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Deformation Mechanisms of Zinc Single Crystal
Investigated with Spherical Nanoindentation Test

STANISEAW KUCHARSKI, VIET NGHIA DOAN, and MICHAL MAJ

Pure Zinc single crystal was examined with instrumented spherical indentation on the
basal-oriented surface with different tips’ radii. Atomic force microscopy (AFM) and electron
backscatter diffraction (EBSD) were used to investigate the topography and orientation changes
within the imprint and the surrounding surface. Noticeable pop-ins were reproducible in the
majority of tests. Contrary to the literature reports on zinc, plastic deformation was observed
prior to the first pop-in, resulting in a hysteresis between loading and unloading curves.
Therefore, pop-ins were associated not with the onset of plastic deformation but with slip
deformation and contraction twinning because the twins were found inside and outside the
imprint after pop-in event. Numerous cells with different orientations resulting from slip and
twinning were revealed by EBSD analysis of the residual impressions. The external twins
manifested as sink-in patterns. To illustrate the experimental observations, schemes for the
evolution of the complex pile-up/sink-in pattern in terms of the parameters of the pop-in event
and the increase of the load after the pop-in event have been proposed. Some novel aspects of
Zinc nanoindentation were observed including pop-in bursts occurred during unloading process
and detwinning properties after indentation. Finally, the difference between indentation results
corresponding to two different tips, including the inverse size effect in the indentation phase
prior to the pop-in event, was briefly discussed.
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I. INTRODUCTION

ZINC and Magnesium are the metals that have a
hexagonal close packed structure (HCP) and both were
used to investigate this crystal structure. The mechanical
testing of zinc can be divided into two groups: the first
involves applying a nominally uniaxial stress state (such
as uniaxial tension'! and compression®#), and the
second involves performing indentation tests. In the first
group, the fundamental mechanical properties (sequence
of slip or twin systems activation, critical resolved shear
stress) can be identified, while in the second group, the
multiaxial stress state occurs and more advanced defor-
mation mechanisms can be studied.

Interest in the research and development of macro-
and nanoscale’® ” testing of zinc has grown 51gn1ﬁcantly
in the last few decades, thanks to advancements in
characterization technology. For soft materials such as
zinc, instrumented indentation techniques have increas-
ingly been applied for examinations at small scales.
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However, to the best of the authors’ knowledge, only a
handful of studies have contributed to the data on
nanoindentation of pure Zinc. The majority of studies of
zinc has been done in quasi-single crystal (in center of
very large grains, far from grain boundary).

Much effort was dedicated to examining properties
and deformation properties of zinc when indented in
different crystal orientations. Creepmg behavior of zinc
in nanoindentation was investigated in.l'®'" Zinc elastic
modulus was experimentally calculated in!'®!'>!3! for
basal, prismatic, and pyramldal oriented grains. The
nanoindentation tests in Zinc grains having d1ﬁ“erent
orientations were carried out by Nguyen ez al.,!'* usmg
a sphero-conical tip (radius 1 um), for the maximum
depth and load of 250 nm and 1 mN, respectively. The
tests were simulated using crystal plasticity model. It
was assumed that basal, prismatic, 2nd-order pyramidal
slip and compression twin systems were active in the
test. This approach was applied to study the effect of
cold rolling on nanoindentation response of Zinc.'¥ It
was concluded that the resolved shear stress increases
with reduction of thickness in cold rolling process.

The deformation mechanism of zinc was more
explored by Sarvesha er al. in!"! using spherical inden-
tations, along with AFM and EBSD analysis of residual
impressions. The tip used had the radius R = 10 um
and the load of 100 mN was applied, which corresponds
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to /R = 0.3 to 0.4. For indentation in (0001) direction,
a pile-up with quasi regular hexagonal shape was
observed, while for other indentation directions (pyra-
midal, prismatic), the pile-up and sink-in in a form of
characteristic cross-sectional valley was generated. At
the bottom of imprints, fragmentations of grain and
generation of sub-grains were noticed in the orientations
away from basal. Indentation in the basal plane was
associated with the stiffest P—h curves and the lowest
pile-up resulting from second-order pyramidal slip
which exhibit high strain hardening. The basal slip was
also activated; however, unlike other indentation on
non-basal planes, the presence of twins was not
observed. The deformation modes were discussed for
indentation on pyramidal and prismatic planes.

