<]
TUDelft

Delft University of Technology

Indentation hardness, plasticity and initial creep properties of nanosilver sintered joint

Zhang, Hao; Liu, Yang; Wang, Lingen; Sun, Fenglian; Fan, Xuejun; Zhang, Guo Qi

DOI
10.1016/j.rinp.2018.12.026

Publication date
2019

Document Version
Final published version

Published in
Results in Physics

Citation (APA)

Zhang, H., Liu, Y., Wang, L., Sun, F., Fan, X., & Zhang, G. Q. (2019). Indentation hardness, plasticity and
initial creep properties of nanosilver sintered joint. Results in Physics, 12, 712-717.
https://doi.org/10.1016/j.rinp.2018.12.026

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1016/j.rinp.2018.12.026
https://doi.org/10.1016/j.rinp.2018.12.026

Results in Physics 12 (2019) 712-717

results in

PHYSICS

Contents lists available at ScienceDirect

Results in Physics

)

journal homepage: www.elsevier.com/locate/rinp

Indentation hardness, plasticity and initial creep properties of nanosilver R

Check for

sintered joint

Hao Zhang™"™", Yang Liu™", Lingen Wang®, Fenglian Sun”, Xuejun Fan’, Guoqi Zhang™*

2 Department of Microelectronics, Delft University of Technology, Delft 2628 CD, the Netherlands

® School of Materials Science and Engineering, Harbin University of Science and Technology, Harbin 150040, China
€ Boschman Technologies B.V., Duiven 6921 EX, the Netherlands

d Department of Mechanical Engineering, Lamar University, Beaumont, TX 77710, USA

ARTICLE INFO ABSTRACT

The nanoindentation test was conducted in this paper to investigate the indentation hardness, plasticity and
initial creep properties of pressure sintered nanosilver joint at various test temperatures. The effects of strain rate
on the indentation hardness were first investigated. Then yield stress of nanosilver sintered joint was studied in
various pressures sintered joints and the corresponding plastic stress-strain constitutive equations were gained.
The maximum indentation depth of nanosilver sintered joint was obviously affected by the test temperature and
sintering pressure. The indentation hardness of nanosilver sintered joint decreased with increasing test tem-
perature from 140 to 200°C, which can be attributed to the increased amount of thermal vacancies at high
temperatures. However, the indentation modulus exhibited decrease trend as the temperature increased. It is
suggested that the distance between adjacent atoms was enlarged at elevated temperatures and furtherly re-
sulted in the decrease of indentation modulus. In addition, the increased sintering pressure from 5 to 30 MPa
improved the indentation hardness and modulus of sintered joint. The initial creep was observed in nanosilver
sintered joint at temperatures ranged from 140 to 200°C. The increase of sintering pressure improved the re-
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sistance to creep of nanosilver sintered joint.

Introduction

Power electronic modules, which are expected to work in severe
environments, have been regarded as the critical part in many fields
including transportation (hybrid electric vehicles/electric vehicles,
traction systems), utilities (smart grids, photovoltaic power and wind
power systems), industries (motor drivers, electric machinery) and
consumer products (uninterruptible power supplies, battery chargers)
[1-3]. The power electronics are generally used to realize the conver-
sion and transmission of electricity [4]. The first level interconnection is
usually achieved through a die attach layer between power die and
ceramic substrate. Consequently, the die attach layer plays an im-
portant role in ensuring the thermal and electrical conduction in power
electronic modules. During the operation process of power electronics,
temperature change occurs due to the periodical application of electric
power [5]. Since the coefficient of thermal expansion is variable in each
layer, so thermo-mechanical stress is expected to generate in the die
attach layer. Therefore, the thermal reliability of die attach layer
greatly affects the performance of power electronics.

