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Nanoindentation experiments were performed at room temperature on pressure-less sintered silver nanoparticles 

(AgNP) samples. Two representative die attach solder materials: sintered electrically conductive silver adhesive 

and conventional Sn-3.0Ag-0.5Cu solder were investigated. A novel technique of multiple strain-rate jumps is 

adopted accompanied by the continuous stiffness measurement, which can effectively determine the strain rate 

sensitivity (SRS) with good accuracy. Different strain rates and indentation depths are considered to obtain the 

nanomechanical properties such as hardness and Young’s modulus. Compared with Young’s modulus of sintered 

AgNP, the effect of applied strain rate is more influential to the hardness. In the loading stage, the SRS exponent 

decreases due to a smaller variation of hardness at a greater indentation depth. In the holding stage prior to the 

unloading of the applied indentation force, the creep displacement is relatively insensitive to the applied strain 

rate, however, the creep strain rate decays exponentially and the corresponding stress exponents are determined. 

© 2018 Elsevier Ltd. All rights reserved. 
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. Introduction 

In electrical and electronic equipment, lead-free solders are replac-
ng conventional lead-rich solder alloys as legislated by RoHS [1] due
o the concerns about environment and human health. The Sn-Ag-Cu
eries lead-free solder materials have been popular in applications of
he last decade due to outstanding mechanical and electrical proper-
ies [2] . Compared with tin-based solder materials, sintered silver paste
ith nanoparticles own superior electrical and thermal conductivities
nd therefore have been considered as one of the promising lead-free
ie attach materials for high-power electric devices where the work-
ng temperature can be greater than 250 °C [3,4] . Because of the high
hermal conductivity of silver and low temperature sintering properties
f silver nanoparticles (AgNP), ultra-low thermal resistance of thermal
nterface materials can be achieved [5] . With organic shells of citrates
overing the nanoparticles to stabilize AgNP, Cu-to-Cu interconnects are
easible based on the pressure-less low temperature sintering of AgNP for
lectronic packaging [6] . More importantly, the reliability issues about
intered AgNP have been attracting intensive attention recently. 

Regarding the performance of pressure-less AgNP joint during long-
erm reliability, Chua and Siow [7] characterized the evolution of
orosity and microstructure of the pressure-less sintered AgNP joints
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n Cu, direct bond copper and Ag plated substrates during their
igh-temperature storage in air at 300 °C. Regarding the morphology
hanges, Paknejad et al. [8] found that the exterior sintered silver sur-
ace oxidizes preventing surface morphology changes, and the interior
ore surfaces of the porous silver can remain largely oxide-free, which
acilitates fast atomic movement resulting in grain growth and changes
n the internal microstructure. If a passivating layer on the interior pores
orms, the sintered AgNP is speculated to be suitable to those urgent ap-
lications up to 400 °C. By doping tin (up to 10 w.t.%) to silver paste,
ang et al. [9] chose 235 °C as the highest sintering processing tempera-
ure based on the transient liquid phase sintering. A pressure-less bond-
ng strength of 23 MPa is achieved due to the second-phase strength-
ning mechanism achieved by forming the composite microstructure of
ilver matrix grains, which are reinforced by Ag 3 Sn and solid solution
trengthening mechanism. This is done by forming the Ag-Sn solid so-
ution within the matrix grains. Compared with as-sintered silver bulk,
adaud et al. [10] studied the quantitative evolution of pores and grains
f sintered AgNP and their effects on Young’s modulus, yield strength
nd ultimate tensile stress under the isothermal conditions at 125 °C
p to 1500 h or under thermal cycling. Based on analytical and com-
utational FEA approaches, Leslie et al. [11] estimated the viscoplastic
roperties for heterogeneous morphologies of an adhesive-based partic-
late composite for low temperature applications and a porous sintered
ersion for high-temperature applications. Nevertheless, the strain rate
ensitivity of pressure-less sintered AgNP based on the mechanical prop-
rties and creep behavior using indentation are not well documented to
018 
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he best of the authors ’ knowledge and the related experimental results
o date are scarce. 

