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A B S T R A C T   

With the increased deployment of power modules in demanding conditions, sintering materials, especially 
composite sintering materials, have raised growing interest due to their cost-effectiveness and suitability. 
Therefore, this study explores the viability of Cu–Ag composite sintering material, focusing on solvent influence 
through microstructure and mechanical behavior analysis. Micron-sized particle-based Cu–Ag composite pastes 
were designed and compared using eight solvents (four epoxy-free and four epoxy-added) based on fluidity and 
thermal stability. The sintered joints’ performance, assessed through shear strength analysis, showed comparable 
values to pure silver sintering for both epoxy-free and epoxy-added samples. Optimized samples from each 
solvent system underwent reliability analysis, demonstrating that Cu–Ag joints with epoxy resin exhibited 
significantly higher shear strength after high-temperature storage and thermal cycling tests. Micromorphology 
and elemental composition analysis revealed differences in aging mechanisms, primarily attributed to variations 
in porosity due to oxide formation and pore filling by epoxy resin under different solvent systems. Further 
nanoindentation characterization of micromechanical properties, including hardness, modulus, and creep 
properties, during high-temperature aging, established constitutive models for insights into reliability evolution. 
In conclusion, the optimized epoxy-added Cu–Ag sintered joints proposed in this study demonstrated exceptional 
reliability and acceptable micromechanical properties, presenting a promising option for high-temperature 
power packaging.   

1. Introduction 

As the demand for wide band-gap (WBG) electronic components 
continues to increase, the need for advanced packaging materials and 
manufacturing techniques capable of withstanding extreme thermal and 
mechanical conditions in power electronics applications is becoming 
more pronounced [1–3]. Die-attach materials, among packaging mate-
rials for power electronics, play a crucial role in ensuring the efficient 
and reliable operation of electronic devices under harsh conditions [4, 
5]. However, traditional lead-free solder material faces limitations in 
terms of high operating temperatures and mechanical performance, 
which is unsuitable for WBG chips [6]. As a result, recent developments 

have given rise to low-temperature sintering technologies, specifically 
silver sintering and copper sintering [4,7–9]. 

Sintering joints offer commendable electrical and thermal conduc-
tivity while operating at reduced processing temperatures [10]. How-
ever, silver’s high cost and susceptibility to electromigration, coupled 
with copper’s tendencies toward agglomeration and oxidation, resulting 
in elevated sintering temperatures, pose inherent limitations [8]. To 
overcome these challenges, researchers have explored Cu–Ag composite 
sintering pastes that blend the advantages of silver and copper, avoiding 
the formation of brittle intermetallic compounds (IMC) [11–13]. There 
are mainly two strategies for Cu–Ag sintering composites. One is to 
simply mix Cu and Ag particles [14]. Studies by Li et al. [15] on Cu–Ag 
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paste with 60 nm particles, yielding 25.41 MPa shear strength, and by 
Kim et al. [16] on Cu–Ag paste with 50 nm particles achieving 40.5 MPa 
shear strength on copper substrates, showcase robust joint strength 
attributed to the nanosize effect. Another strategy is to apply Ag around 
Cu, with core-shell structures (Cu@Ag) [17–19]. C.H. Lee et al. [20] 
synthesized Cu@Ag particles with diameters of 200 or 350 nm, 
demonstrating shear strengths of up to 18.0 MPa. J.H. Lee et al. [21] 
reported a bonding strength of approximately 24 MPa using 350 nm 
Cu@Ag particles. Yet, the cost-intensive nanocore-shell structure has 
prompted a shift towards the cost-effective alternative of directly mixing 
copper and silver. However, most research mentioned above is based on 
nanoscale metal particles. The potential biological toxicity of nano-
materials warrants consideration, limiting exploration into 
high-strength nano-sized Cu–Ag composite sintered materials for 
die-attach [22]. Hence, there is a crucial need to investigate suitable 
organic solvents to enhance micron-sized sintering quality. 

Moreover, despite the exceptional performance of sintered joints in 
normal operating conditions, their behavior under prolonged exposure 
to high temperatures is a crucial consideration, especially in challenging 
environments [23]. The existing research primarily focuses on the 
macroscopic evolution of mechanical properties, particularly shear 
strength [5,23]. However, there is a lack of investigation into micro-
mechanical parameters such as elastic modulus and hardness. Such lack 
of examination is probably attributed to the difficulties of sample 
preparation since conventional dog bone rod test specimens are difficult 
to establish for sintered Ag and Cu materials [24–26]. In recent years, 
the emergence of nanoindentation analysis has provided a powerful and 

localized method for the comprehensive evaluation of mechanical 
properties at the nanoscale [26–28]. This technique provides valuable 
data regarding crucial parameters like hardness, elastic modulus, and 
other mechanical characteristics [29,30]. Importantly, the technique’s 
enhanced spatial resolution makes it highly suitable for a detailed ex-
amination of sintering materials, enabling researchers to investigate 
specific regions of interest within the intricate packing system [28]. 
Chen et al. [31] evaluated the microscale mechanical properties of 
sintered Ag consisting of various shapes using a focused ion beam pro-
cess and a nano-indentation system. They suggested that the size and 
shape of the utilized Ag particles significantly influence its fracture 
behavior and mechanical properties. T. Ishizaki et al. [32] conducted 
power and thermal cycle tests on the sintered Cu joints between Al2O3 
heater chips and heatsinks. The Young’s module of the sintered Cu was 
evaluated by nanoindentation tests, indicating that the sintered struc-
tures were strengthened at higher temperatures. However, there is a lack 
of research on the micromechanical properties of Cu–Ag composited 
sintered joints and their evolution under high temperature aging, 
especially on the creep behavior and elastoplastic constitutive behavior. 

Therefore, this work focused on micron-size Cu–Ag composite sin-
tering material through solvent modification while achieving low cost, 
high reliability, and sufficient mechanical properties. The research 
technical route of this work was shown in Fig. 1. Firstly, eight kinds of 
micron-scale Cu–Ag composite sintering pastes belonging to two solvent 
systems including epoxy-free and epoxy-added were designed and 
fabricated. The contributions of solvent optimization were explored by 
analyzing TG-DSC and shear strength. Then, reliability analysis 

Fig. 1. Schematic diagram of the research technology roadmap of this work.  

Fig. 2. Scanning electron microscope (SEM) photos of (a)silver and (b)copper particles.  
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including high-temperature storage and thermal cycling tests was con-
ducted on the optimized samples for each solvent system. Subsequently, 
micromorphology and elemental composition analyses were conducted 
on two groups of joints to unveil the aging mechanism during the high- 
temperature process. Furthermore, the micromechanical properties, 
such as hardness, modulus, and creep properties of the joint samples 
during high-temperature aging were investigated through the nano-
indentation method. Constitutive models for both materials were 
applied through the finite element method to gain insights into the 
evolution of reliability. The findings of this study are expected to sub-
stantially contribute to the understanding of the high-temperature aging 
behavior of Cu–Ag composite sintered materials, thereby facilitating the 
development of robust and reliable materials for next-generation 
technologies. 

