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a b s t r a c t

As a promising technology for high-power and high-temperature power electronics

packaging, nanocopper (nanoCu) paste sintering has recently received increasing attention

as a die-attachment. The high-temperature deformation of sintered nanoCu paste and its

underlying mechanisms challenge the reliability of high-power electronics packaging. In

this study, the tensile deformation behaviors of sintered nanoCu paste were firstly char-

acterized by high-temperature tensile tests performed at various temperatures and strain

rates ranging from 180 �C to 360 �C, 1 � 10�4 s�1 to 1 � 10�3 s�1 respectively. It was found

that the elastic modulus and tensile strength decreased at the higher tensile temperature

while the ductility increased accordingly. The highest elastic modulus and tensile strength

results were 12.15 GPa and 46.97 MPa, respectively. Second, failure analysis was conducted

based on the fracture surface after tensile testing. Recrystallization was revealed as the

main factor for ductility improvement. Subsequently, an Anand model was fitted by stress-

strain curves to describe the tensile constitutive behavior of the sintered nanoCu paste.

Multi-scale modelling techniques also investigated the impact of tensile temperature and

strain rate on the tensile response. Molecular dynamics simulation was implemented

using a hemispherical Cu nanoparticle model to reveal the properties from an atomistic

perspective. In addition, a two-dimensional equivalent model was further established by

using a stochastically distributed void morphology. The multi-scale modelling techniques

successfully describe the evolution of tensile response to the different tensile temperatures

and strain rates. Besides, the equivalent model with random void morphology was

demonstrated as the finite element simulation results were highly consistent with the

high-temperature tensile experiments.
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1. Introduction

Following the rationale and paradigm of ‘More than Moore’,

power electronics technology, empowered by wide-bandgap

semiconductors such as SiC and GaN, rapidly develops to-

wards higher power density, more functionalization and

miniaturization [1,2]. To ensure the functionality of high-

power electronics, a joining technology with a low process

temperature and high-temperature reliability is urgently

needed [3,4]. Recently, Pb-free sinterablemetal materials have

been excellent candidates and low-temperature sintering of

Ag- and Cu-based nanomaterials have attracted enormous

attention [5e7]. With a higher melting point, lower material

cost, excellent thermal conductivity, and matching thermal

expansion coefficient compared to the nanoAg, nanoCu paste

is expected to become next-generation die-attachment and

interconnection in high-power electronics all-copper pack-

aging. However, its high-temperature deformation and un-

known mechanisms have challenged the reliability of high-

power electronics packaging.

Some researchers have investigated the mechanical prop-

erties of sintered nanoCu paste under high temperatures

[8e11]. Fan et al. [10] performed high-temperature nano-

indentation tests on sintered Cu nanoparticles at tempera-

tures ranging from 140 to 200 �C, revealing that the high

temperature decreased the creep resistance of the sintered

structure. Furthermore, the thermal-mechanical reliability

performance of sintered joints also has been extensively

investigated [12e15]. According to Nakako et al. [12], the sin-

tered nano Cu pastes presented significantly higher thermal-

fatigue endurance than high-lead solder materials. Kim et al.

[14] performed power cycling tests to evaluate the thermal

resistance of Ag sinter paste and solder alloys. Microporous Ag

sinter paste possessed a better heat sink ability than solder

alloys. Thus, the sintered joint has been shown to outperform

conventional solder for high-temperature applications.

Moreover, some studies have considered the temperature

dependency of mechanical and thermal properties of sintered

Ag joints for cyclic thermal conditions [16e19]. In theory, the

mechanical properties of the die attachment are able to pro-

vide the necessary characteristics to optimize packaging

design and the remaining useful lifetime (RUL) estimation

[20e22]. Therefore, it is essential to characterize the me-

chanical properties of sintered nanoCu paste at high tem-

peratures and to further reveal its constitutive behaviors.

Typically, a general power-law model is adequate to

describe the deformation and predicted load-displacement

behavior of sintered joints [16,23]. Constitutive models of sin-

tered Ag have been reported according to different loading

conditions, such as tensile and nanoindentation [24,25].

Comparedwith the sinterednanoAg joint, there is still a lack of

mechanical constitutivemodels related to thesinterednanoCu
joint, especially under high temperatures. The limited under-

standing of its viscoplastic behavior significantly influences

the accuracy ofmodels. At the same time, the sinteredCu joint

has showngoodmechanical andelectrical properties and good

reliability in thermal cycle tests [26e29]. Thus, a systemicstudy

on themechanical properties of sintered nanoCu paste at high

temperatures is urgently required to promote its application in

high-power electronics packaging.

Currently, there have been very few studies conducted to

understand the deformation behavior of sintered nanoCu

from a microstructural perspective. As a characterization

technique to provide crystallographic information about a

microstructure, the electron backscatter diffraction (EBSD)

technique is increasingly applied to the deformation of Cu-

based materials [30e32]. Plastic deformation can be analyzed

by crystallographic information, such as grain size, grain

boundary misorientation, and texture. In the next generation

of high-power-density electronic devices, the temperature-

dependent characteristics of sintered nanoCu paste cannot

be neglected. Its deformation behavior and related failure

mechanisms at high temperatures should be uncovered ac-

cording to the change in the microstructure [33e36].