. Material and method 

In the current study, silver sintering paste is from Fairfield USA Inc.,
hich has a pressure-less sintering capability and outstanding interface

eliability due to its resin dispersion system. The sintered AgNP sam-
les are obtained under the curing condition provided by a sintering
urnace at the temperature of 200 °C with 90 min dwelling time and a
amp rate of 2.5 °C/min. In order to compare the property difference due
o microstructure morphology, the control sample made of electrically
onductive silver adhesive (ECA) is cured similarly. The 96.5Sn-3.0Ag-
.5Cu (in w.t.%, SAC305) bulk solder alloy was obtained from Alpha
ssembly Solutions. The solder bars are manufactured using high pu-
ity raw materials to avoid impurities, and by using viscosity and dross
owering treatment, the alloy is conditioned to be free of cast in impu-
ities or included oxides. 

The material samples for nanoindentation tests were thermally an-
ealed at 210 °C for 12 h in an air furnace with a temperature stability
f ± 1.0 °C by referring to the optimized condition to remove residue
tress of SAC305 bulk solder alloy [12] . After thermal annealing treat-
ent, the samples were mounted in PVC tubes by dental base acrylic

esin powder. With a favorably convenient process, the dental base
crylic resin powder can solidify at room temperature without releas-
ng much heat, so that the influence of temperature to the samples is
voided. In addition, the stiffness of solidified acrylic resin is satisfac-
ory, which provides a matrix for material samples during indentation
ests. Subsequently, the prepared samples were mechanically ground by
iC abrasive paper, polished with a metal diamond suspension of 0.5 𝜇m,
nd eventually ultrasonically cleaned in ethanol. After being air dried,
he obtained samples were stored at room temperature for 7 days to
chieve a stable microstructure before indentation tests. 

Using the laser flash method, the thermal conductivity of the AgNP
ample was measured to be up to 223.91 W/m ⋅K, which is much higher
han ECA and SAC305 solder as reported by other researchers [13] .
ig. 1 shows the microstructural morphology of material samples in
his study. As the SAC305 solder sample is a mirror-like surface after
arefully polishing, the SAC305 solder has a highly smooth morphology
n Fig. 1 (c). Although the same polishing procedure was performed for
ll samples, the surface of sintered AgNP and ECA has randomly dis-
ributed voids. This is due to the entrapped outgassing, which was pro-
uced when the solvent evaporates and rheological additives occurred
n the solder paste during heating processes [14] . Compared with sin-
ered ECA in Fig. 1 (b), the clustered silver particles are sintered with
ewer internal voids as shown in Fig. 1 (c). Since both AgNP and ECA are
ainly composed of silver, the distinguishing difference is induced by

he silver morphology and the superior thermal conductivity of sintered
gNP stems from the condensed microstructure with a lower porosity. 

In addition to the higher porosity, the sintered ECA with silver
akes does not take full advantage of material or paths for thermal and
lectrical conductions, compared with sintered AgNP. According to the
chematic sintering mechanisms in Fig. 2 , the nanoparticles will greatly
xpand the area of intermetallic bonds between silver particles and
herefore benefit the electrical and thermal conductions. Thus, abun-
ant conduction paths in sintered AgNP lead to much higher electrical
nd thermal conductivities. This is one of the most outstanding advan-
ages of sintered AgNP as a popular die attach bonding material of the
lectronic packaging structures especially for high-temperature power
evices. 

