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The indentation size effect (ISE) of creep stress exponent and hardness in homogeneous duplex eutectic
80Au/20Sn was studied by nanoindentation, using constant load/holding (CL) and continuous multi-cycle
(CMC) loading modes, respectively. The stress exponent of each fixed load decreases first and then
increases as the indentation depth increases. The stress exponent for the same strain rate range increases
with the indentation depth increasing. The result of CMC indicates that Nix-Gao’s overestimates the
hardness of 80Au/20Sn for small indentations. A revised model incorporating enlarged effective plastic
zone and the maximum geometrically necessary dislocation density was achieved to describe the
relationship between hardness and indentation depth.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Due to its excellent high temperature shear strength, high
electrical and thermal conductivity, superior resistance to corro-
sion and free flux soldering, eutectic 80Au/20Sn are widely used
in high-power optoelectronics and hermetic sealing applications
[1-3]. However, at room temperature (T=298 K), 80Au/20Sn has
high homologous temperature (T/T,, > 0.5), at which creep defor-
mation becomes critical for connection reliability. On the other
hand, the dimensions of electronic devices are approaching to
nano-scale to obtain high packing density. It is important to gain
an insight into the micro/nano-mechanical properties, such as
stress exponent (n), hardness (H) and young’'s modulus (E), of
solder alloys to design reliable devices. Recently, nanoindentation
has been widely used to study micro/nano-mechanical behaviors
of Sn-based solder alloys, such as Sn-Bi [4,5] and Sn-Ag-Cu [6,7].
But limited attention has been paid to the micro/nano-mechanic
behaviors of AuSn solder [8]. On the other hand, extensive studies
have shown that H significantly decreases with increasing inden-
tation depth, i.e., the ISE of hardness. Yet, few reports have been
published concerning the possibility of ISE of indentation creep
stress exponent, which is closed related to the creep mechanism.

The ISE of hardness was commonly explained by Nix-Gao's
geometrically necessary dislocation (GNDs) model [9]. However,
many researchers, such as Swadener et al. [10] and Feng et al. [11],
have reported overestimations of hardness for small indentation
by Nix-Gao’s model. They explained the overestimations as
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follows: due to strong repulsive force, GNDs would spread out
beyond the hemisphere underneath the indenter; therefore the
model overestimates the GNDs density (p¢), underestimates the
plastic zone and the hardness. Although Feng et al. [11] and Huang
et al. [12] have modified the Nix-Gao’s model taking the effect of
spread-out plastic zone and the overestimated p¢ into considera-
tion, respectively, no researchers have quantitatively analyzed
those two specified factors at the same time.

In this study, we investigate the ISE of both creep stress
exponent and hardness of homogeneous duplex eutectic 80Au/
20Sn solder alloy and propose a new model to quantify the ISE of
hardness. And the revised model fits well with experimental data.

2. Experimental

Eutectic 80Au/20Sn samples were prepared from high-purity
tin (99.99%) and gold (99.99%) via a vacuum melting furnace. To
obtain homogeneous structure and eliminate effect of solidified
residual stress, the samples were annealed at 473 K for 5 h. Emery
paper and fine alumina powder were used to polish the as-cast
and annealed samples with mirror-like surfaces to meet the
requirements for nanoindentation. Microstructure characteriza-
tions of both the as-cast and homogenized samples were carried
out on a FEI Nova Nano230 scanning electron microscopy (SEM).
The phases presented in the solder were characterized using
Energy Dispersive Spectroscopy (EDS) and X-ray diffractometer
(XRD). Nanoindentations were conducted on an Ultra Nanoinden-
tation tester using Berkovich indenter (tip radius R~ 100 nm)
calibrated by fused silica. Room temperature indentation creep
tests were performed at the same loading rate 4 mN/s with peak
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loads ranging from 150 mN to 400 mN. After the peak load was
reached, the indenter was held for 400s to determine creep
response, during which the indentation depth-dwell time (D-T)
curves could be formulated as [13]
h=yo+Are ¥ 4 Aye =" y Aze =¥/t (1)

Based on the nanoindentation data, the effective indentation
strain rate and stress could be calculated from [14]

. 1 dh;

Ein _E‘ X ra (2)
P

Oin =/T (3)
C

where h; is the instantaneous indentation depth and A is the
contact area, given by [15]

Ac = 24.56(h; +0.06R)? 4)

The creep stress exponent (n) equals to the slope of the double
logarithm plot of &gversus ¢;, under isothermal condition. Every
value of n for each peak load was averaged by at least three
independent indentations.

