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A B S T R A C T   

Nano-copper sintering is one of new die-attachment and interconnection solutions to realize the wide bandgap 
semiconductor power electronics packaging with benefits on high temperature, low inductance, low thermal 
resistance and low cost. Aiming to assess the high-temperature reliability of sintered nano-copper die-attachment 
and interconnection, this study characterized the mechanical properties of sintered nano-copper particles using 
the high-temperature nanoindentation tests. The results showed that: firstly, the hardness and indentation 
modulus of the sintered nano-copper particles increased rapidly when the loading rate increased below 0.2 
mN⋅s− 1 and then stabilized, and decreased with increased applied load up to 30 mN. Next, by extracting the yield 
stress and strain hardening index, a plastic stress–strain constitutive model at room temperature for sintered 
nano-copper particles was obtained. Finally, the high temperature nanoindentation tests were performed at 140 
C̊–200 ̊C on the sintered nano-copper particles prepared under different assisted pressures, which showed that a 
high assisted pressure resulted in the reduced temperature sensitivity of hardness and indentation modulus. The 
creep tests indicated that high operation temperature resulted in a high steady-state creep rate, which negatively 
impacted the creep resistance of sintered nano-copper particles, while the higher assisted pressure could improve 
the creep resistance.   

Introduction 

The wide bandgap (WBG) semiconductors, represented by SiC and 
GaN, have become great candidates in high power electronics due to 
their advantages of higher power density, breakdown voltage, and 
operation temperature compared to Si. Due to the European Union’s 
restriction on lead electronics, the die-attachment and interconnection 
materials used in high power electronics packaging require the lead-free 
alternatives. One of representative lead-free materials is Sn-Ag-Cu (SAC) 
solder, which has replaced the widely used SnPb solder in the most of 
electronics industry [1]. However, the SAC solder always suffers several 
limitations on high temperature operation, corrosion resistances, tin- 
whisker caused by migration and fatigue fracture caused by brittle 
intermetallic compounds, and so on. Based on the size effect of nano-
materials, nano-metal particle sintering technology realizes the 

functions of low-temperature packaging and high-temperature service 
for high power electronics [2]. Compared with nano-silver that already 
widely used in industry, nano-copper has a higher melting point, lower 
material cost, excellent thermal conductivity, and matching thermal 
expansion coefficient, and it is expected to become one of the main die- 
attachment and interconnection technologies in the future high power 
electronics packaging with “all-copper packaging” as a technical possi-
bility[3,4]. 

The high temperature mechanical performances of sintered nano- 
copper materials are essential to guarantee the package and module 
level reliability of power electronics, as they will suffer thermal fatigue 
and creep failures when exposed to high temperature cycling application 
conditions [5]. Thus, it is necessary to investigate the mechanical 
deformation behavior of sintered nano-copper materials at high tem-
peratures and establish the reasonable constitutive models used in 
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reliability and lifetime estimation [6,7]. Presently, a common method to 
characterize the mechanical properties of sintered nano-metal materials 
is through the stress–strain relationship obtained by uniaxial tensile or 
shear tests [8–12]. For example, Nishikawa et al. [13] studied the in-
fluence of sintering process parameters on the connection performance 
of copper–copper interconnection joints and found that the preheating 
and sintering temperatures and the protective atmosphere significantly 
affected the shear performance of the joints. A copper–copper inter-
connection joint with a high shear strength about 40 MPa was success-
fully obtained at a sintering temperature of 400 C̊ and pressure of 15 
MPa. Yamakawa et al. [14] also investigated the effects of sintering 
pressure on the shear strength of the sintered nano-copper joint and 
obtained a joint with a shear strength about 30 MPa at a temperature of 
250 ̊C and a pressure of 15 MPa. Furthermore, Zuo et al. [15] prepared a 
copper paste using a proportionate mixture of 20 and 100 nm copper 
nanoparticles, and the strength of the prepared sample was 15 MPa at a 
sintering temperature of 250 ̊C and sintering pressure of 4 MPa. How-
ever, compared with traditional solder materials, the preparation of 
large standard tensile test samples through sintering is difficult, as the 
assist-pressure and sample shrinkage and warpage are difficult to be 
controlled during sintering [16–18]. The nanoindentation test can 
realize a multi-point test on a small area under elevated temperature 
conditions, making it as a more convenient method to characterize the 
high temperature mechanical properties, obtain a constitutive rela-
tionship model and assess scale-dependent creep properties for the sin-
tered materials [19]. 