In this paper, we performed tensile tests of sintered

nanoCu paste at different temperatures and strain rates. Four

temperature levels (180 �C, 240 �C, 300 �C, and 360 �C) and

three strain rates (1 � 10�4 s�1, 5 � 10�4 s�1, and 1 � 10�3 s�1)

were used during the tensile tests. Failure analysis was con-

ducted at three locations along the tensile direction to inves-

tigate the deformation mechanism. Subsequently, the tensile

stress-strain curves were used to fit the parameters of the

Anand model [37], describing the constitutive behavior of the

sintered nanoCu paste. Finally, the parameterized model was

used and validated by a two-hemispherical NPs model using

the molecular dynamics (MD) computation method and a

random equivalent porous 2D model-based finite element

method (FEM). The results of this study revealed the high-

temperature tensile properties of sintered nanoCu paste in a

power electronics application and also proposed both consti-

tutive and parameterized models, which is vital for virtual

reliability assessment for high-power electronics packaging.
2. Material preparation and experimental
methods

2.1. Preparation of nanoCu paste

In this study, a self-made nano Cu paste was prepared using

the process flow shown in Fig. 1. The electrical explosion

method produced Cu nanoparticles (NPs) [38]. The

morphology and size of NPswere characterized andmeasured

by a Hitachi 8100 SEM, where quasi-spherical Cu NPs were

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Fig. 1 e (a) Cu NP production by the electrical explosionmethod; (b) acid treatment to remove oxide; (c) paste formulation; (d)

XRD results on untreated Cu NPs, treated Cu NPs, and treated Cu NPs after 30 days of storage.
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observed with a size of 100 ± 36 nm. Fig. 1(d) shows the X-ray

diffraction (XRD) result of untreated Cu NPs, treated Cu NPs

and treated Cu NPs after 30 days of storage. The as-produced

Cu NPs were partially oxidized, confirmed by a prominent

Cu2O peak in the XRD result. Therefore, the Cu NPs must be

effectively reduced first to ensure a robust inter-particle

connection during the sintering process. First, the original

Cu NPs were mixed with a solution (500 mL of 5% formic acid

and 95% ethanol) to form a slurrymagnetically stirred at room

temperature for 1 h. Then the slurry was centrifuged and

filtered. Subsequently, the washed slurry was dried at 60 �C in

the air for 4 h. Thus, the oxidation could be removed by this

treatment. The treatment conferred the Cu NPs excellent

stability, and no severe oxidation was observed after 30 days

of storage.

Furthermore, the Cu NPs were formulated as a viscous

paste to make it convenient for dispersion and application.

Ethylene glycol and terpineol at a ratio of 1:1 were mixed with

treated Cu NPs, with a Cu content in the paste of 80 wt%. The

mixture was stirred by a mechanical mixer, followed by being

milled in a three-roll machine. The milled slurry was stirred

by a planetary mixer at 1500 rpm for 2 min to achieve a

dispensable paste.

2.2. Pressure-assisted low-temperature sintering
process

Fig. 2 illustrates the process flow of sintered test sample

fabrication. First, the self-made nano Cu paste was dispensed
into a customized steel mould. Then, the filled mould was

dried in a vacuumoven for 15min at 120 �C. During the drying,

the organic solvent evaporated so that less organic residual

would be present after sintering. Following this, the dried

sample was sintered in a sintering machine from Boschman

B$V., with the sintering profile shown in Fig. 2(d). The tem-

perature rapidly increased to 250 �C within 5 min, and the

dwell time was 10 min. Constant uniaxial pressure was

maintained at 20 MPa during the sintering process. The entire

sintering process was conducted in an N2 atmosphere to

prevent oxidation. After unmolding, the “dog-bone” sample

was finely polished to the dimensions shown in Fig. 2(e). The

effective length was 31.25 mm, with a 6.25 mm width and

approximately 1 mm thickness, which satisfied the require-

ment of the in situ micromechanical tests.

2.3. In situ micromechanical test

The in situ uniaxial static tension tests were carried out to

measure themechanical properties of the sintered samples by

using the micro-mechanical test system IBTC-300SL (Fig. 3). A

300 N sensor was equipped to ensure a high measurement

accuracy of 0.1 mN. The resolution for displacement is 0.1 mm.

The strain of this study is measured as the ratio of clamp

displacement to specimen length. The test system allowed a

maximum test temperature of 400 �C through its temperature

control unit. In this study, the tensile tests were performed at

four temperatures (180, 240, 300 and 360 �C) and three con-

stant strain rates (0.0001, 0.0005, and 0.001 s�1). All samples

https://doi.org/10.1016/j.jmrt.2023.08.086
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Fig. 2 e Process flow of pressure-assisted low-temperature sintering (a) paste dispersion; (b) as-dispensed paste; (c) dried

paste; (d) pressure-assisted sintering; and (e) dimensions of the sintered sample.
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were stretched until fracture. In each group, three samples

were tested to minimize the random error.

2.4. EBSD characterization

Samples that had failed the tensile testing under the test

conditions of 360 �C and 0.0001 s�1 were characterized by

EBSD. Prior to the EBSD characterization, the failed sample

was at first line cut in the middle along the tensile direction.