The nanosilver sintering technology has gained high popularity in
attaching power dies in power electronics packaging [6-8], and the
reliability investigation of nanosilver sintered joint has become the
mainstream in recent years. Zhao et al. [9] found that the fracture
morphology of nanosilver sintered joint exhibited significant plastic
flow during shear test, which implied the high bonding strength. Si-
milar result was also obtained by Fu et al. [10]. Bai et al. [11] proved
that the dislocation creeps were produced in sintered silver die attach
layer during thermal cycling test. The pile-up of dislocation creeps
promoted the formation of microcavities at the grain boundaries and
finally resulted in the decrease of shear strength. Li et al. [12] in-
vestigated the creep behavior of nanosilver sintered lap shear joint, and
the results showed that the creep strain of nanosilver sintered joint
increased with the increase of temperature from 225 to 325°C. Chen
et al. [13] found that the accumulation of creep strain of nanosilver
sintered thin film became faster as the temperature increasing from 100
to 175°C. This result indicated that the higher temperature would lead
to a shorter creep rupture life. The nanoindentation test method is
usually used to characterize the plastic deformation and creep behavior
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of materials on nano/microscale [14-16]. This technology has been
used to investigate the room temperature viscoplastic properties of
silver sintered joint [17,18]. However, the silver sintered joint is ex-
pected to serve at high temperatures and there are few researches re-
porting on the high temperature indentation properties of nanosilver
sintered joint while incorporating pressure effects.

This paper investigated the indentation hardness, plasticity and
initial creep properties of pressure sintered nanosilver joint. The na-
nosilver sintered joint was evaluated by nanoindentation test at various
temperatures. The effects of strain rate on the indentation hardness
were first analyzed. Then the elastoplastic behaviors of nanosilver
sintered joint at room temperature were discussed. What’s more, the
temperature dependence of indentation depth, hardness and elastic
modulus were studied, respectively. Besides, the effects of temperature
on the evolution of initial creep behavior of nanosilver sintered joint
were analyzed.

Experimental procedures

The commercial Argomax 2020 (from Alpha Assembly Solutions)
[19] nanosilver film with thickness of 65 um was used as the sintering
material. The molybdenum (Mo) coated with (Mo)/Ni/Cu/Ag on both
sides was used as substrate. The upper one was named as top Mo sub-
strate and lower one was to be the bottom Mo substrate. The dimension
of Mo substrate was 13.60 x 13.60 x 2.00 mm?>. The nanosilver film
was first transferred to the bottom Mo substrate through lamination
process at 130°C and 5 MPa pressure for 2 min. Then the top Mo sub-
strate was placed on the laminated bottom Mo substrate and sintered at
250°C for 3 min with various pressures. The schematic diagram of sin-
tering process was shown in Fig. 1. In order to investigate the effects of
pressure on the mechanical properties of nanosilver sintered joint, the
sintering pressure was respectively set as 5, 10, 20, 30 MPa for each
sintering process. After sintering, the sample was grinded and polished
with 0.25 um suspension of diamond for the nanoindentation test. The
scanning electron microscope was also used to examine the morphology
of polished sample to ensure the quality of sintered layer. In order to
ensure the high accuracy of tests, only the central part of the sintered
layer was used in the nanoindentation test.

The SHIMADZU Dynamic Ultra-micro Hardness Tester (DUH-211S)
was used to characterize the micro mechanical properties of nanosilver
sintered joint. This tester was equipped with the 115° Berkovich in-
denter. The loading-holding-unloading mode was applied to the test
and the holding time was set as 10s. The indentation test was first
conducted at room temperature at 5 mN loading force. The strain rate of
0.004, 0.02, 0.1 and 0.2 s~ ! were selected for investigating its effect on
indentation hardness. The strain rate is obtained through dividing the
loading speed by loading force. The cross section morphology of
30 MPa sintered nanosilver joint was shown in Fig. 2(a). The indenta-
tion morphology tested at 25°C and 0.2 s~ ! was shown in Fig. 2(b). The
high temperature tests were achieved with the help of micro heater
assembled in the DUH-211S. The temperature referred here was the
temperature on the test sample, which was measured and controlled
precisely through the whole indentation test. The test was conducted at
140, 160, 180 and 200°C, respectively. The test force and strain rate for
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high temperature test was respectively set as 5mN and 0.2s~'. Each
data was the average value of at least 9 tests at the same condition. The
Oliver and Pharr method was used to determine the hardness and
elastic modulus of tested sample [20]. Previous results revealed that the
porosity of sintered nanosilver joint decreased from 1.39% to 1.14% as
the sintering pressure increased from 5 to 30 MPa [6]. The low porosity
as well as the difference of porosity have limited effect on the change of
the Poisson’s ratio according to the calculation method adopted by Long
et al. [21]. So, the Poisson’s ratio of 0.37 for pure Ag is used for the
nanoindentation tests in this paper.