2. Materials and experiments 

2.1. Preparation and characterization of sintering pastes 

The micron-scale flake copper and silver particles applied in this 
work were produced by Guangzhou Hongwu Material Technology, with 
particle sizes round 1–3 μm (Fig. 2). 

The organic solvent selected in this work included terpineol (T) and 
compound thinner (SG) from Heraeus GmbH, polyethylene glycol (PEG) 
from Shanghai Aladdin Biochemical Technology., bisphenol A epoxy 
resin (YD) from KUKDO Chemical (Kunshan), phenol novolac epoxy 
resin (N) from Nantong Xingchen Synthetic Materials, curing agent 
(methyl-tetrahydro phthalic anhydride) and accelerator (2-Ethyl-4- 
methylimidazole) for epoxy form Jiaxing Nanyang Wanshixing Chemi-
cal. The mass ratio of resin, curing agent, and accelerator in the two 
epoxy resin systems (YDS, NS) was 10:9:0.9. The components of the 
designed 8 groups of pastes were shown in Table 1. Pastes A1~A4 
contained different solvents without epoxy, while pastes B1~B4 
included different epoxy-based solvents. 

2.2. Preparation and characterization of sintered joints 

A schematic of the sintering process was shown in Fig. 3. Firstly, 
copper and silver particles were mixed in a mass ratio of 1:1. Next, the 
powders were blended with organic solvent in a mass ratio of 85:15. A 
three-roll machine and agate grinder were employed. Then, the stirred 

sintering paste was mixed at 1000 rpm for 3 min in a planetary mixer 
(THINKY ARE-310). After that, the pastes were stenciled onto the direct 
bonding copper substrate (DBC) by DEK NeoHorizon 03iX, and pre-dried 
in the BINDER M115 nitrogen oven. In the printing process, the printing 
parameters, including printing speed, squeegee pressure, demolding 
speed, and the print gap on the screen printing machine, were refined to 
enhance the quality of deposition. These optimizations were imple-
mented to ensure consistent pattern fidelity and deposition uniformity 
for all pastes. Tresky T-3002 was utilized to mount the silver-plated 
silicon dummy chips (2 × 2 × 0.25 mm). Finally, the joints were sin-
tered in the Boschman Sinterstar Innovate-F-XL under the pressure of 20 
MPa for 10 min at 250 ◦C in nitrogen atmosphere. In addition, a similar 
process was used to prepare cylinder-shape test samples for electrical 
conductivity measurements [33]. A four-probe tester (RTS-8) was uti-
lized to analyze electrical conductivity at a temperature of (25 ± 5)◦C 
and 65%RH. 

When dealing with solvents and pastes, it is crucial to determine the 
pre-drying temperature and time by analyzing the thermogravimetric 
curve obtained from the SDT-Q600 thermogravimetric analyzer (TA 
Instruments, USA). The heating rate was set at 10 ◦C/min, starting from 
room temperature and going up to 400 ◦C, all while under N2 protection. 
The flow rate of N2 was consistently maintained at 100 ml/min. To 
assess the printing performance, the flowability of the slurry was eval-
uated using an Anton Paar MCR 102 rheometer. The rheological mea-
surements employed a cone-plate system, consisting of a 2◦ conical rotor 
with a diameter of 25 mm. The experiment began with a 3-min pre-
liminary rest period, followed by a gradual increase in shear rate from 
0 to 15 s− 1 over a span of 3 min. Stress values were recorded every 6 s 
during this period. Subsequently, the shear rate was further increased 
from 16 to 35 s− 1 over 3 min, with stress measurements taken every 3.6 
s. The resulting data points were utilized to plot a shear stress-shear rate 
curve. The viscosity (η) was calculated using the formula： 

η= τ
γ̇

(1)  

where η represents the viscosity in Pa⋅s, τ denotes the shear stress in Pa, 
and γ̇ represents the shear rate in s− 1. In this work, the viscosity at 10 s− 1 

was chosen for comparison purposes. To minimize the influence of sol-
vent evaporation on viscosity, all experiments were conducted at a 
controlled temperature of 25.0 ± 0.3 ◦C and were performed expedi-
tiously. This approach ensured minimal solvent loss during the mea-
surements [34]. 

As for the sintered joints, shear strength was measured using a push- 
pull tester (Dage-4000) with a shear speed of 0.3 mm/s and a shear 
height of 50 μm. In order to assess the durability of the joints, a high- 
temperature aging test was conducted in a blast oven (DHG-9035 A) 
set at 250 ◦C for a duration of 400 h. Furthermore, a thermal cycling test 
was performed in a thermal shock chamber (VT3-7006S2), subjecting 
the joints to a temperature range of − 55 to 150 ◦C with 2 cycles per hour 
for a total of 450 cycles. The independently performed high-temperature 
aging test and thermal cycling test were both conducted on the same 
batch of samples. 

Table 1 
Composition and viscosity of the designed pastes.  

Paste Particles (wt%) Solvent (wt%) Viscosity (Pa.s) 

Cu–Ag T PEG SG YDS NS 

A1 85 15 – – – – 4.0 
A2 85 – – 15 – – 10.5 
A3 85 5 10 – – – 24.1 
A4 85 3 12 – – – 30.3 
B1 85 – – 10 5 – 55.7 
B2 85 – – 5 10 – 65.5 
B3 85 – – 10 – 5 72.0 
B4 85 – – 5 – 10 83.1  

Fig. 3. Schematic of pressure-assisted sintering process.  

X. Wang et al.                                                                                                                                                                                                                                   



Journal of Materials Research and Technology 30 (2024) 8433–8450

8436

2.3. Microstructural analysis 

In order to characterize the microstructure of the sintered inter-
connected structure, the LaboForce-100 model grinding machine pro-
duced by the Danish company Struers was utilized. Firstly, the substrate 
was cut into a cross-section near the chip and placed in a mold. Then, the 
bisphenol A-type epoxy resin and curing agent were carefully mixed in 
the prescribed ratio to ensure a uniform mixture. Afterwards, a vacuum 
macerator was applied to remove any remaining air. The resulting 
compound was then injected into the mold for further solidification. The 
cross-sectional sample was polished with SiC sandpaper with grit sizes of 
500# and 1200# on the sample grinding machine in the next step. 
Finally, the prepared sample was polished with a diamond spray pol-
ishing agent until no visible scratches were observed under optical mi-
croscopy, indicating the completion of the sample preparation process. 
After preparing such samples, their microstructure was observed by 
scanning electron microscopy (SEM, Gemini 300) equipped with energy- 
dispersed spectrometry (EDS). X-ray Photoelectron Spectroscopy (XPS, 
Thermo Fischer, ESCALAB Xi+) equipped with an Al Kα excitation 
source (hν = 1486.6 eV) was applied to study the chemical state of Cu 
and Ag elements of the sintered samples. 

2.4. Nanoindentation measurement 

Nanoindentation analysis offers a powerful and localized approach 
to assess mechanical properties at the nanoscale. In this work, a com-
mercial nanoindentation apparatus iNano from KLA company with a 
standard diamond berkovich indenter was utilized. 