The cross-section was polished by ion milling (Gatan Ilion II

697). For each sample, three areas for EBSD analysis were

selected: near the fracture surface (Area A), 4 mm from the

fracture surface (Area B), and 20mm from the fracture surface

(Area C), as shown in Fig. 4. Area C works as the reference. In

this study, an Oxford C-nano EBSD system was used under

50 kV for adequate signals. The step size was chosen as one

mm. The post-processing analysis was performed by CHAN-

NEL 5 EBSD analysis software (HKL Technology) and ATEX, an

open-source software for geometrically necessary disloca-

tions (GND) analysis by means of EBSD [39].
3. Computational modeling

3.1. Constitutive modelling

A unified viscoplastic constitutive model was proposed by

Anand and further improved by Brown [40]. This study used

the Anand model to characterize the viscoplasticity, strain
rate and temperature-related deformation behavior of the

sintered nanoCu paste. The Anand model is shown in Eq. (1):

_εp ¼Aexp

�
� Q
RT

�h
sinh

�
x
s

s

�i1=m
(1)

The Anand model assumes that the internal variable s is

proportional to the stress s, and the relationship is:

s¼ cs (2)

where c is a function of temperature and strain rate:

c¼1
x
sinh�1

��_εp
A
e

Q
RT

�m�
c< 1 (3)

where _εp is the inelastic strain rate, A is a constant, Q is the

activation energy,m is the strain rate sensitivity index, x is the

stress multiplier, R is the gas constant, and T is the absolute

temperature. The internal variable can be expressed by

_s¼
h
h0

���1� s
s*

���sign�1� s
s*

�i
_εp (4)

where

s* ¼ bs�_εp
A
exp

�
Q
RT

��n
(5)

In Eq. (4), s* represents the saturation value of the internal

variables at a given temperature and strain rate, ho is the

hardening/softening coefficient and a is the strain rate

sensitivity index. In Eq. (5), bs and n denote a coefficient and the
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Fig. 3 e The in situ micromechanical testing system IBTC-300SL.
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strain rate sensitivity for the saturation value for deformation

resistance, respectively.

From Eqs. (2), (3) and (5) together with s* ¼ cs*, the equa-

tions are as below:

s* ¼ bs
x

�
B
A

�n

sinh�1

��
B
A

�m�
(6)

Where s* is the saturation stresses and B is the temperature-

compensated strain rate expressed as:

B¼ εp exp

�
Q
RT

�
(7)

In Eq. (6), the saturation stresses of material is relevant to

the temperature and the strain rate. At a certain temperature

with the condition of s* > s, from Eqs. (2) and (4), we obtain:

ds
dεp

¼ ch0

�
1� s

s*

�a
sign

�
1� s

s*

�
;a � 1 (8)
Fig. 4 e Schematic of the locations for EBSD

characterization.
Therefore, the following stress-strain relationship can be

obtained by the integral with respect to Eq. (8):

s¼s* �
h
ðs* � s0Þð1�aÞ þ ða� 1Þðch0Þðs*Þ�a

εp

i1=ð1�aÞ
(9)

Where s0 ¼ cs0 and s0 is the initial value of s.

3.2. Atomistic modelling

The classical embedded atom method (EAM) potential devel-

oped by Adam [41] describes the interaction between Cu

atoms. This potential has been proved to describe Cu inter-

atomic properties [42,43] accurately. As shown in Fig. 5, a

tensile structure was constructed in the MD simulation,

namely, the nanosphere (NS)-nanosphere (NS) model. The

radius of Cu NS is 3 nm, and two additional substrates were

added to the Cu hemi-NSs: the basement was used to fix the

model, and the stress plate was used to apply the tension

force. All componentswere initially set at <100> orientation to

eliminate the influence ofmodel orientation. In addition, 3.6�A

was taken as the initial spacing between pairs of particles,

which is the value of the Cu lattice constant. The MD simu-

lation was conducted in a Large-Scale Atomic/Molecular

Massively Parallel Simulator (LAMMPS) [44]. The simulation

results were visualized in Open Visualization Tool (OVITO)

[45]. The crystal atom structure was identified by common

neighbour analysis (CNA) [46].

All simulations were carried out in a three-dimensional

simulation box with periodic boundaries with a time step of

1 fs. First, the entire system was relaxed to reach its equi-

librium state. Afterwards, the NS-NS model was sintered at

the sintering temperature Tsinter (523 K), and a pressure of

20 MPa was applied on the stress plate for auxiliary sintering.

The sintering simulation was conducted in the NVT

ensemble for 500 ps? A relaxation step follows the sintering

process, returning the entire model to the tensile tempera-

ture Ttensile. Subsequently, the tensile simulation was

implemented by assigning a constant upward velocity to the

atoms in the stress plate. In this study, four tensile temper-

atures (180, 240, 300 and 360 �C) and three constant strain

https://doi.org/10.1016/j.jmrt.2023.08.086
https://doi.org/10.1016/j.jmrt.2023.08.086


Fig. 5 e Geometric parameters for the tensile simulation.
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rates (0.001, 0.005, and 0.01 ps�1) were adapted to the sintered

atomistic model.

