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1 Introduction

Sn-based lead-free solders have been widely used as
the replacements of SnPb solders in the manufactur-
ing of modern green electronics to provide thermal,
electrical and mechanical interconnections [1]. The
matrix of most lead-free solders is BSn (> 90 wt%)
with a structure of body-centered tetragonal (BCT,
a=>b=0583 nm and ¢ = 0.318 nm) [2], which exhi-
bits a high anisotropy in thermal expansion coeffi-
cient [3], elastic modulus [4], atomic diffusion [5], and
creep resistance [6]. On the other hand, small-scale
lead-free solder joints commonly exhibit morphology
of up to a few Sn grains even one Sn grain inside the
solder bulk [7, 8]. Therefore, it has been a central
topic to reveal the anisotropy of Sn in thermal, elec-
tromigration, and creep properties of solder joints at
high temperature over these years [5, 6, 9-11].
Recently, deep-space exploration (Mars: 133 K,
Moon: 93 K) [12, 13], bioelectronics (77 K or lower)
[14], and other extremely cryogenic conditions [15]
have driven a demand for electronic devices to reli-
ably work at cryogenic temperatures. This demand
has attracted much attention to the cryogenic
mechanical stability of Sn-based solders and solder
joints. Sn matrix, as the primary stress absorption in
solder joints [16], will experience a transition in
response to thermally or mechanically induced stress
from creep [11, 17] to strain hardening [12] with
declining temperature. Extensive work has focused
on the anisotropic creep behaviors of BCT Sn at high
temperatures [6, 11, 17], which is found to be domi-
nated by diffusion-assisted recovery of dislocation
such as climb and cross-slip [11]. However, the ani-
sotropy in strain-hardening behaviors that are con-
trolled by dislocation slip and deformation twinning
at cryogenic temperatures [12] remains unclear yet.
On the other hand, it is not facile to fabricate single-
crystal Sn solder or solder joint specimens [18] for
investigating the anisotropy in cryogenic hardening.
But this dilemma can be addressed through
micro-/nano-indentation tests that are carried out
within individual grains of a polycrystalline speci-
men [19-21], rendering such tests equivalent to
measuring the properties of a single crystal [6]. In
addition to directly measured hardness and elastic
modulus from indentation tests [22], pile-up or sink-
in pattern appearing around imprints is also note-
worthy. Displacement of indented materials from the
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indentation itself leads to pile-up or sink-in pattern
[23], which reflects strain-hardening characteristics of
indented materials [23-25]. Unfortunately, little
attention has been devoted to the suggested strain-
hardening information underlying these surface
deformation patterns.

In this paper, we built a Vickers micro-indentation
system that could perform indentation tests at the
liquid nitrogen temperature (LNT, ~ 77 K) and room
temperature (RT, ~ 293 K). By virtue of the highly
accessible measuring system combined with electron
backscattered diffraction (EBSD) and laser confocal
microscope (LCM) characterizations, we investigated
the hardness and pile-up/sink-in pattern around
Vickers impressions on different indented grains and
then revealed the dependence of indented direction
on strain-hardening behaviors at LNT and RT as a
comparison.

2 Experiments

Considering the difficulty to carry out the nano-in-
dentation test at LNT because of the effect of thermal
drift, the indentation experiments at LNT used a
more cost-effective and accessible Vickers indenta-
tion system, which was equipped with a custom-built
cooling trough to hold liquid nitrogen (LN2) (Fig. 1a)
[26]. As a comparison, the same indentation tests
were also carried out at RT. Considering the hard-
ening effect of Sn at cryogenic temperatures, the
LNT-indentation peak load within individual Sn
grain was set to 0.98 N (100 gf), larger than the peak
load at RT (0.245 N, 25 gf). The dwell time at the peak
load in all experiments was 10 s. The dwell time was
much shorter than the period of conventional
indentation creep tests at RT (1800 s or longer) [6].
Therefore, the Vickers micro-indentation tests per-
formed here corresponded to initial inelastic defor-
mation stage at RT instead of creep.