Compared to Magnesium, Zn shows a strong aniso-
tropy in its elastic and plastic properties and demon-
strates different deformation mechanisms due to its
higher (c/a) ratio of 1.856.'" Therefore, the response of
Magnesium in mechanical tests is different than that of
Zinc; however, a brief overview of articles on Mg
highlights some areas of interest in the mechanical
testing of HCP metals. In many papers, indentation was
used to identify critical resolved shear stress (CRSS) for
different slip or twinning systems in Mg. To this end, the
indentation stress—strain curves were extracted from
load—displacement data.'”! From the Yield stress (onset
of plasticity), which is visible on P-/ curves, the CRSS
was calculated using Hertz equations and Schmidt
factor. Nayyeri et al. have shown that CRSS identified
from indentation stress—strain curve strongly depends
on tip radius and this is a manifestation of size effect.!'®!
Tips with different radii in the range of 1 to 250 um were
applied The authors associated discontinuities on the
unloading curve with detwinning process, which
de[Pends on tip radius. Similar approach was applied
in" to identify CRSS for basal slip in polycrystalline
magnesium alloys. The same series of tips (radii 1 to
250 um) were applied in indentation tests of Mg alloys
grains with different angles between indentation direc-
tion and c-axis direction (10 deg, 50 deg and 80 deg). It
was observed that for some alloys, smaller tip radii lead
to the activation of slip systems other than those
activated by larger radii, and the relationship between
R'? and indentation CRSS is not linear.

The identification of CRSS using methodology based
on Berkovich indentation of differently oriented grains
combined with crystal plasticity simulation was pro-
posed by Sanchez et al.*® The Mg alloys were examined
using indentation test with 5 um radius spherical tip.l*!
The initial yield point detected on load—displacement
curve corresponded to basal slip, while subsequent
pop-in event was associated with twinning. CRSS
corresponding to slip and twinning was identified. In
numerical simulations with CPFEM,?? the effect of
indentation direction and indenter radius on twin
initiation in magnesium was shown. The CRSS values
were determined from comparison of numerical and
experimental load—displacement curves. The sharp
indentation of different orientations of magnesium
single crystal was analyzed numerically (cono-spherical
tips) and experimentally (cube corner tip) by Somekawa

et al ! Tt was observed that {1012} type twins for both
basal and prismatic indentation directions were formed
independently of temperature, and this type of twin was
promoted by a sharFer indenter tip.

Somekawa er al”* investigated also the incipient
plasticity in magnesium during nanoindentation test
with tip of small radius (0.35 um). For indentation on
the basal plane, a higher pop-in load and larger pop-in
width was observed than for the prismatic plane. This
was due to the activation of pyramidal dislocations
(which required higher energies) during indentation on
the basal plane. On the other hand, in the early stages of
indentation on the prismatic plane, basal dislocation
activity was observed, which required lower energies.

Kitahara er al®® presented numerical and experi-
mental study of microindentation tests (tip radius
500 um), of magnesium single crystal. During indenta-
tion on basal plane, the basal and pyramidal slip systems
were activated, while indentation on (1100) and (1120)
planes yields activation of basal slip and twin systems.
Using simulations with CPFEM, they clarified how
interaction of these two systems influences the topogra-
phy of residual impressions and microstructure gener-
ated beneath the indents.