Results
Effects of strain rate on the evolution of indentation hardness

Since the strain rate plays an important role in determining the
mechanical properties of materials [21], the nanosilver sintered joint is
tested at 25°C under various strain rates and the results are shown in
Fig. 3. With the increase of strain rate from 0.004 to 0.02s™ !, the in-
dentation hardness (H;r) of nanosilver sintered joint increases sharply.
However, the increase rate of H;r decreases as the strain rate increasing
from 0.02 to 0.1 s~ !. Limited effect is observed on Hyr when the strain
rate reaches 0.2s 1. It is suggested that the indentation size is larger at
low strain rate when comparing with the one tested at high strain rate
[22]. According to Eq. (1) [23], the larger indentation size A, will result
in higher indentation hardness H;r at the same loading force F,4. This
effect becomes insignificant when the strain rate increases to certain
level. So the strain rate of 0.2s™! is chosen for the following tests.

Fmax
Ac

Hr = o

Plastic stress-strain constitutive model of nanosilver sintered joint at room
temperature

During nanoindentation test, the nanosilver sintered joint deforms
as the indentation load increases and elastic deformation occurs at the
beginning stage. Once the indentation load exceeds the yield strength of
sintered joint, plastic deformation happens and leads to the irreversible
deformation. Since the residual indentation depth is recorded after the
nanoindentation test, so the deformation of nanosilver sintered joint
consists of both elastic and plastic deformation. The stress (0)-strain (&)
behavior of sintered joint can be expressed in general form as follows
[24-26]:

Ee (6<0q)

7T o0+ 25)" (@>3) -
where E represents the elastic modulus of tested material, o, represents
the initial yield stress, ¢, represents the plastic strain, n represents the
strain hardening exponent.

There is an empirical equation describing the relationship between
yield stress 0, and hardness Hyr, as seen in Eq. (3) [27]:

Sintering

Sintered joint

Fig. 1. Schematic diagram of sample structure (not drawn to scale).
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Top Mo substrate

Sintered nanosilver

i

Fig. 2. Morphology of 30 MPa sintered nanosilver joint, (a) cross section, (b) after indentation.
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Fig. 3. Relationship between indentation hardness and strain rate of 5MPa
sintered nanosilver joint.
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3 3

The strain hardening exponent (n) can be calculated according to
literature [28]. The o, and n for various pressures sintered nanosilver
joint are summarized in Table 1. As the sintering pressure increases
from 5 to 30 MPa, the yield stress o, of nanosilver sintered joint in-
creases. This result implies that the strength of nanosilver sintered joint
can be enhanced by increasing the sintering pressure. In addition, the
strain hardening exponent n exhibits increase trend with increasing
pressure. The increase of n indicates the increased capability of bearing
loading force, which also means the improvement of resistance to
plastic deformation. Combining with Eq. (2), the plastic stress-strain
constitutive equations of nanosilver sintered joint with various sin-
tering pressures at room temperature are gained and shown in Table 2.

Oy ®

Temperature dependence of indentation depth

Fig. 4 is the evolution of indentation load-depth curve of 5MPa

Table 1
The o, and n of nanosilver sintered joint with various sintering pressures (25°C).
5 MPa 10 MPa 20 MPa 30 MPa
o, (GPa) 0.26 0.33 0.64 0.67
n 0.43 0.47 0.48 0.48
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Top Mo substrate

Indentation

Sintered nanosilver

Bottom Mo substrate

Plastic stress-strain constitutive equation of nanosilver sintered joint (25°C).