A square grid of Vickers indents with a nominal
spacing of 150 pm was made on the as-annealed Sn
plates with grain size in the sub-mm range (Fig. 1b-
). For LNT-indentations, Sn specimens were firstly
put inside the trough and then submerged by the
poured liquid nitrogen for 30 min to ensure that
indents were performed at LNT [26]. Before inden-
tation experiments, Sn plates were polished to
observe the surface morphology changes induced by
Vickers indentation.
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Fig. 1 a Set-up of micro-
Vickers indentation

experiments performed at LNT (a)
and RT with EBSD ND-IPF of

Sn specimens used.
Polarization microscope
images of the rectangle grid of
Vickers indents made at RT
(b) and LNT (c)
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After indentation experiments, all indents were
scanned with LCM (OLS5000, Olympus) to record
their surface topographical features. The morphology
of indents was examined by a scanning electron
microscope (SEM, JXA-8230, JEOL) to investigate the
indentation-induced surface morphology changes.
Afterwards, we selected those indents located inside
single Sn grain to carry out further analysis. The
crystallographic orientations of grain under those
chosen indents were identified as Euler angle (¢4, @,
¢») using the EBSD technique (EDAX OIM 6.0) in a
SEM (Quanta 200 FEG, FEI). The ® angle represents
declination angle between normal direction (ND) of
the sample stage and c axis of the indented BCT Sn
grain [27]. Herein, the indented direction (perpen-
dicular to sample surface) was set to parallel to ND of

the sample stage. Figure 1 displays ND-inverse pole
figure (ND-IPF) of as-annealed Sn specimens.

3 Results and discussion

3.1 Dependence of Vickers hardness
on indented direction

Figure 2 illustrates RT- and LNT- Vickers hardness
when the indenter was penetrated into the Sn grain at
different declination angles (&) with its c axis. The RT
hardness results shown in Fig. 2a demonstrate a
dependence on the indented crystallographic direc-
tion. The Sn grains with a declination angle close to 0°
have the lowest hardness of ~ 6 MPa. As the

@ Springer



325 Page 4 of 12

] Mater Sci: Mater Electron (2023) 34:325
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indented direction gradually deviates from c axis, the
RT hardness of BSn grain exhibits a slight increase.
The hardness of indented grains with a deviation
angle close to 90° reaches ~ 9 MPa. On the other
hand, the LNT hardness of BSn grains increases
considerably compared to the RT results, as revealed
in Fig. 1b. For example, there is a nearly six times
enhancement when the indenter was both pressed
along c axis at RT and LNT. The LNT hardness
results exhibit a similar but stronger indented direc-
tion dependence. The grains also have the lowest
LNT hardness of ~ 45 MPa when the indenter enters
along the ¢ axis, while the hardness value exhibits a
huge increase with the deviation of indentation axis.
The LNT hardness of BSn grains already increases to
~ 85 MPa at a ¢ angle of ~ 66°. Due to the cryo-
genic hardening of Sn, the LNT hardness values are
much larger than their RT counterparts. Moreover,
the hardness anisotropy depending on the declina-
tion angle between indented crystallographic direc-
tion and c axis becomes stronger with the declining
temperature.

3.2 Indented direction dependence
of impression morphology

It is generally known that the determination of
hardness depends on the value of the contact area
between the indenter and the specimen [26]. In
Sect. 3.1, the area (A) is obtained from the average
length of diagonals (d) according to Eq. (1)
N2
(%)

A= (1)

1n %
Sll’l2
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where o is the angle between two opposite faces of
the diamond Vickers indenter (136°). However, the
Eq. 1 ignores the influence of surface deformation
around Vickers imprints including pile-up and sink-
in [22, 28]. Figure 3a reveals that the true contact area
(solid lines) between the indenter and the specimen
appears to be smaller than the calculated area
(dashed lines) from diagonal length when sink-in
predominates, while it becomes larger than the latter
in the event of pile-up [23-25]. It is found that not
taking the surface deformation pattern into account
will introduce significant errors of up to 60% in the
contact area [25], meaning that the Vickers hardness
displayed in Sect. 3.1 can only be referred to as a

Pile-up

(a) Sink-in

(b) Sink-in Pile-up
B
Free surface ———ttim == e cecehccccacao oy el
b SeA
- he he
\
Fig. 3 a Schematic illustrations of sink-in and pile-up

morphology around the true contact periphery of a Vickers
indentation indicated by solid lines while dashed lines represent
the nominal contact periphery determined by diagonals of
indentation, b Height profile along mid-sides of the impression
(red dotted line in (a))
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nominal hardness. In order to reveal a more accurate
anisotropy in hardening behavior for BCT Sn, hence,
we compare the surface topographical features
around the indentations with a different ¢ angle
between indenter and c axis and quantitatively
characterize the surface deformation patterns of pile-
up or sink-in.