The indentation test with conical tip (tip radius 1 um,
penetration depth up to 22 um) on single grains of
magnesium having different orientation was conducted
by Zambaldi er al*® Different twin variants were
identified on the samples surface using EBSD, and
analysis of twinning strains and residual impressions
topography (confocal microscopy) was performed. The
twin patterns had mostly reproducible lamellar fashion
and were correlated with indentation direction. From
the comparison of experimental and numerical simula-
tions results (CPFEM), it was concluded that an
improved modeling is required.

During load-controlled nanoindentation experiments,
a phenomenon characterized by a sudden burst of
displacement, or “pop-in,” is often observed. A widely
accepted school of thought regarding the origin of the
pop-in is that it is due to dislocation nucleation in the
highly stressed region below the indenter.”” %! In this
regard, the pop-in will act as a trigger for the onset of
permanent deformation, and prior to this excursion, the
material has totally elastic behavior. Nevertheless, this
aspect of nanoindentation is not well explored or
documented for zinc, as the pop-in event is either absent
or contributes little displacement in experiments, leading
to the inability to further study this phenomenon with
numerical models.

The pop-in events of zinc were examined by Catoor
et al.B” for indentation tests with 3.3 um tip on (0001),
(1012) and (1010) planes. The slip on basal plane was
indicated as the most likely deformation mechanism,
twinning was observed for indentation on the prismatic
plane and not for the basal plane. The highest pop-in
loads were observed for (0001) plane. The cumulative
probability of pop-in events was presented. Tension
twins and lack of compression twins were observed.

In this study, single-crystal zinc was investigated using
nanoindentation with spherical tips of 1.75 and 9.2 um
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radius giving moderate deformation (depth/radius ratio,
h/R = 0.1 to 0.15). We examine pristine material (after
annealing and etching) to show pristine deformation
mechanisms, since even small amounts of cold work can
alter the sequence of slip system activity.”) Due to
careful sample surface preparation, we observed signif-
icant pop-in events in the majority of the nanoindenta-
tion tests, which has rarely been reported in the
literature for Zn. To reveal the deformation mecha-
nisms, we measured the topography of the residual
indentations using AFM and the changes in crystallo-
graphic orientation using EBSD. The pop-in bursts were
registered, categorized, and correlated with a specific
pile-up/sink-in pattern and with the formation of small
crystallographic cells in the residual impressions. Some
aspects of indentation size effect were discussed. An
underlying deformation mechanism of Zinc indentation
was formulated based on the experimental results.

II. EXPERIMENTAL DETAILS

It has been observed in numerous studies that the
likelihood of pop-in event occurrence is dramatically
reduced by altering the surface mechanically,?' *¥ or as
Pathak et al.’* % phrased it in their research, the pop-in
can be ‘“avoided” by tampering the surface with
mechanical means. Even miniscule degree of mechanical
polishing with vibratory method can be detrimental to
the observation of pop-ins, and traditional mechanical
polishing with grit paper could potentially eliminate the
opportunity entirely. A common explanation for this is
given as, conventional mechanical polishing introduces
dislocations or damage to the near-surface structure,
plastic deformation can utilize this source of available
defects rather than nucleation of new ones to manifest.
The result is a smooth transition without significant
interruption on indentation P—/ curve. Tests under this
uncontrollable condition may not reflect the intrinsic
characteristics of materials, especially for pure metal
samples. Therefore, it is imperative to pursuit a surface
preparation method that induce as little stress to the
surface as possible, which is presented in the next
paragraph.

High-purity (99.9999 pct) Zinc single-crystal material,
produced by the Czochralski method, in the form of a
rod of 14 mm in diameter was acquired from MaTecK
GmbH (Germany). The rod axis was parallel to the
c-axis of the crystal. The rod was cut into smaller
samples of ~ 5 mm in height, perpendicularly to the rod
axis, by a wire saw in order to minimize the damage
done to the material and to obtain a relatively even
surface. To lessen the potential dislocations induced by
the previous cutting process, samples were annealed at
200 °C for 2 hours, heating rate was 5 °C/minute and
then cooled down in furnace. The effect of annealing
process on the presence of pop-in event was shown by
Miller er al.®7 for thin gold films. In the authors’ study,
pop-ins were observed for annealed samples, but not for
as as-deposited specimen. Electropolishing was used as
to reduce the roughness on surface. The electrolyte we
found the most success with was a solution of chromic
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acid and distilled water. The surface was examined with
light microscope and atomic force microscope for flat
areas of reasonably large size and mean roughness Sa of
2 to 10 nm in our research. The samples were preserved
in a desiccator between experiments.