Sintering pressure

Plastic stress-strain constitutive equation

5MPa 31.72¢ (0 <026 GPa)
77 o261 + 120.226,)°4 (o > 0.26 GPa)
10 MPa 39.93¢ (0 <033 GPa)
77103301 + 122.655)°47 (o> 0.33 GPa)
20 MPa 66.73¢ (0 <0.64 GPa)
77 10.64(1 + 104.645,)°4 (¢ > 0.64 GPa)
30 MPa 81.83¢ (6 <0.67 GPa)
77 00,6701 + 122.69,)°48 (¢ > 0.67 GPa)
6

—a—25°C

| —e— 140°C

—4—160°C
—v—180°C

¢—200°C Holding

Indentation load (mN)

0 L 1 " 1 L |
0.6 0.9 1.2

Indentation depth (pm)

Fig. 4. Indentation load-depth curves of 5MPa sintered nanosilver joint at
various temperatures.

sintered nanosilver joint at 25, 140, 160 and 200°C test temperatures.
The indentation load-depth curve consists of three stage, the loading
stage, holding stage and unloading stage. As seen in Fig. 4, the max-
imum indentation depth (h,,q,) increases from 0.51 to 1.81 ym as the
test temperature increases from 25 to 200°C. The hy,,, at 200°C is ap-
proximately three times higher than that tested at 25°C. Besides, the
slope of loading stage becomes smaller at 200°C when comparing to the
sample tested at 25°C. Similar trends are also found in 10, 20 and
30 MPa sintered nanosilver joint, but the h,,,. exhibits difference in
various pressures sintered nanosilver joint. The corresponding results
are summarized in Fig. 5. The difference of hy,,, between 25 and 200°C
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2.0

25°C
200°C

1.6}

1.2+

Maximum indentation depth (um)

0.0

5 MPa 10 MPa 20 MPa

Sintering pressure

30 MPa

Fig. 5. Effects of temperature and sintering pressure on the maximum in-
dentation depth of nanosilver sintered joints.

in 5, 10, 20 and 30 MPa sintered joint is 1.30, 0.67, 0.43 and 0.29 pym,
respectively. The value of difference decreases gradually with the in-
crease of sintering pressure. This result implies that the sensitivity of
hpmax to temperature during nanoindentation test decreases with in-
creasing sintering pressure from 5 to 30 MPa. Meanwhile, the result also
indicates that the resistance to elastoplastic deformation of nanosilver
sintered joint can be greatly enhanced by increasing the sintering
pressure. In the serving process of nanosilver sintered package, stress
induced deformation occurs due to the mismatch of coefficients of
thermal expansion (CTE). The reliability of nanosilver sintered joint can
be improved due to its increased resistance to the deformation when
sintered with pressures.

Temperature dependence of indentation hardness

Fig. 6 shows the relationship between indentation hardness (Hjr)
and test temperature for various pressures sintered joints. With the
increase of temperature, the Hyr presents decrease trend in all the four
pressures sintered joints. This result indicates that the softening phe-
nomenon happens in nanosilver sintered joint at high temperatures.
Thus, the resistance to plastic deformation of sintered joint decreases
and furtherly leads to the decrease of Hjy accordingly. It is suggested
that the amount of thermal vacancies is increasing exponentially with

ol | —=—5 MPa
- —e— 10 MPa

—~ 1.0 | —4&—20 MPa
?5“’ | —v—30 MPa
E 08 [
[}
=]
o
E 0.6 |-
=)
= r
g ol ] |
]
3 |

e2r ;\1\_{,_\;

0.0 1 . I . 1 ) ] . | \ 1 . ]

140 150 160 170 180

Temperature (°C)

Fig. 6. Relationship between indentation hardness and temperature of pressure
sintered nanosilver joint.
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5 MPa
10 MPa

[ .

20

15

Indentation modulus (GPa)

140 150 160

Temperature (°C)

170 180

Fig. 7. Relationship between indentation modulus and temperature of sintered
nanosilver joint.

temperature [29]. The activity of dislocation can be enhanced by the
generated thermal vacancies at elevated temperature and therefore
results in the decrease of indentation hardness [30]. In addition, the H;r
increases with the increase of sintering pressure at the same test tem-
perature. The diffusion bonding among nanosilver particles can be
greatly enhanced with the help of sintering pressure. This will further
result in greater number and larger area of sintering necks. The hard-
ness of sintered layer can be improved by the increased bonding quality
at high pressures.