The stress-strain curve of the sintered region was extrac-

ted in the tension simulation. The following formula gave the

monoatomic stress tensor of the sintered Cu atoms:

Sab ¼ �mvavb �Wab (10)

Where a and b take on values x, y, and z to generate the

components of the tensor, the first term is a kinetic energy

contribution, and Wab is the virial contribution due to intra-

and intermolecular interactions.

To eliminate the influence of volume term, it is generally to

sum the component of monatomic stress and then divide it by

the volume of the sintered region:

s¼ 1
N

XN
i¼1

� pi÷vi

�10000

�
(11)

where s Is the average stress value of the sintered region, N is

the number of atoms, p is the calculated value of the ith atom,

and v is the volume term of the ith atom.

3.3. Stochastically distributed void modeling

This study used an equivalent method including void

morphology characterization and reconstruction, to recon-

struct the stochastically distributed void morphology (SDVM)

of the sintered nanoCu paste [47]. The entire SDVM charac-

terization and reconstruction of sintered nanoCu paste are

shown in Fig. 6(a). The procedure included the following

steps.

(1) A set of dispersion parameters (A, l, a, d) for describing

the dispersion feature of the original SDVM were

defined and extracted, as shown in Fig. 6(b). Parameter

A represents the area of each independent void; pa-

rameters a and l represent the spatial distribution

characteristics of each independent void, in which a is

the position angle of each void and l is a dimensionless

distance parameter; and parameter d is used to char-

acterize the aspect ratio of voids.

(2) Random medium theory and a threshold-based seg-

mentation method were used to construct the SDVM.

Some of the column autocorrelation function parame-

ters were discretized and stored in the database.
(3) The Jensen-Shannon (JS) divergence algorithm was

used to compare the similarity between the original

SDVM and the SDVM built in the database, to find the

highest matching reconstructed SDVM, and to derive

the autocorrelation function parameters. JS divergence

is defined as:

JSðP kP Þ¼ 1X
P ðxÞlog P1ðxÞ
1 2 2
x2X

1 ðP1ðxÞ þ P2ðxÞÞ=2

þ 1
2

X
x2X

P2ðxÞlog P2ðxÞ
ðP1ðxÞ þ P2ðxÞÞ=2 (12)

where P1 and P2 are the probability distributions of two iden-

tical parameters in the random void parameter characteriza-

tion system, JS divergence calculation results range from 0 to

1, indicating that the similarity is between maximum and

minimum.

(4) The parameter range of the autocorrelation function

was readjusted according to the JS value of the recon-

structed SDVM. Steps 2 and 3 were repeated until the

similarity between the original and the highest match-

ing reconstructed SDVM met the specified accuracy

standard.
4. Results and discussion

4.1. High-temperature tensile test

4.1.1. Tensile response
Fig. 7 shows the elastic modulus and tensile strength of sin-

tered nanoCu samples measured under different tempera-

tures and strain rates. Each data point is the average value

from three specimens. It is noted that both elastic modulus

and tensile strength were affected significantly by the tem-

perature and strain rate. The elastic modulus refers to the

slope of the fitting line in the initial linear elastic stage of the

stress-strain curves. During tensile testing, the tensile

strength was defined as the maximum stress at the critical

fracture stage.

With a constant strain rate, both elastic modulus and

tensile strength decreased as the tensile temperature

increased. This response corresponded to the behavior of bulk

Cu. The strain rate from 0.1%/s to 0.01%/s also negatively

https://doi.org/10.1016/j.jmrt.2023.08.086
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Fig. 6 e (a) Flowchart of the SDVM-based reconstruction method; and (b) illustration of the dispersion parameters for an

SDVM.
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affected the elastic modulus and tensile strength. Still, the

impact was less than the effect of temperature at low tem-

peratures. At 180 �C, the tensile strength dropped 0.79 MPa

from 0.1%/s to 0.01%/s, and this deviation expanded to

13.23MPa at 360 �C. As a reference for other works in this field,

at 180 �C, close to the practical operating temperature of high-

power electronics, the elastic modulus and tensile strength of

sintered nanoCu paste were 12.15 GPa and 46.97 MPa,

respectively. It is noticed in Fig. 7 there are several data points

that do not follow the abovementioned trends. It was caused

by the variation in the porous tensile specimen, which can be

reflected by the large error bars.

4.1.2. Fracture analysis
Fig. 8 shows fracture surface morphologies and zoomed-in

details of the sintered samples with the highest and the

lowest elastic modulus. Dashed white lines frame the area of
the fracture surface. Both samples were highly sintered with

the rare presence of individual nanoparticles. However, the

morphology of the fracture surface was significantly different.

The sample fractured at 180 �C and 0.1%/s strain rate showed

flat fracture surfaces, typical characteristics of brittle fracture.

Barely any grain deformation along tensile deformation was

noticeable, indicating an intergranular fracture. In addition to

the lack of dimples, its low ductility was also confirmed by the

flat fracture surface.

In contrast, ductile fractures occurred in the sample tested

at 360 �C and 0.01%/s. Several cleavage fracture segments

were observed on the fracture surface. Unlike brittle fracture-

induced flat surfaces, steps are attributed to shear stress

during the ductile deformation in a face-centered cubic metal.