The UNHT tester (Anton Paar, Open Platform,
equipment,) was used to perform the nanoindentation
tests and returned results in form of load—penetration
curves. The nanoindentation tests were performed using
two types of tip radii: R = 1.75 yum and R = 9.2 um.
The calibration of the tips was done previously in.>®]
The maximum registered depth for the system is
h = 50 yum and the load range is F = 0 to 50 mN.
The displacement and load resolution are 0.0005 nm
and 2.5 nN, respectively. All of the tests were performed
in load-controlled mode. The NanitAFM (Nanosurf
AG, Switherland) atomic force microscope (AFM) was
used to scan residual imprints after nanoindentation
tests. The 3D (XYZ) maps of the imprints typically
produced by AFM were additionally analyzed using
Gwyddon software, and the gradients of the measured
surfaces were specified. By presenting the surface in
terms of its gradients, we reveal some features, such as
small areas with different slopes and different heights,
which manifest themselves as a small step at a common
boundary. In particular, the boundary of the sink-in and
the contact boundary between the indenter and the
specimen are visible.

For tests with tip radius R = 1.75 um, loading and
unloading speed were 2.0 and 2.5 mN/minute, respec-
tively. While for tests with R = 9.2 um, the chosen
parameters were 20 and 20 mN/minute. A holding time
between loading and unloading of 2s was applied for all
tests. The contact was detected with an indenter force
sensor, and the applied load was 0.005 to 0.001 mN. The
maximum load was adjusted so that the relative depth of
penetration i/R was in the range of 0.1 to 0.15 (not
precisely defined due to random character of pop-in
length). The basal, (0001), plane was indented. For each
indenter tips and tested loads, the experiments were
repeated on different samples to verify the repeatability
of the results, particularly for the loading portion of the
P—h curve prior to the first pop-in event, taking into
account scattering of pop-in load and length results. The
imprints are labeled by the following method: R9 and
R1.75 to denote the tip sizes used of 9.2 um and
1.75 um, respectively; the next combination of letter and
number to denote the time at which the experiment took
place; the final number is the specific indent in the
experiment.

The evolution of crystallographic orientation after the
indentation tests was analyzed using the Electron
Backscatter Diffraction (EBSD) method with a Zeiss
CrossBeam 350 Scanning Electron Microscope
equipped with a Hikari Super EBSD camera. The
analyses were performed with an acceleration voltage
of 22 kV and a beam current 2.2 nA. All EBSD maps
were collected with a 40 nm step size.



III. RESULTS

A. Nanoindentation Tests: Load—Displacement Curves
and Residual Impression Topography

The pop-in events were usually observed in the
nanoindentation tests of single crystals and the intensity
of these phenomena depends on the density of defects in
the examined material. In the examined zinc single
crystal, the defect density was reduced by annealing;
therefore, the pop-in was present in almost all tests. In
our analysis of pop-in events, we refer to those with long
displacements (tens of nanometres). Very short pop-ins
(single nanometres) are not discussed because, given the
radius of our tip, they may result from the flattening of a
single asperity in the contact process.

When the applied load exceeds the pop-in initiating
load, the indentation tests in zinc can be classified
accordingly to the position of pop-in burst on the
loading—unloading curve. Typically, the pop-in event
occurs most frequently at a certain load range and may
appear on the loading and/or unloading curve, and
rarely during the holding time. In the latter case, the
pop-in bursts, which occurred in a very short time (small
fraction of second), begin during the holding window (it
was set to about 2 seconds) in the indentation process.
After the pop-in event, the imprints were still within the
holding time and would continue to be under load
before unloading process. According to the recorded
diagrams, the imprints were under an almost constant
load level during the short pop-in time period; however,
the actual load may fluctuate and the fluctuations were
only roughly registered due to instrument inertia.