2.4.1. Introduction of nanoindentation 
Fig. 4(a) presented a schematic diagram of the nanoindentation test. 

In this process, a sharp indenter is precisely pressed into the material 
surface, generating a load-depth (P-h) curve, as shown in Fig.4(b). The 
applied force is continuously increased and then reduced, allowing for 

the measurement of the material’s response to deformation. This data is 
analyzed to provide valuable insights into the material’s mechanical 
behavior on a microscopic level. Combined with the Oliver-Pharr model, 
a well-established method for determining hardness and modulus from 
indentation experiments, key parameters, including hardness (H) and 
reduced Young’s Modulus (Er) can be calculated [35]. 

σ =H =
Pmax

Ac
(2)  

Er =
S

̅̅̅
π

√

2β
̅̅̅̅̅
Ac

√ (3) 

where S is contact stiffness defined as the slop of the initial unloading 
stage of the P-h curve. β is a constant related to the shape of the indenter 
(for a diamond berkovich indenter β = 1.034). Ac is the projected area 
related to the contact depth (hc), which was expressed as： 

Ac =24.56hc (4) 

Moreover, the value of Er is determined by the elastic modulus and 
Poisson’s ratio of the pressed sample and the indenter. Hence, Er can be 
obtained by solving the following equation (5): 

1
Er

=
1 − ν2

E
+

1 − νi
2

Ei
(5) 

where Ei (Ei = 1140 GPa) and νi (νi = 0.07) are the Young’s modulus 
and Poisson’s ratio of the diamond indenter, respectively. E and ν are the 
Young’s modulus and Poisson’s ratio of the test samples, respectively 
[36]. 

2.4.2. Creep analysis 
Creep analysis in nanoindentation testing offers valuable insights 

into the time-dependent deformation behavior of materials at the 
nanoscale. The resulting creep behavior is characterized by the inden-
tation depth evolution over time. Creep curves illustrated the time- 

Fig. 4. (a) Schematic of a nanoindenter. (b) Schematic of a typical nanpindentation curve. (c) Power-law constitutive model curve of metallic material elastic-plastic 
behavior. (d) FEM model of the nanoindentation test. 
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dependent deformation, and typically exhibit three stages: primary, 
secondary, and tertiary creep. During the primary stage, initial defor-
mation occurs as the material adjusts to the applied load. The secondary 
stage demonstrates a relatively constant strain rate, while the tertiary 
stage displays accelerated creep, ultimately leading to material failure 
which is difficult to observe in the nanoindentation test. A notable 
distinction in the analysis of mechanical properties and creep properties 
lies in the duration of the holding stage. In this study, the holding time 
for testing the creep behavior of the samples was set at 300 s, based on 
previous research. 

The creep strain rate sensitivity index (m) is determined by analyzing 
the gradient of the creep curve during the secondary stage, wherein 
deformation remains relatively constant [37]. A decreased sensitivity 
index signifies a heightened resistance to creep deformation. The 
power-law relationship below is commonly used to describe the 
behavior of steady-state creep. 

ε̇=Cσn (6)  

where C is the proportionality constant related to the material. ε̇ and σ 
can be expressed as the following Eqs. (7) and (8) for the nano-
indentation experiments under Berkovich indenter [38]. 

ε̇= 1
h

dh
dt

(7)  

σ =
P

24.56h2 (8)  

where the variables h and t represent the instantaneous indentation 
depth and the indentation time, respectively. P represents the instan-
taneous applied indentation load. 

Equation (6) can be rewritten as follows: 

1
h

dh
dt

=C
(

P
24.56h2

)n

(9) 

Consequently, the value of m is the reciprocal of n, calculated by the 
following formula [39,40]. 

m=
1
n
=

∂ln σ
∂lnε̇ =

∂ln
(

P
24.56h2

)

∂ln
(

1
h

dh
dt

) (10)  

2.4.3. FEM simulation inversion analysis 
For the nanoindentation experiment, during the loading stage, when 

using the Berkovich indenter, the relationship between load and 
displacement satisfies the Kick model, describes as follows： 

P= αh2 (11)  

In the formula, P is the loading load, h is the indentation depth, and α is a 
constant, which is related to the elastic properties of the substrate [41]. 

Besides, the total work (Wt) during the loading phase can be deter-
mined by adding the elastic work (We) and plastic work (Wp) together, as 
shown in Equation (12). 

Wt =We + Wp (12) 

As depicted in Fig. 4(c), the stress-strain relationship of metal ma-
terials is typically depicted by the power-law strengthening model 
described as: 

σ =

⎧
⎪⎨

⎪⎩

Eε， σ ≤ σy

Rεn = σy

(

1 +
E
σy

εp

)

， σ > σy
(13)  

where E is the Young’s Modulus of the samples, R is the strength coef-
ficient, n is the strain hardening index (n = 0~0.5 for metallic mate-
rials), εp is the generated plastic strain and σy is the initial yield strength 
[42]. 

As shown in Fig. 4(d), a 2D model based on the finite element method 
(FEM) was established in ANSYS software to simulate the nano-
indentation test process. Specifically, the ANSYS Parametric Design 
Language (APDL) module was employed in this simulation due to its 
advanced capabilities in modeling complex material behavior and 
accurately simulating mechanical responses under nanoindentation 

Fig. 5. Flow chart of inversion analysis.  
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conditions. In the application of APDL, the 2D element type, PLANE182, 
was utilized to precisely determine characteristic stresses using bilinear 
isotropic hardening (BISO) and characteristic strains using multilinear 
isotropic hardening (MISO). The FEM model of the sintered material 
part (measuring 50 μm × 50 μm) was divided into four sections in order 
to follow Saint-Venant’s principle and improve the accuracy of the 
mesh. Throughout the simulation, the time unit was expressed in sec-
onds (s), the force unit in millinewtons (mN), and the units for elastic 
modulus and stress were megapascals (MPa). In the FEM modeling, in 
order to simplify the model and improve the calculation speed, it is 
simplified into a cone with a half-cone angle of 70.3◦. Since the indenter 
has axial symmetry, the three-dimensional model can be simplified into 
a two-dimensional axisymmetric model without significant impact on 
the simulation results [43,44]. 

In this study, the method of continuous stiffness measurement (CSM) 
was employed to establish the elastic-plastic constitutive model of the 
sintered Cu–Ag composite material through the process of inversion 
calculation, as the flow chart depicted in Fig. 5. The CSM method allows 
for the continuous assessment of stiffness during loading, taking into 
account any changes in stress under a constant load. This technique is 
particularly useful in accurately capturing the material’s true response 
and eliminating potential artifacts caused by the indentation size effect 
(ISE). During the CSM experiment, a loading strain rate of 0.05 s− 1 and a 
maximum displacement of 1000 nm were utilized. 

3. Results and discussion 

3.1. Solvent modification 

The organic component plays an important role in the paste as it acts 

as a carrier for metal particles, providing moderate fluidity before stencil 
printing. Solvents are also important for preventing agglomeration 
before sintering and achieving a low decomposition temperature with a 
proper decomposition rate during sintering to minimize voids and res-
idues, particularly for micron-scale sinter pastes. In this study, viscosity 
analysis, thermogravimetric analysis, differential scanning calorimetry 
tests (TG-DSC), and shear tests were conducted to analyze the potential 
for future high-temperature power electronics applications. 