Using the Nano Indenter G200 by Agilent Technologies, a three-sided
erkovich diamond indenter was adopted for an identical pattern of ten
oints on each sample. The indentation points were sufficiently spaced
s  

1  

1  

61 
o avoid the interaction of deformation and ensure a high degree of
ccuracy and precision. The dependence of nanomechanical properties
such as hardness and Young ’ modulus) on strain rates are of inter-
st, however, a low strain rate applied from the beginning of inden-
ation means time cost for each indentation is unaffordable. Therefore,
 strain-rate jump technique proposed by Maier et al. [15] was adopted
o examine the strain-rate sensitivity (SRS) of sintered AgNP materials.
ompared with the indentation with a constant strain rate, the tech-
ique with strain-rate jumps can initiate the indentation process with
 relatively high strain rate and subsequently jump to a desired rate
evel at a preferred indentation depth for multiple times. The rate-jump
echnique greatly saves the indentation time and avoids the inaccuracy
ue to thermal drift correction [16] , especially for very low indenta-
ion depths influenced by surface roughness. More importantly, the SRS
ffect can be effectively investigated for multiple stain rates at an iden-
ical indentation location and therefore the inhomogeneity of material
istribution throughout the samples can be ruled out. In fact, Alkorta
t al. [17] compared conventional nanoindentation creep experiments
ith nanoindentation strain-rate jump experiments and found that the

esolution and accuracy of the strain-rate jump nanoindentation exper-
ments are unaffected by thermal drift rate and indentation depth and
s highly preferable to investigate the nanomechanical properties of soft
aterials such as solder materials. In this study, the initial strain rates

f 0.1 s − 1 and 0.2 s − 1 were applied for each material sample at room
emperature and the applied values were also measured on the inden-
er. After 1100 nm, three strain-rate jumps were assigned and each strain
ate lasted for 150 nm in the controlled strain rate history until the max-
mum indentation depth of 2000 nm. Later, a holding stage of 20 s was
pplied to investigate the creep effect prior to the unloading stage. For
bjectiveness, the same procedure was followed for the nanoindenta-
ions on all samples. 

When measuring indentation response, the Poisson’s ratio for each
ind of material sample has to be assigned as an input parameter. Re-
arding the SAC305 solder sample, the Poisson’s ratio of 0.42 is adopted
s reported by Nguyen et al. [18] , where the temperature dependence
f Poisson’s ratio was found to be negligible over the temperature range
etween 25 °C and 105 °C. At the same time, the Poisson’s ratios for
intered AgNP and ECA have to be carefully assessed by taking into
ccount the effect of porosity. Based on image analysis to statistically
ompare the areas of voids and solids in Fig. 1 , the porosities are cal-
ulated as 5.66% and 22.9% for sintered AgNP and ECA, respectively.
irose et al. [19] studied the relationship between Poisson’s ratio and
orosity of sintered steel powders and found that the Poisson’s ratio was
ffected significantly by porosity but marginally influenced by the sin-
ering atmosphere. As there is no such published experimental studies
or sintered silver nanoparticles, the relationship between Poisson’s ra-
io and porosity as found by Hirose et al. [19] is adopted for the similar
orosity of sintered silver nanoparticles. In light of the Poisson’s ratio
f 0.37 for silver, a reduction of 10% is applied for ECA and the corre-
ponding Poisson’s ratio is 0.333 with porosity of about 22.9%. As for
intered AgNP, a reduction of 1.6% is applied and the corresponding
oisson’s ratio is 0.364 with porosity of about 5.66%. 

. Results 

After achieving the applied strain rate, the indenter was accurately
ontrolled by Nano Indenter G200 to penetrate into the tested mate-
ial. Thus, an initial desired strain rate can be applied and subsequently
djusted to another strain rate at a certain penetration depth. It can
acilitate the investigation on nanomechanical behavior of interested
aterial at the same location of the sample. Fig. 3 (a) shows the ap-
lied strain rate history in the current study. Two strain rates of 0.1
 

− 1 and 0.2 s − 1 were applied at independent indentations with three
train-rate jumps at the indentation depths of 1100 nm, 1400 nm and
700 nm, respectively. During each jump, the target strain rate lasts for
50 nm and the applied strain rate restores to the initial value for the
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Fig. 1. SEM images at the magnification of 2000 times. (a) Sintered AgNP; (b) Sintered ECA; (c) SAC305 solder. 