Furthermore, 360 �C is greater than the 200 �C recrystallization

temperature of bulk copper, and recrystallization occurred

during the high-temperature tensile test. Recrystallization

https://doi.org/10.1016/j.jmrt.2023.08.086
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Fig. 7 e The measured (a) elastic modulus and (b) tensile strength of sintered nanoCu samples.

Fig. 8 e Characteristics on the fracture surface (a) brittle fracture with 180 �C and 0.1%/s; (b) ductile fracture with tensile temp

360 �C and 0.01%/s.
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was presumed to be essential in tensile strength at 360 �C.
Recrystallized grains are prone to nucleate at the boundary of

deformed grains and lattice defect-crowded areas. Deforma-

tion also tends to decrease the recrystallization temperature

further. As a result, a recrystallized equiaxial grainwith a finer

grain size can be observed in the frame of Fig. 8(b). The

recrystallization results in a low strength but improved

ductility, which corresponds to the tensile test results.

Fig. 9 (a)e(c) present the orientation maps of the sample

with the tensile test conditions of 360 �C and 0.01%/s. The

microstructure and crystallographic orientation difference is

illustrated at the three locations (A, B, and C) underneath the

fracture surface. The crystallographic characteristics pre-

sented a random crystal orientation distribution regardless of

the relative position to the fracture surface. The pixels with a

low confidence index value were the black regions close to the

grain boundaries. This was attributed to the lattice distortions

occurring with locally inelastic deformation.

Furthermore, the grain boundaries were identified as low-

angle grain boundaries (LAGB, q < 15�), high-angle grain

boundaries (HAGB, 15� < q < 65�), and S3 boundaries, as twin

boundaries with a 60� misorientation. The distinguished grain

boundaries and the image quality (IQ) map are visualized in

Fig. 9(d)e(f), where the red lines represent the S3 boundary,

green lines represent LAGBs, and black lines represent HAGBs.
Most grain boundaries remained as HAGBs with twinning

crossing within the grains after the tensile test. Compared to

area C, grain refinementwas extensively observed in the other

two locations, around the areas of highly dense LAGBs. This

resulted from the atomic rearrangement and movement of

accumulated dislocations.

To quantify the differences concerning the different lo-

cations, the distribution of grain size, misorientation and

GND density mapping was summarized from the EBSD

measurements as shown in Fig. 10. Near area A and area B,

the majority of grains were smaller than 50 nm, and

accounted for 57% and 64% of the total grains, respectively.

This refinement could be attributed to the recrystallization

during the high-temperature deformation. The increase in

dislocation density and further transgranular fracturing also

contributed to forming the high ratio of nanograins. In

contrast, the grain size distribution was more uniform in area

C. It can be surmised that much less plastic deformation

behavior occurred in this area, indicating that the texture and

microstructure in area C could be a reference for studying the

deformation mechanism. Further quantitative analysis of the

distribution of grain boundaries was conducted, as shown in

Fig. 10(d)e(f). The average grain boundary misorientation

angles of the three locations, A, B, and C, were estimated to

be 37.51�, 35.29� and 39.1�, respectively. The fraction of S3

https://doi.org/10.1016/j.jmrt.2023.08.086
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Fig. 9 e EBSD images of sintered nanoCu sample after the 360 �C and 0.0001 s¡1tensile test. (a) Fracture surface; (b) 4 mm

from the fracture surface; (c) 20 mm from the fracture surface, and grain boundary visualization on image quality (IQ) map

(d) fracture surface; (e) 4 mm from the fracture surface; (f) 20 mm from the fracture surface.
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twin boundaries was 5.76% in area A, 4.68% in area B and

5.52% in area C, which was the farthest from the fracture.

The minor deviation in the fraction of the ratio of S3 twin

boundaries implies that twinning was not the dominant

mechanism in the high-temperature tensile testing of sin-

tered nanoCu samples. Additionally, Fig. 10(g)e(i) present the

GND density mapping calculated by ATEX and the average

value was given on top-right. It can be seen that the in area A

and B, the GND density is much higher than the reference

location, area C and the most dislocations concentrated

around the grain and sub-grain boundaries.
The fraction of LAGBs in the different areas revealed that

area C contained the smallest ratio of LAGBs compared to

areas A and B. The grain boundaries with a misorientation

angle below 2.5� occupied only 0.03% of the total grain

boundaries, while the values for areas A and B were 0.048 and

0.063, respectively. This result corresponded to the results of

the grain refinement shown in Fig. 9 and the grain size dis-

tribution shown in Fig. 10(a)e(c). This can be regarded as the

result of more plastic deformation.

Moreover, owing to the high tensile temperature, the

recrystallization process promoted dislocation accumulation

https://doi.org/10.1016/j.jmrt.2023.08.086
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Fig. 10 e Grain size and misorientation of the sample after tensile test at the testing conditions of 360 �C and 0.0001 s¡1.