For alcohol-based solvents (Group A), viscosity analysis of the 
alcohol-based pastes A1 and A2 (4.0 and 10.5 Pa s, respectively) indi-
cated that one-component solvents were too diluted and not conducive 
to the printing process. Therefore, PEG was chosen to improve the vis-
cosity of A3 and A4, resulting in viscosities of 24.1 and 30.3 Pa s, 
respectively. As shown in Fig. 6(a), (b), the TG curves revealed that all 
two-component solvent systems exhibited two stages. For the alcohol- 
based solvents A3 and A4, the low-boiling T component volatilized 
and decomposed before 200 ◦C, while high-boiling PEG decomposed 
after 200 ◦C. 

For epoxy based solvents (Group B), epoxy markedly increased the 
viscosity of the solvent system due to its intrinsic properties, with NS 
exhibiting higher viscosity than YDS. The viscosity of pastes B1~B4 
were 55.7, 65.5, 72.0, and 83.1 Pa s, respectively, which was more than 
double that of the alcohol-based pastes. For the epoxy-based systems (B1 
and B2), there were generally the rapid volatilization and decomposition 
of the low-boiling component SG before 250 ◦C and the curing of epoxy, 
as shown in Fig. 6(c), (d). The epoxy solvents decomposed gradually 
when the temperature exceeded 350 ◦C. Besides, it showed that solvents 
with the same content of NS decomposed slower than YDS. More 
importantly, the results demonstrated that the epoxy-based pastes had 
relatively higher mass residues than the alcohol-based samples at 

Fig. 6. (a), (b)TG-DSC results of samples A1~A4. (c), (d)TG-DSC results of samples B1~B4.  
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250 ◦C. 
Based on the thermal analysis shown in the TG-DSC results and 

supported by practical experience, heating processes (including pre- 
drying in a nitrogen oven and pre-heating in the sintering furnace pro-
tected by nitrogen) were established to optimize the sintering process for 
each group. The temperatures were determined by the TG-DSA tests 
where the speed of solvent evaporation accelerated. For the Group A 
samples, the pre-drying process was established at 140 ◦C for 20 min and 
the pre-heating phase at 175 ◦C for 3 min. While for the Group B sam-
ples, the pre-drying process was set at 90 ◦C for 15 min, followed by the 
pre-heating at 110 ◦C for 5 min. The determination of these specific 
processes aimed to optimize solvent evaporation without reaching the 
boiling points of organic compounds, thereby avoiding rapid solvent loss 
and potential defects in paste consistency and microstructure. 

The performance of the joints after sintering was influenced by the 
presence of organic residues. The shear strength of the sintered joints 
prepared by the pastes at 250 ◦C and 20 MPa pressure-assisted sintering 
for 10 min was illustrated in Fig. 7. The results demonstrated that pastes 
A3 and B1 exhibited superior performance, achieving shear strengths of 
51.70 and 48.54 MPa, respectively. Consequently, these two pastes were 
selected for subsequent reliability testing and analysis. Additionally, it 
was observed that two-component solvents outperformed single- 
component alcohol-based solvents. This is due to the presence of PEG, 

which enhances sintered samples’ shear strength through its steric 
hindrance and polar functional groups that form a reducible protective 
film on metal surfaces, promoting interparticle bonding and interface 
stabilization [45–47]. Furthermore, in the case of epoxy-based solvents, 
the incorporation of YDS enhanced the shear strength during sintering. 

The cross-sections of the preferred A3 and B1 joints were observed 
using SEM for microstructure analysis to further investigate the differ-
ence in the bonding mechanism between the two groups of joint sam-
ples. Fig. 8 illustrated the microstructural differences between samples 
A3 and B1. The presence of uniform porosity below the chip region 
indicated a consistent application of pressure during the sintering pro-
cess, as shown in Fig. 8 (a) and (b). In Fig. 8 (c), sample A3 exhibited a 
sintered structure characterized by metallic connections between par-
ticles, suggesting a successful sintering procedure. In contrast, sample 
B1 not only displayed these metallic bonds but also demonstrated epoxy 
reinforcement. Fig. 8 (d) revealed the infiltration of epoxy into the 
porous areas through SEM imagery, highlighting its role in enhancing 
the structural density and bonding integrity of the sintered matrix. 
Moreover, the electrical conductivity of the sintered material plays a 
crucial role in determining the effectiveness of the connection. The 
electrical conductivities of the A3 and B1 joints were examined and 
found to be (2.030 ± 0.169) × 105 S cm− 1 and (1.336 ± 0.107) × 105 S 
cm− 1, respectively. These findings indicated that the inclusion of epoxy 
resin leads to a decrease in the conductive properties. 

3.2. High temperature reliability 

In order to evaluate the performance of sintered materials in chal-
lenging operational conditions within power module service, particu-
larly in intricate temperature environments, high-temperature aging 
tests and thermal cycling tests were carried out on two optimized sets of 
sintered joints A3 and B1. 

3.2.1. High-temperature storage test 
The high-temperature storage test (HST) was conducted at a tem-

perature of 250 ◦C in order to replicate the operational conditions of 
power electronics devices in high-temperature environments. After 
aging for different durations (0 h, 50 h, 100 h, 150 h, 200 h, 300 h, and 
400 h), each group of samples, which included ten joint samples on a 
single DBC substrate, was subjected to shear testing. The results pre-
sented in Fig. 9 indicate that the shear strength of the A3 joints initially 
increased rapidly, reaching 73% (89.44 MPa) of the initial value after 
50 h. Subsequently, the shear strength stabilized at around 80 MPa and 
exhibited slight fluctuations throughout the 100–400 h aging period. On 
the other hand, the shear strength of the B1 joints exhibited a gradual 

Fig. 7. Average shear strength of sintered samples.  

Fig. 8. SEM morphology photos of the (a)edge and (c)middle of the A3 sample, and (b)edge and (d)middle of the B1 sample.  
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increase, doubling the initial value to 94.75 MPa after 400 h of aging. In 
addition, t-test analysis was also carried out for statical analysis. 
Tables S1 and S2 presented t-test analysis results of shear strength of two 
groups of samples. It is evident that following a 200-hour aging period, 
the strength of the B1 joint surpasses that of the A3 joint, thus indicating 
a noteworthy impact on joint strength improvement during high- 
temperature aging as a result of the inclusion of epoxy resin. 