Aiming to assess the high temperature reliability of sintered nano- 
copper particles used in high power electronics packaging, the nano-
indentation technique was applied in this study to characterize their 
high temperature mechanical properties, i.e. indentation hardness, 
indentation modulus, and creep properties. The remaining part of this 
paper is organized as follows: Section 2 introduces the methods of 
sample preparation and test process. In section 3, the effects of strain 
rate and applied load on the indentation hardness of sintered nano- 
copper particles were firstly analyzed. Then, a stress–strain constitu-
tive model for nano-copper sintered materials at room temperature was 
constructed to assess their elastic–plastic behaviors. Next, the effects of 
temperature and assisted pressure on indentation depth, hardness, and 
indentation modulus were studied, and the effects of temperature and 
assisted pressure on the initial creep behavior of nano-copper sintered 
particles were analyzed. Finally, section 4 presents the concluding 
remarks. 

Sample preparation and nanoindentation test 

Test sample preparation 

In order to prevent the oxidation of raw materials, the test sample 
preparation was conducted in a nitrogen glove box. To guarantee the 
better sintering densification, the sample preparation process refers to 
our previous work [20] as shown in Fig. 1 (a-b). Firstly, 250 nm and 50 
nm nano-copper powders were mixed at a mass ratio of 8:1 with ethanol, 

1.5 g of the mixed nano-copper powders were then placed in a mold and 
several pressures of 10, 20, and 30 MPa were applied. Afterward, the 
pressed mixed powders were placed in a vacuum sintering furnace and 
heated up to 300 C̊ at a heating rate of 5 C̊/min, and after 40 min of 
sintering, it was naturally cooled to room temperature. Finally, the 
surfaces of sintered samples were polished to be used for the next 
nanoindentation test as shown in Fig. 1 (c). 

Nanoindentation test 

Fig. 2 (a) describes a typical load–displacement curve in a nano-
indentation test, and the indenter parameters after indentation and 
unloading are shown in Fig. 2 (b). As shows, Fmax and hmax are the peak 
load and the corresponding maximum indentation depth, respectively; 
hp is the residual depth after unloading; and S is the contact stiffness, 
which is the slope at the top of the unloading curve. The displacement of 
the intersection of the tangent and the coordinate axis is defined by hr. 

The projected area Ac of the contact surface of the Berkovich 
indenter, and the contact depth hc between the indenter and test sample 
were calculated using the following equations [21]: 

Ac = 24.56h2
c (1)  

hc = hmax − ε(hmax − hr) (2) 

where ε is the indenter shape correction coefficient that depends on 
the geometry of the indenter. Here, ε = 0.75 for a triangular pyramid 
indenter. hr is the intersection of the tangent line at the maximum load 
and the displacement axis during unloading. 

Hardness is the resistance to local deformation and is an important 
mechanical parameter to be measured in the nanoindentation test, as 
well as an important criteria to evaluate the mechanical properties of 
materials. Hardness is contributed by the average stress of an indenter 
acting on the surface of a material. During the indentation process, a 
large number of various dislocations will occur near the indenter, and 
the hardness value will usually decrease as the load increases. However, 
the hardness value of some nanomaterials does not change with a 
change in load [22]. According to Equation (3), the hardness H can be 
defined as the maximum indentation load Fmax divided by the projected 
contact area of the indenter Ac [23]: 

H =
Fmax

Ac
(3) 