(a)e(c) Grain diameter; (d)e(f) misorientation angle; (g)e(i) GND density mapping.
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and grain boundary shift. The mechanical input from the

tensile testing accelerated the motions of dislocations

(movement, aggregation, and entanglement). Eventually,

many of the substructures were formed, resulting in a high

fraction of LAGBs. At this moment, the boundaries of these

substructures are themain obstacles to inhibit the dislocation

movement as indicated in Fig. 10(g)e(i). A higher GND density

means a larger plastic strain in the area. Thus, the conclusion

can be drawn that along the tensile direction, areas A and B

had a vital contribution to the plasticity of the sintered

nanoCu paste. Compared to area A, where the fracture

occurred, a higher fraction of LAGBs, higher average GND

density and refined grains were found in area B, indicating

more plastic deformation. This implies that the failure at the

end of the tensile test was caused by weak inter-particle
connections that induced rupture rather than by exceeding

the plasticity limit of the sintered structure.

4.2. Numerical modelling

The stress-strain data of the sintered nanoCu samples were

used to fit the Anand model, where nine parameters need

to be fitted respectively. The parameter analysis was ach-

ieved using the commercial software 1stOpt (7D-Soft High

Technology Inc.). The standard process of determining

materials constants, s0, Q/R, A, x, M, N, h0, bs,a, is shown

below [48,49],

1. The saturation stresses regarding constant rates and

temperatures were obtained from the stress-strain curves.

https://doi.org/10.1016/j.jmrt.2023.08.086
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2. The value of a, ch0 and s0 in Eq. (9) were determined from

the saturation stresses obtained in step 1 by using least-

squares nonlinear regression fitting. Levenberg-

Marquardt (LM) algorithm and universal global optimiza-

tion (UGO) were adopted in this study. The iteration step

and the criteria of convergence is 1000 and 1 � 10�10,

respectively.

3. The value of A, Q, M, N and bs=x in Eq. (6) were determined

by using simulated annealing (SA) algorithm to find the

global optimal solution. The maximum iteration number

was set as 1000. The acceptance probability function,

known asMetropolis criterion, is P ¼minf1;eDE=Tg, where D

E is the difference between two steps [50].

4. The value of x was selected with the constant c in term

ch0 was less than unity. bs is therefore determined from

the combined term bs=x. Moreover, the value of h0 was

determined from the combined constant ch0 and the

value s0 was calculated with s0 acquired in step (2) by

using Eq. (2).

Consequently, the obtained materials parameters of

Anand viscoplastic model for the sintered nano Cu materials
Table 1 e The Anand viscoplastic model parameters of sintere

Parameters s0 (MPa) Q/R (K-1) A (s-1) x

Values 0.446 7146.478 2.677 12

Fig. 11 e The fitted in-situ tensile response, using the Ana
are listed in Table 1. The experimental stress-strain curves

and the fitting results are shown in Fig. 11. The Anand model

has been demonstrated to adequately describe the high-

temperature tensile deformation behavior of sintered nano

Cu materials. It can be seen that the experimental data and

prediction has good agreement in the inelastic deformation

behavior at temperatures higher than 240 �C. While the

extracted Anand model describes the linear elastic deforma-

tion well at all temperatures with no observed strain rate

dependency.

According to the root mean square error (RMSE) calcula-

tions shown in Table 2, the RMSEs between the test value and

the predicted value of the Anandmodel were slightly larger at

the temperature of 180 �C and 240 �C. The low RMSE at 240 �C
with 5� 10�3 and 1� 10�4 s�1 strain rate was due to the lack of

inelastic behavior in the stress-strain curves. While at the

temperatures of 300 �C, and 360 �C, corresponding to the curve

with evident creep behavior, the RSME between the predicted

value of the Anand model and the actual test value was less

than 1. Thus, the two values were in good agreement, and the

fitting accuracy of the Anand model was high. In summary,

the test values agreedwith the predicted values at viscoplastic
d nano Cu materials.

M N h0 (MPa) bs (MPa) a

0.884 2.917 � 10-8 210.351 53.874 1

nd model at (a) 0.001 s¡1; (b) 0.0005 s¡1; (c) 0.0001 s¡1.
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Table 2e The rootmean square error (RMSE) of the Anand
model.

Temperature (�C) Strain rate (s�1) RMSE

180 1 � 10�3 1.3024

5 � 10�3 1.5649

1 � 10�4 1.1025

240 1 � 10�3 1.1735

5 � 10�3 0.1236

1 � 10�4 0.2643

300 1 � 10�3 0.2634

5 � 10�3 0.2364

1 � 10�4 0.3802

360 1 � 10�3 0.8001

5 � 10�3 0.5036

1 � 10�4 0.2125
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behavior at higher temperatures and elastic behavior at lower

temperatures.

4.3. Multi-scale modelling

4.3.1. Atomistic modelling
The stress-strain curves of the sintered structure at different

tensile temperatures and strain rates are shown in Fig. 12 (a)

and (b). First, the stress linearly increases to the yield stress as

the extension of sintered model commences with the elastic

deformation. The simulated stress level is much higher than

those reported in the experiments, which is due to the high

strain rates adopted in the MD simulation. Afterwards, the

stress is abruptly released and fluctuates wildly, indicating

stepping into the plastic deformation regime. The stress

fluctuation is attributed to the decomposition and generation

of dislocations under tensile stress and instability of the sin-

tered structure. The results reveal that at a constant strain

rate, the tensile strength decreases according to the temper-

ature increase, and at 360 �C, the tensile strength decreases by

24.6%, about 5.8 GPa. Meanwhile, a more considerable tensile

strength can be achieved at a more significant strain rate but

with a minor fracture strain.