Temperature dependence of indentation modulus

The evolution of indentation modulus (E;;) of pressure sintered
nanosilver joint at high temperatures is shown in Fig. 7. The Ejr in-
creases with the increase of sintering pressure. The E;r of 5 and 30 MPa
sintered joint at 140°C is 8.98 and 24.71 GPa, respectively. The E;; has
increased 2.75 times when the sintering pressure increases from 5 to
30 MPa. The increase of E;r can be attributed to enhanced bonding
between nanosilver particles under high sintering pressures. However,
the E;r of pressure sintered nanosilver sintered joint decreases with the
increase of temperature from 140 to 200°C, as seen in Fig. 7. Similar
trend is observed in all four different pressures sintered joints. It has
been revealed that the E;r decreases with increasing temperature T,
which can be described as follows [31,32]:

Er=A+BxT 4
where A and B are the constants in the equation, which can be obtained
from the fitted curve in Fig. 7. The relationship between E;; and T for
various pressures sintered joint is summarized in Table 3. It has been
revealed that the elastic modulus of a material is inversely proportional
to the distance between adjacent atoms [33]. The distance between
atoms in sintered joint becomes larger at elevated temperatures, which
will result in the smaller indentation modulus.

Table 3
Relationship between H;r and T for various pressures sintered nanosilver joint.

Sintering pressure Relationship between Hyr and T

5MPa Eyr = 2141 — 0.09T T € (140 ~ 200°C)
10 MPa Eyr = 29.14 — 0.11T T € (140 ~ 200°C)
20 MPa Eyr = 39.36 — 0.16T T & (140 ~ 200°C)
30 MPa Eyr = 5143 — 020T T € (140 ~ 200°C)
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Fig. 8. The creep time-displacement curves of pressure sintered nanosilver joint.

Initial creep behavior of nanosilver sintered joint

The initial creep behavior of nanosilver sintered joint at various
temperatures is investigated through nanoindentation test. The creep
displacement of nanosilver sintered joint during holding stage is ex-
tracted from the load-depth curve and then plotted with creep time. The
creep behavior of 5MPa sintered joint is displayed in Fig. 8(a), the
result shows that the evolution of creep displacement exhibits similar
trend at four test temperatures. The creep displacement becomes larger
as the temperature increasing from 140 to 200°C. The creep displace-
ment increases quickly at the initial creep stage, especially at the first
5s. The higher the test temperature, the larger the increase rate of in-
itial creep displacement. However, the increase rate of creep displace-
ment decreases gradually after 5s. As for 10, 20 and 30 MPa nanosilver
sintered joint, similar creep law is also observed, as seen in Fig. 8(b), (c)
and (d). But the maximum creep displacement after 10s is quite dif-
ferent in various pressures sintered joint. With the increase of sintering
pressure, the maximum creep displacement decreases at the same
temperature. The creep displacement at 200°C is much larger than the
value obtained at 140°C in 5MPa sintered nanosilver joint. But this
difference becomes quite small in 30 MPa sintered joint, as seen in
Fig. 8(a) and (d). These results indicate that the resistance to creep of
nanosilver sintered joint can be improved by increasing the sintering

716

pressure.

Conclusions

The indentation hardness was not greatly affected by the strain rate
when it reached 0.2s7'. Both the yield stress and strain hardening
exponent of nanosilver sintered joint increased as the sintering pressure
increased from 5 to 30 MPa. The plastic stress-strain constitutive
equations of pressure sintered nanosilver joint were obtained at room
temperature. The maximum indentation depth of nanosilver sintered
joint increased with increasing test temperature from 25 to 200°C, but
decreased with increasing sintering pressure from 5 to 30 MPa. Both of
the indentation hardness and indentation modulus of nanosilver sin-
tered joint showed decrease trend with the increase of temperature
from 140 to 200°C, but increase trend was found when the sintering
pressure increased from 5 to 30 MPa. The creep displacement of na-
nosilver sintered joint increased rapidly at the initial creep stage. The
creep displacement of nanosilver sintered joint decreased with the in-
crease of sintering pressure but increased with the increase of tem-
perature.
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