Figures 4 and 5 display SEM and 3D LCM topo-
graphical morphology with height profiles of RT- and
LNT- indents at different @ angles, respectively. At
RT, the imprint on the grain with ¢ = 13° displays
the development of pile-up with obvious bulges at
the imprint sides. However, a sink-in pattern denoted
by a pincushion shape occurs on the grain with a ®
angle of 80°. At LNT (Fig. 5), the SEM morphology
and LCM height profiles of indented grain with
@ = 9° show that sink-in occurs near the impression
followed by pile-up; while the impression on the
grain with a @ angle of 46° displays an obvious sink-
in pattern without the following pile-up. Hence, it is
evident that both the shape of Vickers indents and
surrounding surface deformation patterns also

SEM

LCM

0

L .|
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depend on the deviation angle of indenter from
c axis. Moreover, it is noteworthy that there were not
any brittle cracks seen around the Vickers indenta-
tions at LNT, which is different from the brittle
fracture occurring during LNT wuniaxial tensile
experiments of Sn [12]. The embrittlement difference
should be attributed to the different stress state for
Vickers indentation and uniaxial tensile experiments.
According to strength theory of metallic materials
[29], the tendency towards brittle fracture under
certain stress state could be determined by the stress
softening coefficient . The o is defined as the ratio
between maximum shear stress (7,,,) and maximum
homogeneous stress (Smax), i-e., Equation (2).

Tmax

OC:S

max
— 01—03
'Emax - 2

Smax = 01 — V(02 + 03) (2)

in which ¢y, 65, 03 are the principle stress applied on
Sn specimens under loading and v is the Poisson’s
ratio. Accordingly, when the value of o is higher than
1, it is easy for the Sn specimens to carry a large
plastic deformation, and the higher the value of «
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Fig. 4 SEM morphology and LCM topography maps of RT-indents within two individual Sn grains performed at different @ angles with

height profiles along the mid-sides of the impressions
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Fig. 5 SEM morphology and LCM topography maps of LNT-indents within two individual Sn grains performed at different @ angles with

height profiles along the mid-sides of the impressions

appears, the easier the occurrence of plastic defor-
mation is. On the other hand, when « is lower than 1,
the tendency to brittle fracture becomes increased,
and the smaller the « is, the easier the occurrence of
brittle fracture is. For uniaxial tensile experiments
(uniaxial tension stress), the o is 0.5; while it increases
to 4 for the Vickers indentation experiments (triaxial
unequal compression stress). Hence, although both
the uniaxial tensile experiments and the Vickers
indentation were carried out at LNT, brittle fracture
occurred under the former loading state while brittle
cracks were not present around the Vickers indents.

In order to quantitatively characterize this orien-
tation dependence, we calculate the degree of surface
deformation (Agg) around the Vickers impression,
which is defined as h.-Mpax/Hmax[25]. As shown in
Fig. 3b, the values of hy,x and h. are acquired from
the height profiles along mid-sides of the indentation
upon complete unloading. hp.x denotes the maxi-
mum penetration depth underneath the free surface,
and &, sets the location of the true contact perimeter
[25, 30]. In this paper, h. is determined to be the
vertical distance from the bottom center of imprint to

@ Springer

a deflection point (e.g., Points A and B in Fig. 3b, M
and N in Fig. 4, as well as P and Q in Fig. 5) [30],
where the curvature of profile trace changes abruptly.
It means that these points can be obtained by calcu-
lating the slope of mid-line height profiles with the
line distance, as shown in Fig. S1. Thus, Ay >0,
indicates pile-up, whereas Ay <0 corresponds to
sink-in. Moreover, the higher the positive Ayq is, the
larger the degree of pile-up appears, while a lower
negative Agq corresponds to a severer sink-in pattern
around the imprint. As shown in Figs. 4 and 5, there
is a value of Ay for each side of the Vickers

. . —i, .

impression and the average value (Ay) is deter-
mined as the measure of surface deformation around
the i™ indentation in one indented Sn grain.

Accordingly, the average value of A_sdl (i > 3) in one
indented Sn grain (Ay) could be referred to as the
given surface deformation degree when one Vickers
indentation is produced under the same load and
temperature on the grain.

Figure 6 demonstrates computed results of Ay for
RT- (Fig. 6a) and LNT- (Fig. 6b) indented Sn grains at
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different declination angles with c axis. At RT, when
the indented direction is closely parallel to c axis of
BCT Sn grain (@ close to 0°), the largest pile-up occurs
around the indentation. As the indented crystallo-
graphic direction gradually deviates from c axis, the
pile-up degree gradually decreases and a sink-in
pattern therefore appears around the indentation. On
the other hand, the LNT-indentations exhibit a sur-
face deformation pattern of sink-in. With the increase
of declination angle between the indented crystallo-
graphic direction and c axis, the extent of sink-in
pattern increases significantly, as revealed in Fig. 6b.