To better understand the underlying tensile deformation,

the cross-sections of the deformed atomistic snapshots were

captured in Fig. 13. Atoms colored in green, red and grey

represent face centered cubic (FCC), hexagonal closed packed

(HCP) and amorphous crystal structures. It can be seen that
Fig. 12 e (a) Stress-strain curves at different tensile temperat
before deformation, the atomistic model is well-sintered. An

evident necking area was formed with a few residual defects

crossing two nanospheres (NSs). Then, intensive crystal

transformation occurs around the neck region, contributing

to the plastic deformation and indicating more defects

introduced by tensile loading. A characteristic of monotonic

rise was noticed during the loading, which can be attributed

to the fact the strain is larger than the elastic strain limit of

the amorphous phase and plastic deformation takes places in

the amorphous phases [51]. Subsequently, the rearrangement

of atoms was found according to the strain increase, which

caused the serrated evolution of stress. During this unstable

process, most amorphous atoms transform back to FCC

thanks to the propagation and annihilation of the dislocation.

The dislocation annihilation occurs when a mobile disloca-

tion and another dislocation with opposite signs are within a

critical distance [52]. As evidences, step-like edges on the

surface can be found after releasing stresses. After the tensile

stress goes to zero (ε > 2.25), the dislocation activities be-

comes inactive with stable plane defects crossing the NS. In

the end, the snapshot presents a tensile fracture with a 45�

chisel-edge rupture with stacking faults generated along slip

planes.

4.3.2. Finite element analysis (FEA) modelling
In this study, the distribution of random voids in sintered

nanoCu paste was aperiodic, so the stochastically represen-

tative volume element (SRVE) was introduced to characterize

the randomness of the unit microstructure. The SRVE of the

sintered nano Cu paste was established using the recon-

structed SDVM method. The SEM image shown in Fig. 14(a)

was used as the input to establish the SRVE of the sintered

nanoCu paste. Following the random void reconstruction

methods introduced in section 3.2, the autocorrelation func-

tion parameters of the sintered nanoCu were calculated. To

ensure the accuracy of the subsequent simulation, a similarity

judgment standard was established in which the JS diver-

gence calculation result could be no more than 4%. The SRVE

was defined with a size of 20 � 20 mm. Subsequently, a simu-

lated 2D model was generated as shown in Fig. 14(b).

The microstructure information in SRVE was stored in the

form of a matrix, using 0 to represent pixels for voids and 1 to

represent pixels for mediums [53]. The information was first

transcribed into a text file and then restored in ANSYS
ures; (b) Stress-strain curves under different strain rates.
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Fig. 13 e The cross-sections of the deformed atomistic snapshots.

Fig. 14 e (a) SEM image of sintered nanoCu paste; (b) the simulated 2D model with SRVE.
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Mechanical by drawing planes with the ANSYS APDL com-

mand. The construction process flow is shown in Fig. 15. The

detailed process was illustrated as follows.
Fig. 15 e Stochastically representative volume element
(1) The numerical model was imported into MATLAB, and

the characteristic lattice information of the random

void network was extracted. The lattice information
modeling process flow of sintered nanoCu paste.
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was used to record the location of the pixel points of the

voids andmedium. Next, the information was output as

a text file.

(2) The APDL command flow was coded and key points

were drawn. In the numerical model, an element in the

matrix represented a pixel of the void or medium, and

its surface element was determined by four key points

at its boundary, so the number of key points was four
Fig. 16 e The plane 182 elemen

Fig. 17 e ANSYS cumulative stress distribution o
times the number of pixels in the randomvoid image. In

addition, since the SRVE had an identical scale in the X

and Y directions, the distance between key points was

consistent in the X and Y directions to ensure that the

plane unit formed was a square.

(3) In the ANSYS Mechanical module, the APDL file reading

command was used to import the dot matrix informa-

tion file, after which an array was established for
t used in FEM simulation.

f the established 2D sintered nanoCu model.
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storage. A circular commandwaswritten to access each

piece of information in the dot matrix, which in turn,

identified the medium components therein, and con-

nected the corresponding key points one by one ac-

cording to their position information to build the

corresponding 2D planes.

(4) All 2D planes were connected to build the final 2D sin-

tered nanoCu model.

The FEM simulation of the sintered model was based on

ANSYS Mechanical 19.0, with the plane 182 element selected,

as shown in Fig. 16. The element contained plasticity, hyper-

elasticity, stress stiffness, large deformation and strain, in

addition to including a built-in force-displacement mixed

formula. The input parameters of the finite element simula-

tion model were the mechanical parameters of sintered

nanoCu those measured at room temperature. Other param-

eters and values were the elastic modulus E ¼ 11.31 GPa and

Poisson's ratio v¼ 0.34. The freemeshmethod was adopted to

mesh the 2Dmodel, and themesh size less than theminimum

resolution (1 pixel, 0.0588 mm) of the model. The boundary

conditions of the model were set as follows: fixed constraints

were applied on the left side and displacement loads were

applied on the right side with various strain rates.