Fig. 2. Sintering mechanism. (a) AgNP; (b) ECA. 
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ext indentation depth of 150 nm. Fig. 3 (b) shows the corresponding in-
entation load-penetration depth responses of the AgNP solder sample
ith the applied strain rate histories shown in Fig. 3 (a). The maximum

ndentation depth was set to 2000 nm. The indenter was held for 20 s
t the maximum depth to alleviate the creep effect prior to the unload-
ng stage. In terms of the local response in the indentation load-depth
urve, a downward kink is observed results from the jump to a higher
train rate, while an upward kink appears caused by the jump to a lower
train rate. This unique property can be taken as a criterion to judge the
ositive strain rate sensitivity effect of indentation to the materials. The
inks in the indentation load-depth responses coincide with the jump of
pplied strain rate in Fig. 3 (a). At the moment of indentation strain-rate
62 
ump, a load transition was found to exist with a self-similar behavior.
his typical characteristics is in accordance to the finding by Lucas and
liver [20] . 

The loading stages of sintered AgNP are compared in Fig. 4 with
hose of sintered ECA and SAC305 samples at the applied strain rate of
.1 s − 1 and 0.2 s − 1 . It is observed that the applied indentation load on
he indenter for AgNP sample is greater, which means a higher hardness
f sintered AgNP will be expected. Furthermore, the effect of strain rate
s more significant for sintered AgNP, while sintered ECA is almost in-
ensitive to the applied strain rate. This is speculated to be induced by
he microstructural difference between sintered AgNP and ECA samples
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Fig. 3. Applied strain-rate jump nanoindentation on the AgNP solder sample. (a) Applied strain rate history; (b) Indentation load-depth response. 

Fig. 4. Averaged indentation load-depth response of material samples at differ- 

ent applied strain rates during loading stage. 
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s shown in Fig. 1 (a) and (b). Among the samples, the indentation load
f SAC305 is the lowest, especially when a lower strain rate is applied. 

In the current study, continuous stiffness measurement (CSM) tech-
ique [21,22] is utilized to press a Berkovich indenter into contact of the
intered AgNP material sample, so that the contact force and other ma-
erial properties (e.g., Young’s modulus and hardness) can be measured
s a continuous function of the indentation depth. Specifically, a small
scillation is superimposed to the indentation load. Meanwhile, the am-
litude of force oscillation is controlled by a frequency-specific amplifier
r a ‘‘lock-in amplifier ” to ensure the amplitude of displacement oscil-
ation remains a constant 5 nm at a driving frequency f of 45 Hz. Based
n the harmonic oscillator, the contact stiffness K c was provided by Hay
t al. [21] as: 

 𝑐 = 1∕ 
⎡ ⎢ ⎢ ⎣ 

1 (
𝐹 0 ∕ 𝑧 0 

)
𝑐 𝑜𝑠𝜙 − 

(
𝐹 0 ∕ 𝑧 0 

)
𝑐 𝑜𝑠𝜙

|||𝑓𝑟𝑒𝑒 
− 

1 
𝐾 𝑓 

⎤ ⎥ ⎥ ⎦ 
(1)

here K f is the elastic stiffness of the frame, 𝜙 is the phase angle by
hich the response lags the excitation, and z 0 / F 0 is the dynamic compli-
nce to represent the ratio of the displacement oscillation to the applied
xcitation. It should be noted that the subscript free indicates that the
esonant (or natural) frequency of the indenter is in its free-hanging
tate, thus the term ( F 0 / z 0 ) cos 𝜙| free can be determined as K − m 𝜔 