3.2.2. Temperature cycling test 
For power electronics applications, failures are often caused by the 

mismatch of the coefficients of thermal expansion (CTE) due to the high 
operating temperatures. Therefore, temperature cycling tests (TCT) are 
commonly conducted to assess the reliability of die-attach materials. 
The TCT conditions were set at a range of − 55 to 150 ◦C with 2 cycles 
per hour. During the experiment, samples consisting of 10 joints each 
were extracted at regular intervals of 50 cycles to evaluate the shear 
strength. The corresponding test results were presented in Fig. 10, with 
the corresponded t-test analysis was shown in Tables S3 and S4. For 

paste A3, the shear strength of the joints gradually decreased to 35.64 
MPa after 300 cycles, and then stabilized around 34 MPa until 450 cy-
cles, demonstrating a consistently high strength. In the case of paste B1, 
the shear strength initially increased by 19.0%–57.76 MPa after 150 
cycles. Subsequently, it decreased and reached a stable level of 
approximately 40 MPa, which was higher than that of A3 samples but 
17.6% lower than the initial strength. We hypothesized that the initial 
strength increase was attributed to the additional curing of the YD sys-
tem, which consolidates the findings of HST outlined in Section 3.2.1. It 
is important to note the increasing size of the error bars for both paste 
groups after reaching 200 cycles. It is observed that joints B1 showed a 
higher level of variability. Despite the fact that the lower limits of the B1 
error bars persistently surpassed those of A3, implying a potential initial 
protective effect of the epoxy residues against oxidation. The overall 
trend, including the mean values, indicated a more pronounced decline 
in shear strength for B1 after 200 cycles. This suggested that the exis-
tence of epoxy residues may potentially contribute to mechanical 
deterioration over time, thus accelerating failure under the cyclic ther-
mal conditions of the test. 

3.3. Evolution of microstructures at high temperatures 

To investigate the factors contributing to the alteration in joint 
strength during high-temperature procedures, cross-sections of joints 
were prepared with varying durations of high-temperature aging. Sub-
sequently, an in-depth analysis was conducted to examine the changes in 
microscopic materials and structures over time. Given the occurrence of 
delamination cracking in both the ceramic layer and the copper clad 
layer of the DBC substrate during the TCT, the ensuing analysis focused 
on the test findings of the cross-sectional samples after HST. SEM photos 
of the cross section of Cu–Ag composite joints produced using A3 and B1 
pastes were presented in Fig. 11(a) and (b). These images illustrated the 
evolution of the joint structure after various aging periods during high- 
temperature sintering, namely 0 h, 50 h, 100 h, 200 h, and 400 h. It was 
evident that all the sintered Cu–Ag composite joints exhibited a compact 
sandwich structure. 

The evolution of porosity was determined by extracting and 
analyzing the sintered layer in Fig. 11 using image J software, as 
depicted in Fig. 12(b) and Table 2. The analysis results indicate that the 
porosity of sample A3 decreased from 2.86% in its initial state to 1.89% 
after 50 h of aging. This decrease is associated with a noticeable increase 
in shear strength observed in HST. Subsequently, the porosity exhibited 
a notable increasing trend, reaching 6.72% at 200 h, while the shear 
strength showed a decline during this stage. From 200 h to 400 h of 
aging, both the porosity and shear strength remained relatively stable. 
This analysis demonstrates the close relationship between porosity and 
changes in shear strength. It is worth noting that the porosity evolution 
of the B1 group samples, which had epoxy added, displayed a 
completely different trend. The initial porosity of sample B1 was 1.93%, 
followed by a fluctuating downward trend in porosity. After 400 h of 
aging, the cross-sectional sample’s porosity was only 0.57%. Corre-
spondingly, the shear strength of the B1 sample gradually increased with 
aging time, further indicating a negative correlation between porosity 
and changes in shear strength. Additionally, a more detailed examina-
tion of the images following the extraction of porosity revealed a cor-
relation between the distribution of pore sizes and the duration of aging, 
as illustrated in Fig. 11 (c) and (d). The findings demonstrated a gradual 
increase in the area occupied by pores in the A3 sample throughout the 
aging process, which was attributed to the coarsening and growth of the 
sintering neck [48]. Moreover, an increase in the number of 
smaller-sized pores was observed after 50 h. Considering the concurrent 
decrease in porosity, it can be speculated that this change was primarily 
driven by the oxides generated in the pores. On the other hand, the B1 
joint exhibited a different distribution of pore sizes due to the presence 
of epoxy. The pore areas observed in B1 were smaller than those in A1 
and showed a slight increase during the aging process. This phenomenon 

Fig. 9. HST results of the joints fabricated by A3 and B1 pastes. The shaded 
areas around each line indicate the error bars, representing the standard de-
viation of the data. 

Fig. 10. TCT results of the joints fabricated by A3 and B1 pastes. The shaded 
areas around each line indicate the error bars, representing the standard de-
viation of the data. 
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can be attributed to the positive effects of epoxy filling pores, which 
enhance the structural stability. 

Simultaneously, the EDS technique was employed to monitor the 
variations in the elemental composition of the sintered layer, and the 
analyzed data were documented in Table 3 and Table 4. The comparison 
of oxygen content in the two types of joints during the high temperature 
aging process was presented in Fig. 12(a). The results indicated that the 

Fig. 11. SEM photos of the cross section of Cu–Ag composite joints fabricated by (a)A3 and (b)B1pastes after different aging time during HST: 0 h, 50 h, 100 h, 200 h, 
and 400 h. Pore size distribution for different aging time of (c)A3, (d)B1 sintered samples. 

Fig. 12. The change of (a)oxygen element content and (b)porosity of A3 and B1 joints during HST.  

Table 2 
Porosity from SEM photos.  

Sample 0 h 50 h 100 h 200 h 400 h 

A3 2.86% 1.89% 4.87% 6.72% 6.65% 
B1 1.93% 1.20% 0.81% 1.31% 0.57%  
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initial oxygen content of the B1 and A3 samples was 1.32 wt% and 1.39 
wt%, respectively, with the B1 sample exhibiting slightly higher oxygen 
content. Furthermore, the carbon content of the B1 sample (8.18 wt%) 
was markedly higher compared to the A3 sample (5.30 wt%), suggesting 
a potential presence of more organic residues in the B1 sample. Over 
time, as the high-temperature aging period increased, the oxygen con-
tent of the B1 sample remained relatively unchanged, stabilizing at 
approximately 1.3%. In contrast, the oxygen content of the A3 sample 
experienced a rapid increase to 4.91 wt% after 50 h and continues to 
gradually increased to 6.49 wt% during subsequent aging processes. 
This revealed a significant oxidation process taking place in the A3 
sample. XPS technology was applied to identify the source of oxides, as 

illustrated in Fig. S1. The results indicated that copper was the main 
contributor to the generation of oxides. 

Partial SEM images of the cross-sections at 400 h were recorded in 
Fig. 13 to facilitate further investigation of the underlying mechanism. 
By combining the obtained results on porosity and elemental analysis, 
the deduced aging mechanisms of the two joints were illustrated in 
Fig. 14. The findings indicated that the further decomposition and 
volatilization of the PEG residues in A3’s joints lead to voids during 
aging. Consequently, the copper components exposed to elevated tem-
peratures were prone to oxidation, leading to the formation of loosely 
bound oxides, as depicted in Fig. 13(a). Additionally, the production of 
oxides allows for the partial filling of pores, thereby enhancing shear 
strength. However, excessive oxide production contributed to a slight 
decrease in shear strength. On the other hand, the epoxy resin present in 
the interstices between the particles of the B1 joints continued to cure, 
resulting in a more extensive filling of the flaws in the sintered layer, 
along with the coarsening of the sintering necks between particles. 
Hence, this phenomenon proves advantageous in terms of improving 
shear strength. Furthermore, changes in joint structure and elemental 
composition also affect electrical conductivity. The electrical conduc-
tivity tests were conducted on the samples after undergoing 400 h of 
aging, as detailed in Table S9. After the aging process, the conductivity 
of samples A3 and B1 decreased by approximately 50.4% and 11.2%, 
respectively. This demonstrated that, on one hand, epoxy resin had an 
initial impact on decreasing the electrical conductivity of the specimens. 
On the other hand, it effectively inhibited the formation of oxides, which 
enhancing the sintered material’s resistance to aging during the HST 
process. 