The model was simulated by the finite element method

under different temperatures and strain rates, using simula-

tion conditions that were the same as the experimental con-

ditions adopted in this study. Fig. 17 shows the ANSYS
Fig. 18 e (a) The elastic modulus of FEM simulation; (b) the elast

modulus.
cumulative stress distribution of the established 2D sintered

nanoCu model at a tensile temperature of 240 �C. It can be

seen that the stress was mainly concentrated near the large

voids, and the void morphology changed after stretching. The

cumulative stress near the voids along the tensile direction

was significantly lower than in other regions.

4.4. Discussion on high-temperature tensile response

Fig. 18 presents the average elastic modulus extracted from

the atomistic, finite element analysis modelling and experi-

ments. The slope of the linear regime in the stress-strain

curves extracted from the MD simulation was fitted as the

elastic modulus. Meanwhile, the ratio of the stress's average

value and the strain's average value in the tensile direction (x-

direction) of the node on the right side of the FEM model was

defined as the elastic modulus of the sintered nano Cu SRVE

model.

As a result, the multi-scale modelled results are consistent

with the relationship extracted from the high-temperature

tensile test. A high temperature and a fast strain rate can

promote the tensile properties. In addition, the FEAmodelling

showed similar results as the experimental results when the

strain rate is higher than 5� 10�3/s. It demonstrates the SDVM

as a reliablemethodology to describe themechanical behavior

of the sintered porous structure equivalently. As for the MD

simulation, the elastic modulus value is higher than both FEM

and experiments, which is caused by the difficulty of
ic modulus of atomistic simulation; (c) the measured elastic
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mimicking porosity. However, in MD simulation, intensive

crystal transformation was figured out around the neck re-

gion, which confirmed the stress concentration around the

voids in FEM from an atomic scale. Additionally, the trend

extracted from the MD simulation followed well with the ex-

periments. It can therefore provide insights into the early

material preparation phase to predict the mechanical prop-

erties of the sintered structure.
5. Conclusion

This paper presents a comprehensive study on the high-

temperature tensile response on the pressure-assisted sin-

tered nanoCu paste employing tensile experiments, numeri-

cal modelling and multi-scale modelling, where tensile

temperature and strain rate influence the tensile response

was focused. High-temperature tensile experiments were

targeted to explain the failure mode. An Anand model helped

to describe the constitutive behavior numerically. While in

multi-scale simulation, MD simulation was employed to

assess the mechanical property and illustrate the micro-

structural evolution on an atomistic scale. FEAmodelling with

SDVM paved a promising way to generate reliable data for

future data-driven studies.

At first, dog-bone tensile specimens were fabricated in an

N2 environment by pressure-assisted sintering at 250 �C. The
dispensable paste was self-formulated by Cu NPs with a

100 ± 36 nm size. The high-temperature tensile experiments

were implemented at four temperatures and three strain

rates. By increasing the temperature from 180 �C to 360 �C,
both the elastic modulus and tensile strength of the sintered

nanoCu dropped significantly to 8.06 GPa and 22.32 MPa. At

the same time, the response to varying the strain rate between

1 � 10�4 s�1 and 1 � 10�3 s�1 was found to be minor. Next,

different failure modes were determined from the failure

analysis. From the fracture surface morphology, the sample

tested at 180 �C and 0.001 s�1 showed brittle fracture features,

while more ductile fracture features were present in the

sample tested at 360 �C and 0.0001 s�1. Evidence of grain

refinement and LAGB formation at different locations through

the EBSD results confirms that ductility was significantly

promoted by recrystallization at high temperatures.

In the modelling part, the Anandmodel was first fitted and

parameterized according to the stress-strain curves of the

sintered nanoCu paste. The established numerical model was

then used to describe the constitutive behavior of sintered

nanoCu paste. The proposed numerical model presented high

consistency at high-temperature conditions. In multi-scale

modelling, the tensile response of pressure-assisted Cu NPs

at low temperatures was first investigated by MD simulation.

The process from sintering to the tensile tests was success-

fully implemented utilizing an NS-NS model. Then, an

equivalent 2Dmodel with stochastically distributed voids was

generated with SDVM, and this was further applied as the

input geometry in the FEM simulation. Both multi-scale

modellings show the same trend in the impact of tensile

temperature and strain rate on the tensile response. The neck

region in the sintered structure was modelled as the weakest

point during the tensile loading. Numerically, FEM simulation
results were highly consistent with the experimental results

when the strain rate was higher than 5 � 10�3 s�1. The SDVM

was therefore demonstrated to describe the mechanical

behaviour of the sintered porous structure.

In summary, the results of this study revealed the failure

mechanismof the high-temperature tensile of sinterednanoCu

and provided comprehensive modelling perspectives to un-

derstand and describe the tensile response accurately. These

results suggested a solid approach to accelerate the assessment

process of the mechanical properties of porous sintered struc-

tures. A short time-to-market ensures the promotion of sin-

tering technology in high-power electronics packaging.
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