Creep is one of time-dependent mechanical properties of metal ma-
terials, which refers to the slow, continuous, and unrecoverable defor-
mation under constant temperature, load, and long-term action. 
Essentially, it is the process of elastic strain in metals that gradually 
transforms into inelastic strain over time. As shown in Fig. 3, a typical 
creep displacement curve, under certain temperatures and loads, creep 
can be roughly divided into three stages over time: (i) Initial creep; (ii) 
Steady creep; and (iii) Accelerated creep. For the indentation test, a 
constant load is applied to the indenter, the load is kept at maximum 
load for a certain period of time, and the relationship curve between the 

Fig. 1. (a) 50 nm nano-copper particles; (b) 250 nm nano-copper particles; (c) the surface of sintered sample used for nanoindentation test.  
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indenter displacement and time is recorded. During the initial creep 
stage, the creep displacement increases rapidly, and as creep time is 
extended, creep displacement increases gradually and slows down as it 
enters the steady creep stage. At this point, creep time and displacement 
are approximately linear. The second stage in the creep process, or the 
steady creep stage, has the smallest creep rate and is often used to 
measure the creep deformation resistance of materials. Therefore, it is 
important to investigate the change law of steady-state creep stage and 
construct a steady-state creep constitutive model by using a constitutive 
equation. 

In the steady creep stage of nanoindentation test, the creep rate (h
Â⋅

) 

and creep strain rate (εÂ⋅) of the material can be expressed by Equations 
(4) and (5), respectively [24]: 

ḣ =
dh
dt

(4)  

ε̇ =
1
h

dh
dt

(5) 

In this study, the nanoindentation tests were conducted under the 
NanoTest Vantage testing system with a high temperature control 
platform and the Berkovich diamond indenter (Micro Materials Ltd, 
Fig. 4 a). The resolution of testing system is 0.1 nm, the load resolution is 
30 nN, the temperature control range is from room temperature to 500 
C̊, and the temperature control accuracy is ± 0.1 ̊C. 

The experiment is designed as follows: Firstly, the effects of loading 
rate on the nanoindentation performance were performed at room 
temperature, and the peak load was set as 30 mN, the loading rates were 
0.1, 0.15, 0.20, 0.25, 0.35, and 0.5 mN⋅s− 1, and the holding time was 
controlled at 10 s. Next, the influence of the applied load on nano-
indentation performance was analyzed with the indentation rate as 0.5 
mN⋅s− 1 and the maximum loads as 10, 20, 30, 40, and 50 mN. Finally, 
the temperature effect on nanoindentation performance was studied 
with the test temperatures controlled as 140, 160, 180, and 200 ̊C. These 
temperature selection was based on the basic temperature requirements 
for creep: T/Tm > 0.3, where T is the test temperature and Tm is the 
melting point of the material. The melting point Tm of copper is 1083.4 
C̊, and the calculated T/Tm values each test temperature were 0.30, 0.32, 
0.33, and 0.35, respectively. Therefore, thess selected test temperatures 
ensured the occurrence of creep and the effectiveness of the test. The 
load and indentation rates of the variable high temperature test were set 
to 30 mN and 0.5 mN⋅s− 1, respectively, and the holding time was 300 s. 

Fig. 2. (a) Typical load–displacement curve in a nanoindentation test; (b) Schematic of the indenter parameters.  

Fig. 3. Typical creep displacement curve.  

Fig. 4. (a) NanoTest Vantage testing system (cited from www.micromaterials.co.uk); (b) The indentation test points on the sample.  
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In addition, to avoid the effects of adjacent indentation stress fields, the 
distance between adjacent indentations was three times greater than the 
indentation size, and 10 different positions were measured under the 
same experimental parameters. The indentation morphologies of test 
samples were then observed and analyzed by Scanning Electron Mi-
croscope (SEM) as shown in Fig. 4 b. 

