 a, first ca. 1 µm silver was sputtered on cleaned 
surface of copper stripes of 50 mm length and 3 mm width with 
a thickness of 1 mm, then the Ag-paste was applied by stencil 
printing (mask thickness 100 µm) forming a pad area of ca. 
10 mm². The Ag-paste was dried at 130 °C prior to sintering at 
230 °C and under the pressure of 70 MPa for 30 minutes to 
perform the joint as in Fig. 1 b. Unlike the edge corners of the 
sample with more porous parts as shown in Fig.1.c, the middle 
section of the sintered silver has a dense microscopic structure 
with an average thickness of ca. 70-75 µm after sintering as 
shown in Fig. 1 d. The weight/volume density of the sintered 
silver corresponds to ca. 6.5 g/cm

3
 with over 60 % Ag content. 

These lap-joints manufactured as described are called 0-hour 
samples. 
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Fig. 1. Cleaned copper surface is first sputtered with silver (ca. 1 µm), then a 

pad of Ag-paste (100 µm) is applied (a) to sinter the copper joints (b). Images 

of the lap-joint are showing the dense middle section of the sample (c), and 
the regular microscopic structure of the sintered Ag (d). 

B. Thermal Treatement 

The samples obtained immediately after sintering are here 
called 0-hour samples. In comparison, 250-hours specimens 
were produced as follows: two kinds of lap-joint series were 
heat treated at 250 °C up to 250 h. One kind has undergone 
thermal treatment in regular air; the change of the microscopic 
structure is shown in Fig. 2 a. The second series were put in 
protective sealed glass as in Fig. 2 b to prevent further oxygen 
flow, and its microstructure is shown in Fig. 2 c. For the former 
case, coarsening of the pores as well as grain growth is 
observed. Further, on the sputtered junction layer between 
copper and silver formation of copper-oxide was detected, 
which was not observed in the latter case of thermal treatment 
without oxygen flow. These lap-joints manufactured as 
described are called 250-hours air-aged or glass-aged samples, 
respectively. 

III. SHEAR STRENGHT, MECHANICAL LIFETIME AND STRESS 

RELAXATION 

For determination of force-displacement measurements a 
universal testing machine from Messphysik Austria equipped 
with a load cell (resolution 0.1 mN) was used. With the help of 
a thermal chamber experiments could be performed at elevated 
testing temperatures. 

A. Shear Strength 

For lap-joint samples tested on shear strength at room 

temperature values were mainly observed between 25-40 MPa 

leading to an average of ca. 32 MPa as shown in Fig. 3 a. 

Increasing the testing temperature to 130 °C led especially for 

the 250-hours glass-aged samples to a decrease of shear 

strength as shown in Fig. 3 b. 

B. Mechanical Lifetime 

Cyclic mechanical fatigue tests were performed in shear 

mode in the stress range of 10-30 MPa with a cross head speed  

 

Fig. 2. Especially on the edge of the lapjoints where access to oxygen is easy 

possible, heat treatment leads to grain growth and coarsening of pores; further 

CuO layer formation is detected (a). After heat treatment with preventing 
oxygen flow, such as in a protective glass atmosphere (b), no significant 

change in microstructure is observed (c). 

of 2 mm/min corresponding to a testing frequency of 

about 0.1 Hz. The lifetime Nf was captured for 0-hour samples 

in comparison to glass-aged and air-aged specimens at room 

temperature as plotted in Fig. 4. The Weibull fracture 

probability curves show that the 250-hours specimens have a 

higher 50 % lifetime expectation of ca. 5.000 (glass-aged) and 

7.000 (air-aged) cycles, compared to 3.600 cycles for non-

aged ones; i.e., heat-treatment at 250 °C for 250-hours results 

in a clear improvement of lifetime. 

C. Stress Relaxation 

To observe the creep behavior of the Ag-sintered copper 
lap-joints, the decay of stress σ was measured as a function of 
time after the samples were stretched to a defined load σpeak, 
which was selected according to mean shear strength values. 

The relaxation curves are plotted in Fig. 5. A power law 
could be implemented on the measured series according to 
Norton creep: 

𝜀𝑐𝑟 =  𝐶∙exp {−
𝑄

𝑅 ∙ 𝑇
} ∙ 𝑞𝑛 (1) 

For the 0-hour and 250-hours air-aged samples the selected 
σpeak values (defined as 100 %), values for σend after 60 minutes 
of testing time as end-percentages, and derived values of the 
stress exponent n, as average of several samples, are listed in 
Table 1 for testing temperatures 25 °C, 130 °C and 200 °C. 