CMC test was carried out with 55 different peak loads ranging
from 50 mN to 600 mN with the same loading and unloading time
of 20 s. The hardness and young’s modulus was determined using
the Oliver and Pharr’s method [16].

3. Results and discussion

Fig. 1(a) shows the back-scattered electron (BSE) image of as-
cast eutectic 80Au/20Sn. It is evident that the microstructure of as-
cast 80Au/20Sn was composed of two different lamellar-like
phases. XRD pattern combined with the atom proportion revealed
by EDX indicates that 80Au/20Sn solder was composed of d-phase
(AuSn, the dark constituent) and {’-phase (Au5Sn, the bright
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constituent). The distribution of {’-phase and &-phase was fairly
uniform after annealing. However, no AuSn2 and AuSn4 have been
detected in the present study, which may well be attributed to fast
mutual diffusion in Au-Sn system [17,18].

Fig. 2(a) shows D-T curves under each peak load during
nanoindentation creep. The change of indentation depth at the
peak load is defined as the creep displacement, which is seen to
rapidly increase at the initial stage and then slow down during the
remaining of the holding period. A typical fitting result by Eq. (1) is
shown in Fig. 2(b). The strain rate reduces to almost a constant
value after holding for 100 s, indicating that steady-state creep has
been reached. The relationship of In &, vs. In ¢;, under the peak
load 200 mN during steady-state creep is an anti-S type curve and
could be divided into three stable stages, corresponding to
different strain rate ranges, as shown in Fig. 2(c). There is an
apparent ISE on the stress exponents. With the indentation depth
increasing, stress exponent (n= Iné;/Inc;,) decreases from
26.93 to 19.92 and then increases to 41.06 during indentation
creep under the peak load 200 mN. Similar trend was obtained
under other peak loads, as shown in Fig. 2(d) and Table 1. The
stress exponent higher than 10 implies that dislocation motion
(including dislocation glide and climb) is the dominant creep
mechanism [19]. Dislocation passes individual phase and grain
boundary to generate creep deformation. At the initial steady-
state creep, g, is relative high, dislocation passes through the
matrix and grain boundary via gliding in the high stress regime
(HSR) [20]. As the indentation depth increases, g;, decreases and
creep deformation gradually enters into the low stress regime
(LSR) [20], during which dislocation is unable to overcome the
impediment of grain boundary due to its high strength at room
temperature. Therefore, those dislocations will be pinned or
arrested at the grain boundary [21]. Then dislocation motion shifts
into climbing to pass through the boundary to continue creep
deformation and the stress exponent becomes lower than that
of HSR.
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Fig. 1. BSEM of eutectic 80Au/20Sn: (a) as-cast; (b) annealed; (c) EDX analysis and (d) XRD pattern of as-cast 80Au/20Sn.
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Fig. 2. (a) D-T curves under different peak loads; (b) fitting result and the strain rate under peak load 200 mN; and strain rate versus stress curves for: (¢) 200 mN; (d) a

comparison of different peak loads; (e) SEM of indentation imprint under 200 mN.

Table 1
Stress exponents and the corresponding indentation depth under different
peak loads.