Results and discussion 

Room-temperature nanoindentation test result analysis 

The effect of loading rate on indentation performance 
Fig. 5 (a) shows the load–displacement curves of sintered nano- 

copper particles under different loading rates when the peak load was 
30 mN. During loading, the test sample under the indenter experienced 
the elastic–plastic deformation, and elastic recovery occurred during 
unloading. As shows, under the same loading conditions, the applied 
load was sensitive to the loading rate. As the loading rate increased, a 
larger load was required to reach the same indentation depth, thus, 
under the same load condition, the greater the loading rate, the smaller 
the indentation depth, and the steeper the load–displacement curve. 
Fig. 5 (b) shows the change in indentation performance of test samples 
with loading rate, which indicates that the hardness and indentation 
modulus were related to the loading rate. As the loading rate increased, 
the hardness first increased till 0.2 mN⋅s− 1, and then gradually became 
stable. This was due to the indentation size and accumulation degree at a 
low loading rate, which both were greater at higher loading rates and 
resulted in an increased indentation contact area. According to Equation 
(3), the indentation hardness obtained at a low strain rate was smaller 
under the same load. In addition, the strain rate hardening effect leads to 
higher hardness values obtained at high strain rates. In order to obtain a 
complete mechanical response, the indentation loading rate of the 
subsequent experiment was set as 0.5 mN⋅s− 1. 

During the indentation process of low-strain hardening materials, a 
large number of dislocations are produced under the indenter, and the 
materials under the indenter are plastically deformed due to the 
movement of dislocations. Because of the movement of indenter, part of 
the material volume can be pushed to the side of the indenter, and a 
stacking phenomenon forms. Thus, the stacking phenomenon makes the 
projected contact area larger than the cross-sectional area of indenter 
[25]. Fig. 6 shows the indentation morphology images under different 
loading rates. As the loading rate increased, the indentation size grad-
ually decreased and the degree of stacking around the indentation 
became continuously smaller. Under the low-loading rate condition, the 
stress under indenter had more time to release by plastic deformation, 
thus the indentation size was larger. Furthermore, in order to resist 

plastic deformation, the material under indenter exhibited more accu-
mulations on the indentation surface and released more stress. 

The effect of applied load on indentation performance 
When the applied load is large, it takes more time to reach the preset 

maximum load at the same loading rate, and more plastic deformation 
occurs under the indenter, which releases the local stress and the 
indentation size becomes larger. Under a loading rate of 0.5 mN⋅s− 1, the 
load–displacement curves of the sintered nano-copper particles with 
different applied loads are shown in Fig. 7 (a). As shows, the indentation 
depth increased with an increase in applied load. Fig. 7 (b) shows the 
evolution of hardness and indentation modulus under different loads. As 
the applied load increased, the hardness values of test samples contin-
uously decreased and gradually stabilized after 30 mN, which exhibited 
obvious hardness indentation size effects similar to other metal mate-
rials. Considering both the effects of loading rate and applied load, a 
loading rate of 0.5 mN⋅s− 1 and a load of 30 mN were selected as the 
testing parameters for the subsequent elevated temperature 
experiments. 

Plastic stress–strain constitutive modeling 
As the metal deformation always consists of elastic strain and plastic 

strain during the nanoindentation test, the stress–strain relationship of a 
power strengthening model commonly used in metal materials can be 
expressed as follows [26]: 

σ =

{
Eε(σ⩽σy)

Rεn(σ > σy)
(6) 

where, E is the indentation modulus of the test sample, R is the 
strength coefficient, and n is the strain hardening index, which reflects a 
metal’s ability to resist uniform plastic deformation. For most metallic 
materials, the value of n is between 0 and 0.5. Additionally, σy is the 
initial yield stress, and when σ = σy, it can be expressed by: 

σy = Eεy = Rεy (7) 

where, εy is the yield strain corresponding to the initial yield stress. 
Therefore, when the material undergoes elastic and plastic deformation, 
the total strain is calculated according to: 

ε = εy + εp (8) 

where, εp is actual generated plastic strain. According to Equations 
(7) and (8), when σ > σy, the Equation (6) can be changed to: 

σ = σy

(

1 +
E
σy

εp

)
n (9) 