Combined with the comprehensive analysis of the joints after HST 
test, we have also speculated on the aging mechanism of the TCT 

Table 3 
EDS data for A3 joints after HST.  

Elements (wt%) 0 h 50 h 100 h 200 h 400 h 

Cu 47.14 48.44 47.43 46.36 45.93 
Ag 45.88 41.35 41.60 40.79 40.92 
C 6.10 5.30 5.82 6.44 6.66 
O 1.32 4.91 5.15 6.41 6.49  

Table 4 
EDS data for B1 joints after HST.  

Elements (wt%) 0 h 50 h 100 h 200 h 400 h 

Cu 45.85 45.79 46.68 45.41 46.97 
Ag 44.58 43.95 43.91 44.19 43.50 
C 8.18 8.94 8.23 9.01 8.25 
O 1.39 1.33 1.18 1.39 1.28  

Fig. 13. Local SEM photos of the joints section after 400 h HST, fabricated by (c)A3 and (d)B1 paste.  

Fig. 14. Schematic diagram of the aging mechanism of sintered structures during HST test.  
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samples. Compared to HST aging, TCT aging poses an additional risk of 
failure due to the mismatch of thermal expansion coefficients (CTE) 
during high and low temperature cycles. In the case of the A3 samples, 
the continuous formation of oxides at high temperatures exacerbated the 
CTE mismatch issue during temperature cycles, leading to a gradual 
decrease in shear strength. As for the B1 group samples, the enhanced 
curing of the epoxy component during the high temperature stage of 
TCT might be the main factor behind the initial increase in shear 
strength within the first 150 cycles. However, as the temperature shock 
caused a progressive increase in cracks resulting from the CTE mismatch 
among the different components, the shear strength subsequently 
declined. 

3.4. Evolution of micromechanical properties at high temperatures 

Changes in microstructure during high-temperature evolution also 
had impacts on micromechanical properties. The utilization of nano-
indentation technology enabled accurate and efficient detection, 
thereby facilitating a comprehensive understanding of joint perfor-
mance at various aging periods. Additionally, this technology assists in 
predicting the long-term reliability of joints. To maintain the experi-
ment’s consistency, the areas selected for the nanoindentation experi-
ment were all performed close to the central position of the sintered 
layer. 

3.4.1. Main influencing factors of room temperature nanoindentation test 
A judicious choice of parameters contributes to acquiring depend-

able data, fostering a comprehensive comprehension of the mechanical 

characteristics exhibited by materials at the nanoscale, and furnishing 
crucial insights for material design and performance enhancement. The 
crux of the matter about selecting suitable parameters for nano-
indentation tests lies in ensuring that the tests faithfully capture the 
mechanical properties inherent to the material. As depicted in Figs. 15 
and 16, the figures illustrated the influence of various loading speeds 
and load test conditions on the Load-depth curves and the calculated 
micromechanical performance parameters of the unaged A3 and B1 
samples in their initial state. During the test, the samples initially un-
derwent elastic-plastic deformation during the loading process of the 
indenter, with the elastic deformation recovering during the unloading 
process. When subjected to the same load, the A3-0 h sample exhibited 
deeper indentation with an increasing loading rate. However, there was 
no positive correlation between the loading rate and the indentation 
depth for the B1-0 h sample. Under the same load, both samples 
demonstrated that higher loading rates resulted in deeper indentation 
depths. We hypothesized that this difference was due to variations in the 
elastic deformation absorption of the epoxy filler during the loading 
stage of the B1-0 h sample, suggesting that the addition of epoxy may 
have potential advantages in improving the load impact resistance of the 
joint. Furthermore, the obtained data on hardness and elastic modulus 
under different test conditions were compared. The results indicated 
that the hardness and modulus values of the A3-0 h sample were more 
sensitive to changes in test parameters compared to those of the B1-0 h 
sample. Excessive load and loading rate led to a decrease in the calcu-
lated hardness and elastic modulus values of the A3-0 h sample, and also 
resulted in a more pronounced indentation size effect. Finally, after a 
comprehensive comparison, the loading speed of 0.8 mN/s and the 

Fig. 15. Effect of loading rate on the indentation properties of A3 joints: (a) Load-depth curve, (b) modulus and hardness; Effect of applied load on the indentation 
properties of A3 joints: (c) Load-depth curve, (d) modulus and hardness. 
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applied load of 30 mN were chosen as the set parameters for subsequent 
experiments. 

3.4.2. Hardness and elasticity modulus 
With the advantages of high resolution and non-destructive testing 

provided by nanoindentation technology, it becomes possible to mea-
sure the hardness and elastic modulus of materials on a microscopic 
scale. This capability proves instrumental in monitoring and evaluating 
the evolution of microscopic properties of materials during the aging 
process. 

Fig. 16. Effect of loading rate on the indentation properties of B1 joints: (a) Load-depth curve, (b) modulus and hardness; Effect of applied load on the indentation 
properties of B1 joints: (c) Load-depth curve, (d) modulus and hardness. 

Fig. 17. (a) Hardness and (b) modulus of Cu–Ag composite sintered samples after different HST aging time. The shaded areas around each line indicate the error 
bars, representing the standard deviation of the data. 
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Fig. 17 exhibited the evolution process of the average hardness and 
elastic modulus of Cu–Ag composite joints as a function of the aging time 
of HST. Table S5 ~S8 recorded the relevant t-test analysis of the two 
groups of samples during the aging process. Firstly, in terms of hardness, 
both the A3 and B1 joints exhibited a pattern of initially increasing and 
then decreasing during the aging process. For the A3 sample, the initial 
hardness was 1.04 GPa. After 100 h of aging, the hardness reached its 
peak at 1.53 GPa, and subsequently decreased to 1.14 GPa after 400 h, 
representing a 9.6% increase compared to the initial hardness. In 
contrast to A3, the initial hardness of B1 was lower at 0.69 GPa. After 
200 h of aging, it achieved the highest average hardness of 1.55 GPa, 
which was 2.24 times the initial hardness, and then declined to 0.90 
GPa, which was 30.4% higher than the initial hardness. Furthermore, 
there was a slight discrepancy in the evolution of the modulus. The A3 
sample exhibited a fluctuating downward trend, with an initial modulus 
of 48.98 GPa decreasing by 33.4% to 32.61 GPa after 400 h of high- 
temperature aging. However, in the case of the B1 sample, the 
modulus demonstrated an upward trend. The initial modulus was 27.37 
GPa, and after aging, it steadily increased to approximately 47 GPa. 
Generally, the initial hardness and elastic modulus of the joint were 
diminished upon the addition of epoxy. Nevertheless, as high- 
temperature aging progresses, the interstitial effect and subsequent so-
lidification of the epoxy, coupled with continued diffusion between 
copper and silver particles, contributed to the heightened resistance to 
plastic deformation demonstrated by the B1 joint. 