2 ,
here K is the stiffness of the spring supporting the indenter shaft, m

s the indenter mass, 𝜔 = 2 𝜋f represents the angular frequency of the
63 
ndenter oscillates. The values of spring stiffness and indenter mass can
e calibrated by the equipment manufacturer. Furthermore, the reduced
oung’s modulus E r can be determined by Eq. (2) [16] : 

 𝑟 = 

√
𝜋

2 𝛽
𝐾 𝑐 √
𝐴 𝑐 

(2) 

here 𝐴 𝑐 = 24 . 56 ℎ 2 
𝑐 

is the projected contact area at the contact depth
 c and the shape constant 𝛽 = 1.034 for a Berkovich tip. In addition,
he hardness can be conveniently calculated by dividing the indenta-
ion load by the square of indentation depth. The curves of hardness
nd Young’s modulus as a function of indentation depth for the sintered
gNP are demonstrated in Fig. 5 . This CSM technique can effectively
void the scatter of reduced modulus measured at the initial gradient
f the unloading curve of nanoindentation response. Fig. 6 provides the
veraged results of Young’s modulus and hardness for sintered AgNP,
intered ECA and SAC305, respectively, subjected to different indenta-
ion strain rates. 

As ten indentations are repeated for each material and strain rate,
he nanomechanical response can be accurately interpolated with a suf-
cient number of discrete data points for each indentation and the av-
raged values between 500 nm and 2000 nm are provided in Fig. 6 . Ac-
ompanied with the applied strain-rate jump, the resulting variation of
ardness and Young’s modulus can be clearly demonstrated. It is found
hat the nanomechanical properties of all solder materials of interest
hange synchronously with strain rate. 

Regarding the hardness in Fig. 6 (a), sintered AgNP is more sensitive
o the applied strain-rate jumps. The effect of strain rate for sintered ECA
nd SAC305 is negligible. By comparing the strain rate from the initial
alue of 0.2 s − 1 to 0.1 s − 1 at the indentation depth of 1700 nm, the
ifference of hardness is about 0.075 GPa for sintered AgNP, 0.007 GPa
or sintered ECA, and 0.029 GPa for SAC305. It should be noted that
he effect of strain-rate jump for SAC305 solder seems to be moderate
n terms of absolute value; however, the ratio between the hardness
alues before and after strain-rate jump is still high, especially for the
hallow indentations. Upon the strain-rate jump to a lower value, the
alue of hardness is generally reduced within a short transient period.
he measured value for SAC305 solder is stably around 0.25–0.28 GPa
or the strain rate of 0.1 s − 1 and 0.2 s − 1 , which is in good accordance
ith the reported values of hardness [23] . The hardness is approaching
.50–0.60 GPa for sintered AgNP and about 0.46 GPa for sintered ECA
ubjected to the strain rates of 0.1 s − 1 and 0.2 s − 1 . 

Compared with hardness, the effect of strain-rate jump on Young’s
odulus in Fig. 6 (b) is moderate. In particular, the Young’s modulus

lightly decreases with the increase of indentation depth for sintered
gNP and ECA. However, the sintered AgNP is more sensitive to the
pplied strain rate compared with sintered ECA. This is ascribed to the
ensification of sintered AgNP during the indentation and correspond-
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Fig. 5. Curves of hardness and Young’s modulus measured by the CSM technique at different strain rates. (a) Hardness at 0.1 s − 1 ; (b) Hardness at 0.2 s − 1 ; (c) Young’s 

modulus at 0.1 s − 1 ; (d) Young’s modulus at 0.2 s − 1 . 