After that, the material undergoes elastic–plastic deformation, and 
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Fig. 5. The effect of loading rate on the indentation properties of sintered nano-copper particles: (a) load–displacement curve; (b) indentation hardness and modulus.  
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the stress–strain relationship is defined by: 

σ =

⎧
⎪⎨

⎪⎩

Eε(σ⩽σy)

σy

(

1 +
E
σy

εp

)
n(σ > σy)

(10) 

With the help of the Oliver–Pharr method [27], the unloading 
portion of the indentation load–displacement data can be fitted by using 
the function of Equation (6), which is defined by: 

F = B
(
h − hp

)m (11) 

where, B and m are the fitting parameters for the initial stage of the 
unloading curve using the least square method, and the fitting range is 
generally selected from the initial unloading point to 25%–50% of the 
upper portion of the unloading curve. The contact stiffness S can also be 
calculated by the differential Equation (11): 

S =
dF
dh

⃒
⃒
⃒
⃒h=hmax = mB

(
hmax − hp

)m− 1 (12) 

The equivalent indentation modulus Er is expressed as: 

1
Er

=
1 − v2

E
+

1 − v2
i

Ei
(13) 

where, Ei and vi are the indentation modulus (1140 GPa) and Pois-
son’s ratio (0.07) of the indenter, respectively, and E and v are the 
indentation modulus and Poisson’s ratio (0.3) of the test samples, 
respectively. The equivalent indentation modulus can be obtained from 
the unloading curve as follows: 

S =
dF
dh

⃒
⃒
⃒
⃒h=hmax =

2̅
̅̅
π

√ Er
̅̅̅̅̅
Ac

√
(14) 

and therefore 

Er =

̅̅̅
π

√

2
⋅

S
̅̅̅̅̅
Ac

√ (15) 

Thus, after the hardness H of a material is determined, the yield stress 
σy can be evaluated according to the hardness [28]. For the Berkovich 
diamond indenter whose equivalent half cone angle is α = 70.3̊, the flow 
stress yield criterion one (von Mises yield criterion one) is used to pre-
dict the yield stress σy. For many metals, the approximate relationship 
between the yield stress and the hardness is given by [29]: 

σy ≈
H
3

(16) 

Moreover, Giannakopoulos and Sureshl [30] used finite element 

Fig. 6. The indentation morphologies at different loading rates: (a) 0.10 mN⋅s− 1, (b) 0.15 mN⋅s− 1, (c) 0.20 mN⋅s− 1, (d) 0.25 mN⋅s− 1, (e) 0.35 mN⋅s− 1, and (f) 
0.50 mN⋅s− 1. 
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Fig. 7. The effect of applied load on the indentation properties of sintered nano-copper particles: (a) load–displacement curve; (b) indentation hardness 
and modulus. 
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analysis to assess the indentation test of a Berkovich indenter and ob-
tained a plastic representative strain of 29%. In the subsequent discus-
sion, the plastic characteristic strain value was 0.29. 

The ratio of residual depth indentation hp to the corresponding 
maximum depth hmax at unloading can be used to express the degree of 
plastic deformation and strain hardening of the material, as shown in 
Equation (17) [30]: 

σ0.29 − σy

0.29Er
= 1 − 0.142

hp

hmax
− 0.957(

hp

hmax
)

2 (17) 

Thus, the strain hardening index of materials can be obtained by 
determining the loading and unloading relationship between hardness 
and indentation depth, as obtained by the indentation test. The strain 
hardening exponent n can also be obtained by Equation (18) [30]: 

n =
lnσ0.29 − lnσy

ln150
≈

lnσ0.29 − lnσy

5
(18) 

Finally, in this study, the plastic stress–strain constitutive model of 
the sintered nano-copper particles at room temperature is given by: 

σ =

{
109.8ε (σ⩽0.363 GPa)

0.363(1 + 302.47εp)
0.399

(σ > 0.363 GPa) (19)  