3.4.3. Creep behavior 
Moreover, nanoindentation technology is also a useful tool for 

quantifying the creep properties of materials at the nanoscale. Through 
the investigation of creep behavior, we can acquire noticeable insights 
into the deformation mechanisms of materials subjected to prolonged 
stress, thereby enhancing our comprehension of material stability and 
reliability. To examine the progression of creep characteristics during 
high temperature aging, an investigation was conducted on two kinds of 
Cu–Ag blend joints with different aging times. These samples were 
loaded at a force of 30 mN for a duration of 300 s. Each sample was 
tested 10 times, and the maximum creep depth showed a normal dis-
tribution, as shown in Fig. 20(a). The curve with the maximum creep 
depth closest to the average value was selected as a representative for 
subsequent analysis. The obtained indentation morphologies were pre-
sented in Fig. 18, while the corresponding creep curves were shown in 
Fig. 19. In the initial state at 0 h, the creep displacement depth of sample 
A3 exceeded that of B1, measuring 102.8 nm and 78.9 nm, respectively. 
Following high-temperature aging, the creep depth of the A3 sample 
exhibited a pattern of initially decreasing to 35.6 nm, then increasing, 
and eventually stabilizing at approximately 50 nm during the aging 
process spanning from 200 to 400 h. This value accounted for 50% of the 
initial creep depth. For the B1 samples, the creep depth gradually 
reduced and stabilized at roughly 37 nm after aging for 100 h, which was 
much lower than the creep depth of the A3 sample after long-term aging, 
showing better creep resistance. 

The strain rate sensitivity index (m) of Cu–Ag composited joints was 
calculated to provide a more in-depth investigation into the creep 

Fig. 18. The indentation morphologies of (a) A3 and (b) B1 cross-section samples at different high temperature aging time.  

Fig. 19. Creep behavior of (a) A3 and (b) B1 samples after different HST aging time.  
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mechanism of the two joints across varying aging durations. The 
calculation process of A1-0 h joint was shown as an example in Fig. 20 
(b)~(f): Firstly, the empirical formula was utilized to fit and creep 
displacement-time curves. 

h= a + bt + c(t − d)e (14)  

where h is the creep displacement, t is the creep time and parameters a, 
b, c, d, and e are constants [36]. Fitting parameters of Cu–Ag composited 
samples with different aging times were listed in Table 5. Next, the 
values of ε̇ and σ calculated by Eqs. (7) and (8) were plotted with respect 
to creep time in Fig. 20(d) and (e). Subsequently, the double logarithmic 
curves of ε̇ and σ were presented in Fig. 20(f). Finally, the value of m was 
determined based on the steady-state stage of creep, specifically using 
the fitting region indicated by the red triangle. 

Afterwards, strain rate sensitivity index m of the A3 and B1 samples 
after different high temperature aging time were presented in Fig. 21. 
According to previous research on nanoindentation, there exist three 
plausible mechanisms for creep, namely grain boundary sliding, diffu-
sional creep, and dislocation power-law creep [36,39,49–51]. When the 
value of m is equal to 1, the primary governing factor for creep is the 

diffusion of atoms through lattice diffusion or Coble creep [39]. When m 
equals 0.5, creep behavior is primarily controlled by grain boundary 
sliding [49]. And, when m is less than 0.33, the predominant mechanism 
for creep is dislocation power-law creep [50,51]. Hence, the results 
presented herein were all found to be below 0.33, indicating that 
dislocation creep served as the prevailing mechanism in all of the 
aforementioned samples. Furthermore, in the case of the A3 samples, the 
value of m initially exhibited a substantial decrease from 0.0129 to 
0.000291 at 100 h, subsequently increasing to 0.00139 at 400 h. This 
observation suggested that the introduction of oxides generated at 
elevated temperatures effectively impeded the movement of disloca-
tions. However, an excessive amount of loosely oxides in Cu–Ag joint 
proved detrimental to the material’s ability to resist creep. As for the B1 
sample, the value of m fluctuated between 0.002 and 0.0025, thereby 
indicating that benefit to epoxy addition, the internal structure of the 
joint experienced minimal alteration due to high-temperature aging. 
The modest fluctuations in the values might be attributed to surface 
irregularities such as holes and roughness. Overall, the low strain rate 
sensitivity index values obtained for both samples point to the 
commendable creep resistance of the Cu–Ag joints. 

Fig. 20. (a) Maximum indentation depth on A1-0 h sample; (b) Force-displacement curve of A1-0 h sample. The holding time was 300 s during the creep stage under 
20 mN. (c) Displacement-time, (d) stress-time, (e) strain rate-time, (f) natural logarithmic stress versus natural logarithmic creep stain rate curves during the creep 
stage at (b). 

Table 5 
Fitting parameters of Cu–Ag composited samples with different aging times.  

Sample a b c d e Agj.R-Square m 

A3-0 h 1394.671 − 0.067 79.727 39.131 0.153 0.99918 1.29*10− 2 

A3-50 h 795.915 − 0.071 292.277 36.754 0.038 0.99524 6.67*10− 4 

A3-100 h 799.100 − 0.045 203.363 37.277 0.035 0.98887 2.91*10− 4 

A3-200 h 942.161 − 0.061 78.518 37.569 0.103 0.99587 2.30*10− 3 

A3-400 h 1044.51 − 0.086 40.465 37.785 0.171 0.99594 1.39*10− 3 

B1-0 h 793.087 − 0.118 430.496 37.021 0.043 0.99923 2.80*10− 3 

B1-50 h 849.331 − 0.034 323.006 37.383 0.028 0.99665 2.52*10− 3 

B1-100 h 1028.896 − 0.059 21.431 37.708 0.212 0.99277 2.22*10− 3 

B1-200 h 945.630 − 0.082 72.608 37.699 0.135 0.99064 2.43*10− 3 

B1-400 h 1077.818 − 0.020 281.540 37.594 0.023 0.98952 2.49*10− 3  
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3.4.4. Constitutive behavior 
Establishing a constitutive model can help simulate the elastic- 

plastic response of materials under different conditions and provide 
reliability assessment for the overall structural design of the power 
module [27]. In this study, we employed an inversion analysis method 
grounded in the FEM to investigate the variances in the constitutive 
relationships of sintered joints from two solvent systems at distinct 
high-temperature aging stages. Given the sudden alterations observed in 
the shear strength, porosity, and oxygen content of the samples after 
undergoing a 50-h aging process, we have opted to examine and 
compare samples that were aged at high temperatures for 0 h, 50 h, and 
400 h to conduct a more comprehensive analysis. 