Additionally, it is well known that surface defor-
mation patterns occurring around one indentation
are strongly dependent on the strain-hardening
potential of the indented material [23]. As illustrated
in Fig. 7a, as the Vickers indenter is penetrated into
one Sn grain with a high strain-hardening potential,
the early contact region of the indented grain with the
indenter becomes strain hardened so that it is diffi-
cult to produce further displacement in this region.
With downward penetration of the indenter, the Sn
grain needs to displace laterally to accommodate the
increasing diameter of indenter. Compared to the
strain-hardened region (red region), it is easier to
displace the adjacent region which lies deeper below
the indenter. Consequently, the deeper Sn flows out
laterally. Once this region also strain hardens, further
lateral displacement will occur at a still greater depth.
As a result, the material around the indentation is left
at a lower level than the material farther away from
the indenter, producing a sink-in pattern. By contrast,
when one Sn grain with a low strain-hardening
potential is displaced by penetration of the Vickers
indenter (Fig. 7b), the early displaced region does not
produce such obvious strain hardening that both the
upper and the deeper materials move laterally with

Fig. 6 Relationship of the 0.1

Page 7 of 12 325

descending of the indenter. Thus, the material
around the edge of the indentation is raised above the
free surface and a pile-up pattern appears. In one
word, sink-in and pile-up occur in the indented Sn
grain showing high and low strain-hardening
potential, respectively. Combined with the orienta-
tion dependence of pile-up/sink-in extent around the
indentation revealed in Fig. 6, it can be concluded
that Sn grain appears softest when the Vickers
indenter is penetrated along the c¢ axis while it
becomes harder with the deviation of indenter from
¢ axis. This suggested orientation-dependent hard-
ening information underlying the pile-up/sink-in
pattern around indentations is consistent with the
hardness anisotropy of Sn grain revealed in Fig. 2.
Hence, both the hardness measurement without
considering surface deformation around imprints
(Fig. 2) and the quantitative characterization of sur-
face deformation patterns (Fig. 6) suggest that Sn
exhibits hardening behavior with the deviation of
indented direction from ¢ axis at LNT and RT.

3.3 Analysis of dislocation slip activated
under the indentation load

It is generally known that BCT Sn has a high aniso-
tropy in mechanical properties at both high and
cryogenic temperatures. As displayed in Figs. 2 and
6, Sn appears hardening when the indented direction
of Vickers indenter deviates from c axis and this
hardening phenomenon becomes more prominent at
LNT. The orientation-dependent hardening can be
qualitatively correlated with the resolved shear
stresses for dislocations on slip systems estimated
from Schmid’s law for uniaxial compression [19, 31].
Furthermore, when dislocations glide out of the free
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Fig. 7 Schematic illustrations

Indenter

showing the dependence of
strain hardening on the
indentation morphology

Sink-in

surface, deformation ledges will be left on the surface
plane. These ledges will appear along the line direc-
tion which corresponds to the intersection of the
dislocation slip plane and the surface plane [4, 32].
Therefore, the activated slip plane can be determined
through matching these surface ledges in SEM with
plane traces of the common slip planes in BCT Sn
according to the “trace analysis” in EBSD analysis
software (OIM 8.6).

As shown in Figs. 8 and 9, the surface deformation
ledges occurring around the representative RT-
(Fig. 4) and LNT-indentations (Fig. 5) on the initially
polished surface correspond exactly to the (100)
plane. Moreover, since Peierls-Nabarro stress (tp_n)
has an inverse exponential relationship with the
interplanar distance (d) of slip plane (Eq. 3) [33, 34],

SEM

(100) Slip fine . =13

(100) Slip line

K

110

001 100

Fig. 8 SEM characterization of deformation ledges appearing
around the RT-indents shown in Fig. 4 and corresponding EBSD
(100) plane trace analysis determine the activation of (100) slip
system under the RT indentation load
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Fig. 9 SEM characterization of deformation ledges appearing
around the LNT-indents shown in Fig. 5 and corresponding EBSD
(100) plane trace analysis determine the activation of (100) slip
system under the LNT-indentation load

o= 2 exp [_ %] 3)

dislocation slip on {100} planes, which are the clos-
est-packed planes in BCT Sn with the maximum
interplanar distance (d = 0.5831 nm), would be easi-
est to be activated. Hence, the primarily activated slip
plane can be determined to be {100} plane under the
indentation load. With respect to slip direction on the
{100} slip plane, there are [001], < 010 > and