High-temperature nanoindentation test result analysis 

The temperature effect on indentation hardness 
The indentation hardness of sintered nano-copper particles tested 

under different experimental temperatures is shown in Fig. 8, which 
indicates that the hardness values of tests samples prepared under three 
assisted pressures gradually decreased as the experimental temperature 
increased. The results revealed that the sintered nano-copper particles 
softened at higher temperatures, and its ability to resist plastic defor-
mation decreased. Relevant study [31] indicated that the number of 
thermal vacancies exponentially increased as temperature increased, 
following the Arrhenius model as shown in Equation (20), which 
demonstrated that thermal vacancies generated at high temperatures 
could also increase the dislocation movement, resulting in a decrease in 
indentation hardness. 

nv = n × exp(−
Qv

RTk
) (20) 

where, nv is the number of vacancies, n is the number of atoms, Qv is 
the active energy, R is the gas constant, and Tk is the Kelvin temperature. 

In this study, the relationship between indentation hardness H and 

experimental temperature T of test samples was modeled following the 
exponential degradation law as described in Equation (21): 

H = a × Exp(KHT)+ b (21) 

where, H is indentation hardness in GPa, a and b are constants in the 
fitting equation, KH is the degradation coefficient of hardness related to 
temperature, which is used to characterize the sensitivity of hardness to 
temperature, and it is also defined as the hardness temperature effect of 
sintered nano-copper particles. T is the temperature in Celsius. 

According to Fig. 8, the indentation hardness of test samples under 
three assisted pressures were fitted with the experimental temperature 
through Equation (21), the results with fitting parameters are shown in 
Equations (22–24). As described in Equation (21), the greater the ab-
solute value of the attenuation coefficient KH, the more sensitive the 
material hardness is to temperature, and the faster the hardness de-
creases with an increase in temperature. On the one hand, the Berkovich 
diamond indenter used in this nanoindentation test was sharp, resulting 
in large deformation and local stress concentrations around the tip of the 
test sample, thus causing a large number of vacancies [27]. Vacancies 
can affect dislocation movement, resulting in decreased hardness with 
increasing temperature. On the other hand, at the same test tempera-
ture, the hardness increased with an increase in assisted pressure. 
Moreover, with the increase in assisted pressure, the absolute value of 
the hardness temperature effect factor decreased, indicating that the 
increase in assisted pressure can reduce the sensitivity of hardness to 
temperature. This can be explained that higher assisted pressure can 
significantly promote diffusion bonding between nano-copper particles, 
resulting in better bonding quality and sintering densification. 

H = 12.248× Exp( − T
27.285) + 0.594, (10 MPa) (22) 

H = 9.131× Exp( − T
35.275) + 0.559 , (20 MPa) (23) 

H = 19.045× Exp( − T
36.746) + 0.615 , (30 MPa) (24) 

The temperature effect of indentation modulus 
Fig. 9 shows the indentation modulus of sintered nano-copper par-

ticles tested under different experimental temperatures, which presents 
that the indentation modulus decreased with an increase in temperature. 
This can be explained that the active atomic range expands and the 
distance between the atoms increases at higher temperatures, resulting 
in a soften of sintered nano-copper particles [32]. A linear degradation 
model between the indentation modulus and experimental temperature 
is proposed as shown in Equation (25): 

E = A+KE × T (25) 
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Fig. 8. The effect of temperature on the hardness of sintered nano- 
copper particles. 
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Fig. 9. The effect of temperature on the indentation modulus of sintered nano- 
copper particles. 
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where, E is indentation modulus in GPa, A is a constant, KE is the 
degradation coefficient of the indentation modulus related to tempera-
ture, which is used to characterize the sensitivity of indentation modulus 
to temperature, and is defined as the temperature effect factor of 
indentation modulus. T is the temperature in Celsius. 