Fig. 6. Variation of hardness and Young’s modulus of solder materials subjected to different applied strain rates. (a) Hardness; (b) Young’s modulus. 
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ngly the local deformation will be more sensitive to the applied strain
ate. Additionally, for SAC305 solder, when the indentation depth is
reater than 1000 nm, the measured Young’s modulus is strongly de-
endent on the applied strain rate (i.e., 44.5 GPa and 47.0 GPa for the
train rates of 0.1 s − 1 and 0.2 s − 1 ) but insensitive to the indentation
epth. These modulus values are at the same level of SAC305 solder
ith the Young’s modulus determined by indentation tests [12] , which
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. Discussion 

As deduced by Alkorta et al. [17] , the applied strain rate 𝑃̇ ∕ 𝑃 is
losely related to the effective strain rate 𝜀̇ as shown in Eq. (3) . The
ardness is not significantly time-dependent and the term 𝐻̇ ∕ 𝐻 can be
ssumed to be zero, so the applied strain rate 𝑃̇ ∕ 𝑃 is approximately two
imes of the effective strain rate 𝜀̇ . 

𝑃̇ 

𝑃 
= 

𝐻̇ 

𝐻 

+ 2 ℎ̇ 
ℎ 

≈ 2 ℎ̇ 
ℎ 

= 2 ̇𝜀 (3)

here P is the applied indentation load, H is the hardness, and h is
he indentation depth with the dot notation representing the rate of
orresponding variables. It should be noted that the effective strain rate
or a power-law creeping material obeys the relationship in Eq. (4) with
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Fig. 7. Calculation of SRS exponent. (a) Variation of hardness and the corresponding strain rate; (b) SRS exponent. 
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ardness. With the definition of hardness H = P / h 2 , the SRS exponent m
an be determined by Eq. (5) . 

 = 𝐵 𝜀̇ 𝑚 (4)

 = 

𝑑 ln ( 𝐻 ) 
𝑑 ln ( ̇𝜀 ) 

(5)

onsidering the strain-rate jump, the calculation of SRS exponent m can
e expressed in the form of Eq. (6) , where the subscripts i and j represent
he location before and after the rate-jump. This derivation has been
laborated by Alkorta et al. [17] . 

 = 

ln 
(
𝐻 𝑗 

)
− ln 

(
𝐻 𝑖 

)
ln 
(
𝜀̇ 𝑗 
)
− ln 

(
𝜀̇ 𝑖 
) = 

ln 
(
𝐻 𝑗 ∕ 𝐻 𝑖 

)
ln 
(
𝜀̇ 𝑗 ∕ ̇𝜀 𝑖 

) (6)

In order to calculate the SRS exponent m , the relationships between
ardness and effective strain rate are plotted in Fig. 7 (a) with the re-
ults, for example, of sintered AgNP. After similar calculations for sin-
ered ECA and SAC305, the obtained SRS exponents are compared with
ifferent applied strain rates in Fig. 7 (b). Additionally, the SRS expo-
ents at the strain rate of 0.1 s − 1 are numerically fitted. It is found that
he SRS exponents of all solder materials in the present work decrease at
 greater indentation depth. Compared with sintered ECA and SAC305,
he SRS exponent m of sintered AgNP decreases more mildly and ap-
roaches to a stable value with the increase of penetration depth at
he same indentation strain rate, which means that the variation rate
f hardness within sintered AgNP is effectively stabilized along the in-
enting direction according to Eq. (3) . This behavior is similar to that
or SAC305 solder material. The underlying reason is that when the in-
entation is sufficiently large, the deformation field under the indenter
ecomes self-similar and the hardness is therefore independent of in-
entation depth. 

In contrast, the SRS exponent of sintered ECA is almost linearly re-
uced when the indentation depth increases. This phenomenon can be
urther explained by taking into account the sensitivity of hardness to
orosity. Through finite element analyses based on the Gurson model for
lastic deformation of ductile porous materials, Chen et al. [24] found
hat the porosity reduces the hardness of porous materials due to densifi-
ation. As shown in Fig. 7 (b), the SRS exponent of sintered ECA is much
maller than that of sintered AgNP at the indentation depth of 1700 nm.
ccording to Eq. (3) , a smaller exponent value results from the smaller
ariation of hardness at the same indentation depth and strain jump.
herefore, compared with sintered AgNP, higher porosity in sintered
CA leads to greater densification and smaller hardness variation. 