< 011 > crystallographic directions for BCT Sn
[35, 36]. According to Eq. 3, the smaller the atomic
distance in the slip direction (b) is, the smaller the
7p_n in the slip direction would be. On comparing
the atomic distance (b) in the three directions, it is
found that the value of b in [001] direction is the
lowest (0.3182 nm), while the wvalue of b in

<010 >and < 011 > direction is 0.5831 and
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Fig. 10 Maximum Schmid 0.5 = 0.5 TR
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Fig. 11 Maximum Schmid factor (m) for {301} deformation
twinning at different declination angles of LNT Vickers indenter
with ¢ axis of Sn grains

0.6643 nm, respectively. Hence, the tp_n in [001]
direction on {100} slip plane should be the lowest. In
other words, the ease of continuous activation of
{100}[001] slip systems, which is determined by the
resolved shear stress, should play an important role
in the orientation-dependent hardening behavior
occurring in BCT Sn at LNT and RT.

According to the Schmid’s law, the resolved shear
stress on {100}[001] slip systems is proportional to the
Schmid factor (m) [31]. Figure 10 reveals the depen-
dence of m value on the declination angle between
indented direction and c axis at RT and LNT. It can be
found that the grains have the largest value of
m (~ 0.5) for {100}[001] slip systems when @ angle is
close to 0° while the value of m decreases with
deviation of the indented direction from ¢ axis. The
reduction in m with the deviation indicates that the
corresponding resolved shear stress also decreases;
the activation of dislocation slip on {100}[001] there-
fore becomes more difficult. As a result, Sn grain
becomes harder when the Vickers indenter is pene-
trated at a larger @ angle with the c axis.

dislocations [12] and thus produce a significant
hardening effect in the part of indented grain that is
displaced early. Consequently, it becomes difficult to
displace this harden part while easier to displace the
adjacent materials that lies deeper below the harden
part when the Vickers indenter is penetrated contin-
uously. Eventually, all the LNT-indents are pin-
cushion-shaped and demonstrate a sink-in pattern, as
shown in Fig. 5 and Fig. S2. More importantly, the
ease of activation of {301}<10 — 3 > twinning sys-
tems also depends on the resolved shear stress
(Schmid factor, m) according to Schmid’s law [37, 38].
Figure 11 reveals the relationship between the maxi-
mum m for four {301}<10 — 3 > twinning systems in
BCT Sn and the indenter-c axis angle at LNT. Simi-
larly, the value of Schmid factor (i) for {301} defor-
mation twinning also decreases when the LNT
indented direction deviates from c axis, indicating the
reduction of corresponding resolved shear stress for
deformation twinning. The activation of {301} defor-
mation twinning therefore becomes more difficult
with deviation of indented crystallographic direction
from ¢ axis of BCT Sn. Thus, there exist a more con-
siderable difference in the Vickers hardness and
surface deformation degree around imprints when
the Vickers indenter is penetrated at a larger decli-
nation angle with the c axis at LNT.
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4 Conclusion

In this paper, systematic micro-Vickers indentation
tests at RT and LNT, together with characterization
about indentation-induced surface morphology
changes using LCM and SEM, were carried out
within various individual Sn grains with different
crystallographic orientations. The following central
conclusions can be drawn:

1. BCT Sn becomes harder, indicated by a higher
hardness value and a sink-in indentation mor-
phology, when the indented -crystallographic
direction deviates from its c axis.

2. The activated slip system in BCT Sn grains is
determined to be {100}[001] under the Vickers
indentation load at LNT and RT. Apart from
dislocation slip, {301} deformation twinning is
also activated in BCT Sn under the loading of
Vickers indenter at LNT.

3. Based upon the dependence of Schmid factor
(m) for {100}[001] slip systems on the indenter-
c axis angle, such hardening behavior of BCT Sn
can be attributed to the reduction of resolved
shear stress on the slip system with this devia-
tion. Additionally, due to the decreasing Schmid
factor (m) for {301}<10 — 3 > twinning system
with this deviation and the impeding effect of
{301} deformation twins on dislocation glide, BCT
Sn exhibits stronger grain orientation hardening
behavior at LNT and becomes harder compared
with the RT counterparts.
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