The fitting results between indentation modulus and experimental 
temperature of test samples prepared under three assisted pressures are 
shown in Fig. 9, and the fitting models are list in Equations (26–28). The 
greater the absolute value of the temperature effect factor of indentation 
modulus KE, the faster the decrease in indentation modulus. As the 
assisted pressure increases, the the temperature effect of indentation 
modulus decreases, indicating that the increase in assisted pressure re-
duces the sensitivity of the indentation modulus to temperature. Under 
the three sintering conditions, the absolute value of KE was the largest at 
an assisted pressure of 10 MPa, indicating that the indentation modulus 
of test samples at this condition was the most sensitive to temperature. 

E = 80.27 − 0.29T, (10 MPa) (26) 
E = 90.57 − 0.27T, (20 MPa) (27) 
E = 96.95 − 0.16T, (30 MPa) (28) 

High temperature creep property analysis 
Fig. 10 (a-c) show the indentation load–displacement relationship 

curves of sintered nano-copper particles prepared under three assisted 
pressures, those shows that the indentation curves of test samples moved 
to the right during the loading stage, and the indentation depth 
increased with an increase in experimental temperature from 140 to 200 
C̊. Table 1 also quantitatively list the maximum indentation depths 
measured under an increase in experimental temperature, indicating 
that the sintered nano-copper particles gradually softened as the tem-
perature increased. Besides, with an increase in assisted pressure, the 
indentation depth of test samples gradually decreased, and the 

sensitivity of indentation depth to temperature decreased, which reveals 
that the increasing assisted pressure can improve the elastic–plastic 
deformation resistance of sintered nano-copper particles. 

Furthermore, as shown in Fig. 10, in the holding stage, the platform 
length of the indentation load–displacement curve increased gradually, 
and the creep depth increased as the experimental temperature 
increased. During creep test, the holding time at the peak load was 
maintained for 300 s, and then the data after 100 s were selected for 
analysis and calculating the steady-state creep performance of test 
samples. Fig. 11 (a-c) show the creep displacement–time curves of test 
samples treaded at different experimental temperatures. Table 2 lists the 
creep rates for the steady-state creep stage at different temperatures. As 
shows, the steady-state creep rate of test samples increased with an in-
crease in experimental temperature. At high temperatures, the disloca-
tion movement of sintered nano-copper particles intensified, their grain 
boundary strengths decreased, and the creep deformation resistance 
weakened. When the assisted pressure increased, the creep rate of 
samples tested at the same temperature decreased, indicating that their 
creep resistances were enhanced as the bonding strength of sintered 
nano-copper particles were further improved. 
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Fig. 10. The effect of temperature on the indentation load–displacement curves of test samples under three assisted pressures: (a) 10 MPa; (b) 20 MPa; (c) 30 MPa.  

Table 1 
The maximum indentation depths at different temperatures and assisted 
pressures.  

T/̊CP/MPa 140 160 180 200 

10 1647 nm 1825 nm 2027 nm 2537 nm 
20 1570 nm 1722 nm 1925 nm 2319 nm 
30 1065 nm 1380 nm 1478 nm 1770 nm  
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Conclusion 

In this study, the high temperature nanoindentation test was used to 
characterize the mechanical properties of sintered nano-copper particles 
used in high power electronics packaging. The results can be concluded 
as follows: (1) The hardness and indentation modulus of sintered nano- 
copper particles as prepared are depended on the loading rate and 
applied load. As the loading rate increased, their hardness and inden-
tation modulus gradually increased and then kept stable. With an in-
crease in applied load, their hardness and indentation modulus 
gradually decreased and then gradually stabilized. (2) The strain hard-
ening index of sintered nano-copper particles was extracted from 
indentation load–displacement curves, and its room temperature 
constitutive model was then established. (3) The increase in assisted 
pressure, resulting in lower porosity and better bonding quality and 
sintering densification, made the hardness and indentation modulus of 
sintered nano-copper particles less sensitive to temperature. (4) The 
steady-state creep rate of sintered nano-copper particles increased as the 
operation temperature increased, and the creep deformation resistance 
decreased, however, their creep deformation resistance can be enhanced 

by increasing the assisted pressure. 
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