2

Authorized licensed use limited to: TU Wien Bibliothek. Downloaded on February 18,2022 at 18:03:38 UTC from IEEE Xplore.  Restrictions apply. 



 

Fig. 3. Shear strength of 0-hour and 250-hours aged samples tested at room (a) 

and elevated temperatures (b). 

D. Creep Fracture 

While some samples relaxation behaviour was as shown in 
previous section, other samples, which were stressed with a 
force leading to a higher absolute value in σpeak, were soon 
afflicted by total fracture as shown in Fig. 6. For these 
individual 0-hour samples tested at 200 °C the shear creep 
lifetime was not significant more than 10 minutes. 

According to an analysis of McClintock [12] and Rice and 
Tracey [13], stress concentrations occur at the holes of porous 
metals, as in this case of sintered silver, which induce plastic 
deformation and finally lead to rupture. Therefore, a unified 
model of Gurson plasticity and Norton creep is here developed. 

IV. UNIFIED MODEL OF PLASTICITY AND CREEP 

The model proposed here utilizes an orthogonal 
decomposition of stresses into hydrostatic and deviatoric parts. 
In the present article, the material parameters related to 
deviatoric deformations will be determined from fits to shear 
experiments. The determination of the remaining material 
parameters from fits to experiments under tensile load can be 
found in reference [11]. 

 
Fig. 4. Failure probability as Weibull plot of the 0-hour (blue) and 250-hours 

aged (red in air and green in glass) Cu-Ag-Cu lapjoints, tested at room 

temperature with a stress level σmax of 30 MPa. 

 
Fig. 5. Creep behaviour of Cu-Ag-Cu lap-joints as a function of time: 0-hour 

samples show a stronger stress relaxation than 250-hours air-aged samples for 
three testing temperatures. 

A. Constitutive equations 

The flow rule of the GTN model writes as 

𝛷 = (
𝑞

𝜎𝑦

)

2

+ 2𝑞1𝑓 ∙ 𝑐𝑜𝑠ℎ (−
3

2

𝑞2𝑝

𝜎𝑦

) − (1 + 𝑞3𝑓2) = 0 (2) 

where y is the flow stress of the dense material, q is the von 
Mises stress, p is the hydrostatic pressure stress and the 
porosity f is the volume fraction of the pores. Thus, the rate of 
plastic strain consistent with this flow rule becomes [14] 

𝜀�̇�𝑙 = �̇�
𝜕𝛷

𝜕𝜎
= �̇� (−

1

3

𝜕𝛷

𝜕𝑝
𝐼 +

3

2𝑞

𝜕𝛷

𝜕𝑞
𝑆) (3) 

where �̇� > 0  is called plastic multiplier. Here 

𝑆 = 𝜎 + 𝑝 ∙ 𝐼 (4) 

is the deviatoric stress tensor,  is the Cauchy stress tensor and 
I is the unity matrix. 
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TABLE 1: SHEAR STRESS PEAK VALUES σpeak (DEFINED AS 100%) FOR 

RELAXATION, END PERCENTAGE LEVEL OF STRESS σend AFTER 60 MIN. AND 

STRESS EXPONENT VALUES N FOR THE SELECTED SAMPLES TESTED AT ROOM 

AND ELEVATED TEMPERATURES 

0-hour 

σpeak Shear Stress 

σend 

n  

25 °C 

30 MPa 

89 % 

62 

130 °C 

30 MPa 

64 % 

14 

200 °C 

23 MPa 

42 % 

8 

250-hours air-aged 

σpeak Shear Stress 

σend 

n  

25 °C 

30 MPa 

94 % 

101 

130 °C 

30 MPa 

69 % 

15 

200 °C 

21 MPa 

57 % 

9 

 

 

Following Tvergaard [7], we will hereafter assume that 
q3 = q1

2
. In absence of hydrostatic pressure p, equation (1) 

simplifies to 

𝑞2 = 𝜎𝑦
2(1 − 𝑞1𝑓)2 (5) 

For simplicity, we here assume q1 = 1, as suggested by Gurson 
[6]. In conclusion, the material behavior under purely 
deviatoric stress is equivalent to a von Mises material, where 
the flow stress is reduced in proportion to the porosity. In this 
case, equation (2) reduces to 

𝜀�̇�𝑙 = �̇�
3

𝜎𝑦
2

𝑆 (6) 

This equation may now be combined with the Norton creep law 

‖𝜀𝑐𝑟‖ =  𝐶 ∙ (1 − 𝑓)∙exp {−
𝑄

𝑅 ∙ 𝑇
} ∙ 𝑞𝑛 (7) 

where the porosity f is considered in the constitutive equation. 
Here, C is a material constant, Q is the activation energy of 
creep, R is the gas constant of 8.314 J mol

-1
K

-1
 and n is the 

stress exponent. T is the absolute temperature in K, and ‖𝜀𝑐𝑟‖ 
is the Euklidean norm of the tensor 𝜀𝑐𝑟. 