The creep behavior can be described by a power law equation in the
orm of Eq. (7) at an isothermal condition, 

̇  𝑐 = 𝐴 𝜎𝑛 (7)

∝ 𝑃 ∕ ℎ 2 (8)
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here A is a material constant, 𝜎 is the applied stress which can be re-
ated with indentation depth h in Eq. (8) and n is the stress exponent
hich generally indicates the deformation mechanism of creep behav-

or. Therefore, the stress exponent can be numerically fitted according
o Eq. (7) in the log-log diagram between creep strain rate and applied
tress. 

As shown in Fig. 3 , a holding stage of 20 s is applied in the indenta-
ion load-depth history to alleviate the creep effect prior to the unload-
ng stage upon the maximum depth of 2000 nm. As the applied load on
ndenter is kept the same during the holding stage, creep deformation
s induced as displayed in Fig. 8 (a) and the corresponding creep strain
ate 𝜀̇ 𝑐 is obtained in Fig. 8 (b) based on Eq. (9) as defined by Mayo and
ix [25] . 

̇  𝑐 = 

ℎ̇ 

ℎ 
= 

𝑑 ℎ ∕ 𝑑 𝑡 
ℎ 

(9) 

here h represents the accumulative indentation depth and t is the hold-
ng time. 

As shown in Fig. 8 (a), the creep displacement of SAC305 solder sam-
le is much greater and the effect of strain rate is more significant. This
henomenon agrees well with the indentation findings by Xiao et al.
23] for SAC305 solder. On the other hand, the creep displacement of
intered AgNP and ECA remains at a similar level despite of the applied
train rate. Based on the creep displacement-holding time relationships
n Fig. 8 (b), the creep strain rate decays exponentially with the increase
f holding time. Nevertheless, the strain rate effect on the creep strain
ate is more pronounced at the beginning of holding stage. That is, the
ifference due to the applied strain rate is 0.011 s − 1 for AgNP, 0.021 s − 1 

or ECA and 0.028 s − 1 for SAC305, respectively. Subsequently, the dif-
erence of creep strain rate is negligible after a sufficient holding time,
hich can be found in the inset of Fig. 8 (b). Although there are slight
uctuations, the creep strain rate is stabilized at 0.0011 s − 1 for both
gNP and ECA, and 0.0026 s − 1 for SAC305, respectively. It should be
oted that compared with the holding stage of 10 s, which has been used
o investigate the creep behavior of SAC305 solder [26] , the creep rate
ith a longer holding duration as applied in the current study is further

educed as expected. 
Numerical regressions were performed by using the linear function

n OriginPro 9.0 at the beginning and ending portions of holding stage
n the log-log relationships between creep strain rate and applied stress.
s displayed in Fig. 9 (c), the obtained stress exponents for SAC305 sol-
er under the applied strain rates of 0.1 s − 1 and 0.2 s − 1 are 16.2 and
9.0 at the beginning of holding stage, 12.7 and 13.6 at the end of the
olding stage. The stabilized values of stress exponents after sufficient
ccumulation of creep deformation are indicative of dislocation climb
s the deformation mechanism, which are in good accordance to other
reep behavior investigations of lead-free solders based on the tensile
nd strain-rate-change tests [27] . The experimental and analytical ap-
roaches in the present study are highly reliable to evaluate the nanome-
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Fig. 8. Creep behavior during holding stage. (a) Creep displacement; (b) Creep strain rate. 