The distinct double pop-in, i.e., the one burst occurs
during loading and the second during unloading or two
bursts on the loading curve are also possible; however,
this type of pop-in event is rarely observed. In each of
the above cases, one can observe different lengths of the
pop-in burst which can indicate different deformation
modes.

In many publications about the indentation of HCP
single crystals, the pop-in events are associated with
generation of twins, e.g.,['%3%

In this paper, we present results of AFM measure-
ments and EBSD analysis of residual imprints, and we
show that the surface and bottom twins occur when the
imprint exhibited a specific topography, i.e., the pile-up
with the cross-sectional valley (sink-in). This topogra-
phy is also visible with light microscopy. We analyzed a
correlation between pop-in initiation load, pop-in
length, pile-up/sink-in pattern, and the presence of
twins.

1. Tests with 9.2 um radius tip

As with other metals, for Zn, the loading curve
changes significantly when the pop-in event occurs. The
first pop-in is widely accepted as the onset of permanent
deformation during nanoindentation.*>*"! For such
reason, if the unloading starts at a load lower than the
pop-in initiating load, the unloading curve should
coincide with the loading one. To verify this condition,
we conducted a number tests with FCC metals (Cu, Ni),

and it was fulfilled. However, for zinc, we have observed
a difference between loading and unloading curve, i.e.,
small hysteresis loop and a small residual penetration
depth remain after the test with the 9.2 um tip, Figure 1.

This small residual depth was examined using AFM
technique revealing that it is greater than the surface
roughness, indicating that this is not simply flattening
the roughness, but the material exhibits a very small
level of plastic deformation instead of the expected pure
elasticity. This is confirmed by comparison with theo-
retical, elastic Hertz curve, which lays above the
experimental curves in the whole range of penetration
depth. The small irregularities on the curve at around
60 nm depth can be considered as a manifestation of slip
evolution rather than the onset of plastic deformation.

This occurrence is rarely observed in experiments, but
nonetheless was reported by other researches.['$:1%:41:421
Other groups***# have also confirmed the dislocation
activity prior to the onset of the first pop-in at low
penetration depth. Maughan er al.* proposed several
stages of deformation to explain the early phase of the
indentation process and indentation size effect. These
stages are related to the stacking fault energy (SFE) and
the dislocation structure present in the material. In the
reference,*® the authors presented a range of behavior
for several materials, from fully elastic to plastic, in low
maximum load indentation tests. This variation was
found to exist despite the presence of mobile disloca-
tions at the indentation location and was attributed to
different microstructural states and/or surface features.
Schuh®” also remarked that the nominally fitted portion
of the P-h curve to Hertzian contact theory would
contain some degree of undetectable plastic deforma-
tion. This hysteresis can be explained by Zinc that has a
rather low melting temperature; thus, slip systems may
be more easily thermally activated at room
temperature.[6]

Nevertheless, the possibility of a thin film of oxide
formed on the surface (from the electropolishing surface
preparation method) is cause of this hysteresis that
cannot be ruled out as demonstrated by Chiu et al.*”
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Fig. 1-—Comparison of Hertz curve with loading-unloading curves
for applied forces lower than pop-in load.
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They reported a thin film of 17 nm nickel chloride after
their electropolishing experiment was the cause for the
deviation between loading and unloading curve in the
P—h curve prior to the first pop-in.