 

 
Fig. 6. Creep fracture of individual Ag-sintered Cu-lap-joints at elevated test 

temperature. 

On the other hand, the term of −
1

3

𝜕𝛷

𝜕𝑝
𝐼 in equation (3) predicts 

a plastic volume change for cases, where hydrostatic stresses 

are present. This effect is due to void growth under triaxial 

tension. The contribution of this effect to inelastic deformations 

will be analyzed in reference [11]. 

B. Numerical fitting 

 Now, the model parameters of equation (7) are fitted to the 
experimental results of stress relaxation tests performed in 
shear mode. It is assumed that the entire sample length remains 
constant, while the plastic shear in the sintered silver increases 
on the expense of elastic strains. Thereby, the geometry of lap-
joints consisting of a thin silver layer connecting two pieces of 
copper base material must be taken into account. During stress 
relaxation, the change of sample length caused by shear strain 
in the thin silver layer is to a good approximation compensated 
by reduction of elastic strain in the copper base material: 

∆𝜀𝐴𝑔 ∙ 𝑇ℎ𝐴𝑔 ≅ −∆𝜀𝐶𝑢
𝑒𝑙𝑎𝑠𝑡 ∙ 𝐿𝐶𝑢 (8) 

 

 
Fig. 7. The measurements of the temperature dependent relaxation behavior of 

silver sintered copper joints are described through fit parameters (as in 

Table 2) of modified Gurson model for 0-hour (a) and 250-hours air-aged (b) 

Cu-Ag-Cu samples. 
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where ThAg is the thickness of the silver layer and LCu is the 

length of the copper pieces above and below the joint. The 

approximate values for the elastic compliance of the whole 

sample were confirmed by FEM analyses. Thus, the numerical 

fits of stress relaxation experiments depicted in Figure 7 led to 

the material parameters summarized in Table 2. 

TABLE 2: MATERIAL PARAMETERS (C, Q, n) ACCORDING TO FIT CURVES OF 

THE MEASURED STRESS RELAXATION BEHAVIOUR FOR AG-SINTERED COPPER 

JOINTS WHICH WERE SHEAR STRESSED AT THREE TESTING TEMPERATURES. 

0-hour 

C 

Q (kJ/(mol K)) 

n  

25 °C 

1.5 · 10-86 

133  

62.2 

130 °C 

2 · 10-3 

133  

10 

200 °C 

4 · 108 

133  

7.9 

250-hours 

C 

Q (kJ/(mol K)) 

n  

25 °C 

8 · 10-154 

133 

101 

130 °C 

2.5 · 10-12 

133 

15.2 

200 °C 

4 · 107 

133 

8.2 

 

SUMMARY 

The mean shear strength of the as-sintered samples (0-hour) 

and those treated at 250 °C for 250 hours (in air and protective 

atmosphere) varied mainly around 32 MPa at room 

temperature; however, the mechanical cyclic tests revealed a 

considerable increase in lifetime of the latter joints.  

In the case of air-aged samples the microstructural 

investigations in SEM revealed an enlargement of grain size 

especially on the corners of the sintered silver area where 

immediate inflow of oxygen is possible. Further, on the Ag-

sputtered junction layer between copper and silver, formation 

of copper-oxide was detected, which was not observed in the 

case of thermal treatment with no oxygen flow. 

A comparison between the stress relaxation curves at three 
different testing temperatures (25 °C, 130 °C and 200 °C) 
shows a higher relaxation rate of 0-hour samples compared to 
250-hours air-aged specimen. For the plotted curves a power 
low could be implemented according to Norton creep, and 
corresponding stress exponents n were deduced. The less the n 
number is, the more distinct is the relaxation. 

Further a unified material model of plasticity and creep was 
implemented to designate the specific material constant C in 
various thermal testing conditions and define the creep 
activation energy Q = 133 kJ/(mol K). 
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