Fig. 9. Stress exponent of solder materials subjected to different applied strain rates. (a) Sintered AgNP; (b) Sintered ECA; (c) SAC305. 
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hanical properties of solder materials. Nevertheless, Phani and Oliver
28] found that using a Berkovich indenter, the indentation that induces
 nominal strain of 8% and the indentation creep behavior can only
e compatible with the uniaxial creep tests at a similar strain. There-
ore, the creep properties of solder materials measured by indentation
pproaches should be further investigated to address the compatibility
ith the creep behavior of macroscopic applications at different strain

anges. 
Similarly, the variation of stress exponents for sintered AgNP and

CA are provided in Fig. 9 (b) and (c) for both the beginning and end-
ng portions of the 20 s holding stage. Furthermore, the stabilized stress
xponents are 18.7 and 24.7 for sintered AgNP and 24.3 and 26.1 for
intered ECA under the applied strain rates of 0.1 s − 1 and 0.2 s − 1 , respec-
ively. The stress exponents of sintered AgNP and ECA are greater than
66 
AC305 solder, which means that the creep strain rates of sintered sil-
er materials are more sensitive to the applied stress. More importantly,
ue to the definition of SRS exponent m in Eq. (2) and stress exponent
 in Eq. (5) , a reciprocal relationship seems to be obeyed between m
nd n . However, the reciprocals of stress exponents at the beginning of
he holding stage shown in Fig. 9 are at the same level of those values
n Fig. 7 (b), however, there will be an obviously increasing trend until
he ending of the holding stage. During the holding stage, the accumu-
ated viscous deformation is transformed into larger creep deformation
23] , thus the creep deformation is approaching a stabilized state to be
ore sensitive to the applied stress. In addition, the SRS exponent m

s measured in the loading stage, and the stress exponent n is numeri-
ally fitted in the holding stage. It is hypothesized that the deformation
echanisms of sintered AgNP with a complicated porous microstruc-



X. Long et al. International Journal of Mechanical Sciences 140 (2018) 60–67 

t  

i  

i  

d  

c  

fl  

C  

S

5

 

d  

n  

t  

m  

s  

h  

p  

t  

i  

S  

t  

l  

r  

C  

A  

t  

h  

a

A

 

o  

t  

F  

n  

R

 

 

 

 

 

 

 

 

 

 

 

 

 

[  

 

[  

[  

 

[

[  

[  

 

[  

 

[  

 

[  

 

[  

[  

[  

[  

 

[  

[  

[  

[  

[  

[  

 

[  

 

ure are different at the loading and holding stages, therefore further
nvestigations should be performed. Alternatively, if much longer hold-
ng durations can be achieved to obtain a sufficient steady-state creep
eformation and more importantly, the creep behavior of sintered AgNP
an be satisfactorily described by a power-law relationship between the
ow stress and creep strain rate, a mathematical approach proposed by
hinh and Szommer [29] can be conveniently adopted to evaluate the
RS exponent at the holding stage by numerical regressions. 

. Conclusions 

The strain rate sensitivity of sintered AgNP is investigated by nanoin-
entation experiments with strain-rate jumps adopting the CSM tech-
ique. With the increasing indentation depth of sintered AgNP greater
han 1000 nm, the hardness approaches 0.50–0.60 GPa and the Young’s
odulus is 18.1 GPa and 22.0 GPa at the strain rates of 0.1 s − 1 and 0.2

 

− 1 , respectively. Compared with sintered ECA and SAC305 solder, the
ardness of sintered AgNP is greater and strongly sensitive to the ap-
lied strain rate, while the strain rate effect on Young’s modulus of sin-
ered AgNP is moderate. SRS exponents generally decrease with larger
ndentation depths. Stable values are achieved for sintered AgNP and
AC305 solder because the variation rate of hardness is stabilized at
he indentation depths between 1000 nm and 2000 nm. The observed
inear decreasing of SRS exponent for sintered ECA is attributed to the
educed variation of hardness with the densification of higher porosity.
ompared with the SAC305 solder, the creep displacements of sintered
gNP and ECA are relatively insensitive to the applied strain rates and

he creep strain rates are much lower especially at the beginning of the
olding stage. The stress exponents of AgNP are determined to be 18.7
nd 24.7 at the strain rates of 0.1 s − 1 and 0.2 s − 1 , respectively. 
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