The inverse analysis algorithm was primarily based on the nano-
indentation loading stage curve. Initially, an ideal elastic-plastic model 
was assumed with a stress enhancement index of 0 (n = 0). The load- 
displacement curves were obtained by using the FEM and performing 
iterative computations until the relative error of the nanoindentation 
results were less than 0.5%, as shown in Fig. 22(a). Then, the stress 
enhancement index n, obtained through dimensional theoretical anal-
ysis, was replaced by simulation for further iterative optimization, as 
shown in Fig. 22(b). The validity and accuracy of the constitutive 

relationships determined through inversion analysis were confirmed by 
comparing the FEM results with experimental data. The Von Mises stress 
cloud diagrams of each selected Cu–Ag composited sintered sample 
under nanoindentation simulation were presented in Fig. 23. Table 6 
provided the constitutive parameters of the samples. The stress-strain 
relationships of the selected samples were expressed by formulas (15) 
to (20) respectively, and the corresponding stress-strain curves were 
plotted in Fig. 24. The results indicated that the A3 samples, without 
epoxy before HST aging, possessed a yield stress (σy) of 107.26 MPa, 
which was 8.45 times greater than the initial σy of 12.70 MPa observed 
in the B1 sample with epoxy added. It is noteworthy, however, that 
evident differences were observed in joints with different solvent sys-
tems following aging. After 50 h of aging, the σy of the A3 sample sub-
stantially increased to 197.63 MPa, but then decreased to 40.55 MPa 
after 400 h of exposure to high temperatures. The considerable fluctu-
ations in the σy of the A3 sample indicated the instability of the exposed 
Cu–Ag composited joints in a prolonged high-temperature environment. 
Over time, the formed oxides would eventually compromise the integ-
rity of the joint, leading to a decline in mechanical properties. 
Conversely, the performance of the B1 sample remained relatively sta-
ble. The σy increased to 54.66 MPa after 50 h of high-temperature aging, 

Fig. 21. Natural logarithmic stress versus natural logarithmic creep stain curves of Cu–Ag samples after different high temperature aging time: (a) A3, (b) B1.Fig. 20 
Natural logarithmic stress versus natural logarithmic creep stain curves of Cu–Ag samples after different high temperature aging time: (a) A3, (b) B1. 

Fig. 22. Comparison of load-displacement curves predicted by the elastoplastic model of Cu–Ag composite sintered joints with experimental results: (a) n = 0, 
(b) n∕=0. 
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which was 4.30 times the initial value. However, the σy remained 
consistent at 53.42 MPa after a longer aging period of 400 h. The 
noticeable disparity between the two joints demonstrated that the 
addition of epoxy reduced the joint’s resistance to plastic deformation. 
Nevertheless, further curing of the epoxy after a specific aging time 
effectively enhanced its ability to withstand plastic deformation. To sum 
up, the protective effect of epoxy on the internal microstructure can 
enhance the mechanical stability of the joint during high-temperature 
aging. 

A3-0 h: 

σ =

{56950ε (σ ≤ 107.26)
107.26

(
1 + 530.95εp

)0.4104
(σ > 107.26) (15) 

A3-50 h: 

σ =

{42620ε (σ ≤ 197.63)
197.63

(
1 + 215.66εp

)0.4210
(σ > 197.63) (16) 

A3-400 h: 

σ =

{31230ε (σ ≤ 40.55)
40.55

(
1 + 770.16εp

)0.6684
(σ > 40.55) (17) 

B1-0 h: 

σ =

{
27420ε (σ ≤ 12.7)
12.7

(
1 + 2161.42εp

)0.6616
(σ > 12.7) (18) 

B1-50 h: 

σ =

{
49000ε (σ ≤ 54.66)
54.66

(
1 + 896.45εp

)0.5198
(σ > 54.66) (19) 

B1-400 h: 

σ =

{
42020ε (σ ≤ 53.42)
53.42

(
1 + 786.60εp

)0.4769
(σ > 53.42) (20)  

4. Conclusions 

In this study, four types of alcohol-based pastes (A1~4) and four 
types of epoxy-based pastes (B1~4) containing micron-scale Cu–Ag 
composite particles were developed and manufactured to substitute 
sintered pure silver or copper joints for die-attach. The viscosity, shear 
strength, high-temperature reliability, and micromechanical properties 
of the optimized samples were analyzed. The primary findings are out-
lined below.  

(1) The influence of the solvent system on sintered joints is of utmost 
importance. The viscosity of the solvents with the epoxy addition 
was found to be higher. Additionally, the results of DCS-TGA 
analysis revealed that the organic residual content in the joints 
was also higher. The maximum shear strength achieved in each 
group was 51.70 MPa (A3) and 48.54 MPa (B1), respectively.  

(2) The B1 joints exhibited significantly superior shear strength 
performance compared to A3 in the conducted reliability tests. 
Following 400 h of high-temperature aging, the average shear 
strengths of A3 and B1 were measured at 79.92 MPa and 94.57 
MPa, respectively. Furthermore, even after undergoing thermal 

Fig. 23. Results of Von Mises stress contours in finite element simulation: (a) A3-0 h, (b) A3-50 h, (c) A3-400 h; (d) B1-0 h, (e) B1-50 h, (f) B1-400 h.  

Table 6 
Constitutive parameters of Cu–Ag composited sintered samples.  

Sample Wp/Wt hr/hm σr (MPa) n εr σy (MPa) 

A3-0 h 0.86796 0.90268 323.20 0.4104 0.02579 107.26 
A3-50 h 0.77488 0.83596 455.91 0.4210 0.02913 197.63 
A3-400 h 0.86796 0.90268 306.67 0.6684 0.02550 40.55 
B1-0 h 0.81780 0.86676 177.78 0.6616 0.02601 12.70 
B1-50 h 0.85765 0.89529 282.08 0.5198 0.02510 54.66 
B1-400 h 0.86834 0.90295 230.65 0.4769 0.02604 53.42  
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cycling aging, the average shear strengths remained at approxi-
mately 34 MPa and 40 MPa for A3 and B1, respectively.  

(3) Further microstructure analysis using SEM/EDS and XPS revealed 
that the isolation oxidation, pore filling, and subsequent solidi-
fication of epoxy resin were the primary factors contributing to 
variations in the aging mechanism of joints fabricated by 
different solvent systems. These variations ultimately lead to 
differences in joint performance.  

(4) The micromechanical properties of Cu–Ag joints following the 
aging process were assessed using nanoindentation technology, 
encompassing the evaluation of hardness, elastic modulus, and 
creep properties. The findings indicated that the mechanical 
properties of the B1 sample exhibited comparatively minor al-
terations after being subjected to high-temperature aging. 
Moreover, the establishment of elastic-plastic constitutive models 
for the two Cu–Ag sintered materials offered valuable insight for 
a comprehensive examination of their mechanical properties and 
longevity. 

In conclusion, the design proposed in this article, which involved 
incorporating an epoxy component into the solvent of micron particle 
Cu–Ag, not only yielded a substantially high mechanical strength but 
also demonstrated reliable performance at high temperatures. This 
design offered a cost-effective solution for power electronics packaging. 
Further research could be concentrated on exploring various types and 
quantities of epoxy components to enhance the reliability of micron- 
scale copper-silver composite joints in future applications. 
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