Peak load (mN) 2.0x10~4(s™1) 1.0x107%(s™ 1) 05x107%(s™ 1)

h (nm) n h (nm) n h (nm) n
150 2040.09 19.76 209266 1330 >2118.71 19.05
200 237813 2693 241930 19.92 244711 41.06
300 2888.09 27.28 293523 22.80 2965.24 4541
400 345141 28.65 349890 24.72 3534.80 48.69

As the indentation depth continues to increase, more disloca-
tions are nucleated but the annihilation rate is low due to the low
atom thermal motion rate at room temperature. As a result, the
residual dislocations interact with each other or accumulate at the
grain boundary, resulting in significant hardening effect. Thus,
80Au/20Sn alloy gains more resistance to creep and the value of
stress exponent becomes higher although a;, continues to

decrease. It is also observed from Table 1 that the stress exponent
for the same strain rate range increases with the indentation
depth. This apparent size effect on stress exponent may also be
ascribed to the hardening effect, whose level is proportional to the
indentation depth.

Fig. 2(e) presents the SEM of typical indentation morphology of
80Au/20Sn after indentation creep tests. There are obvious wave-
like pile-up bands around the regular triangle indentation
imprints. It is believed that the indentation deformation is
accomplished by the bulk deformation inside both AuSn and
Au5Sn, during which the harder individual phases push the
peripheral soft phases out and upward forming the wave-
like bands.

Fig. 3 shows the result of CMC test. It can be seen that E
decreases with the indentation depth until a constant value of
71.2 Gpa is reached at 3500 nm. While H decreases with the
indentation depth continuously, indicating obvious ISE. Fig. 3
(c) shows the plot of H? versus 1/h, suggesting a linear relation
for h larger than 1500 nm, as predicated by Nix-Gao’s model.
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Fig. 3. (a) Load-depth curve of CMC; (b) variation of E and H with indentation
depth; (c) H>-1/h curve.

However, the model overestimates H for smaller h. The factors for
the overestimation lie in the basic assumptions of the model:
(1) the indenter is a perfect “sharp”, pyramid indenter; (2) all the
GNDs are stored in a hemisphere with a radius equals to the
contact radius. Besides, the model does not take into account of
grain boundary effects, which is of great importance for poly-
crystalline materials since many grain boundaries are involved in
the dislocation motion. In the present study, we have modified the
contact area by Eq. (4) to exclude the influence of indenter tip
radius. Thus, the overestimation may well be explained by the

overestimated p; and the enlarged plastic zone. Therefore, it is
reasonable to introduce a maximum allowable pZ®* and effective
storage radius, or, rather than the contact radius, r, for GNDs. We
simplify Feng's analysis [11] and take § =1+e~ %", where a is a
fitting parameter. Based on Huang’'s model [12], we have

1 h < hnano
max 3
Pe=Pc %(%7@%) h > hnano )
where hpgno = (tan? 6/bp) is the characteristic depth for
nanoindentation and is much smaller than the micron character-
istic depth hpicro. In the present study, the dimension of indenta-
tion depth is on the order of microns. For h > h,4,,, based on the
Nix-Gao’s method, we obtain

H\? 1 (hmicro h2. A
<H70> = ] +§ <ml;cm _naig)h;’nw"o) h > hnano (6)

Fig. 3(c) shows that Eq. (6) fits well with the experimental data.
Ho, hmicro and hpgn, of homogeneous duplex 80Au/20Sn are
determined to be 1.28 Gpa, 2.38 pm and 408.70 nm, respectively.
However, in the present study, the nanoindentation characteristic
depth hy,q,, may have little significance since the dimensions of
both phases in 80Au/20Sn are quiet large.

4. Conclusion

Both the stress exponent and the hardness of homogeneous
duplex 80Au/20Sn exhibit an apparent ISE. As the indentation
depth increases, the stress exponent decreases due to the decrease
of indentation stress inducing dislocation glide shifts to climb and
then increases because of hardening effect. The overestimation of
hardness for small indentation by Nix-Gao’s model could well be
attributed to the enlarged plastic zone and the maximum GNDs
density. The relationship of hardness and indentation depth agrees
reasonable well with the revised model. The depth independent
hardness and the micron-indentaiton characteristic depth of
homogeneous duplex 80Au/20Sn were calculated to be 1.28 Gpa
and 2.38 pm, respectively.
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