In our experiments, we estimated the effect of oxides
by comparing indentation results over several days. We
have observed that the material response changes
(probably due to oxides), when the time between the
etching and the test increases, although the samples were
kept in desiccator vessel. Therefore, we conducted
indentation in the first 1 to 2 days after etching, since
for this period, the results were fully repeatable; subse-
quently, it is assumed that during this time, the possible
growth of the oxides layer was insignificant. Our
assumption that the effect of oxides was not important
was also confirmed indirectly by EBSD analysis. The
number of non-indexed points increased with time
between etching and measurement, and was low for
“freshly” etched samples (no later than 2 to 3 days after
etching), indicating that their surface was only slightly
contaminated by oxides.

The knowledge if plastic deformation is present before
the pop-in is important when the contact stress corre-
sponding to the pop-in initiating load has to be
calculated. Usually the pop-in stress is calculated on
the basis of the assumption that prior to pop-in we have
purely elastic deformation. It is not a case for zinc, c.f.
Figure 1.

The majority of curves were found to contain distinct
pop-ins with distribution of statistical nature. For the
tests that showed a longer pop-in, a specific pile-up/
sink-in pattern has been observed by light microscopy
and AFM. In the test without pop-in, the pile-up/sink-in
pattern was not detected. In some tests, however, the
pop-in displacements are very small and they manifest
as discontinuities on the P-h curve. Different types
pop-in curves are presented in Figure 2.

In order to analyze the deformation mode of the Zn
single crystal in the indentation tests, specific topogra-
phy of the residual imprints should be considered. In
isotropic materials, the shape of residual impression
depends on strain hardening of the examined material,
the pile-up pattern appears when material exhibits low
strain hardening and the sink-in pattern corresponds to
high strain hardening. In single crystals, the response of
material is more complex, i.e., due to material aniso-
tropy, alternate sink-in and pile-up around the indent
can be observed, and the pattern depends on crystal
symmetry, e.g.'>2** For example, in FCC crystals,
for the indentation in 001 direction, there is a fourfold
symmetry of the imprint, with pile-up in [011] directions
and sink-in in [100] and [010] directions. The pile-up
pattern does not depend on the pop-in event and
indentation twins do not occur.?®

The complex shape of pile-up patterns for Zn single
crystal is presented below in Figures 3, 4, 5, 6, and 7. In
Figure 3, we present a map and three cross-sectional
profiles of the imprint R9_O17 11 [P-h curve in
Figure 2(a)]. One observes a long valley across the
pile-up around the imprint and both form a specific
topography, described by Sarvesha er al!'™ as a hillock
and bird wing, giving a very complex shape to the
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contact boundary. A certain proportion, about 2/3 (or
4/6) of the circumference surrounding the imprint,
shows a pile-up, while the remaining part forms a
sink-in (long valley), Figure 3. The difference between
the lowest point of the contact boundary and the highest
point of the contact boundary is called 7. We refer to this
shape of residual impression as a ‘“‘pile up/sink-in”
pattern. The material response for a majority of
indentation tests conducted in our research with
9.2 um radius tip and different loads, Figure 2(a), is
qualitatively similar to that described above, Figure 3.

Other possible shapes of residual impression,
although rather rarely observed, are presented in
Figure 4. In the case of indent without pop-in event,
test R9_O17_2, Figure 2(a), as the load continued to
reach the maximum value of 36 mN, (the load required
to achieve to ratio //R of 0.11), the residual impression
is shown to have hexagonal pile-up formation,
Figure 4(a). This behavior is similar to that reported
in other studies regarding HCP materials in basal
plane.l">*% For pop-in events that occur at low load (4
to 5 mN), and the maximum load is low, 8 to 10 mN,
test R9_0O17_14, R9_M7_6, Figure 2(b), the residual
impression examined by AFM measurement to be
without pile-up or sink-in; in other words, it is a flat
surface in all directions, Figure 4(b). However, when the
second pop-in occurred on the loading curve that
corresponds to the greater load (8.29 mN, R9_F10 11,
Figure 2(b), after the first pop-in initiated at lower load,
the residual impression changes with the generation of
the sink-in/pile-up pattern, Figure 4(c). The result is
similar to the most common response presented in
Figure 3. The existence of the second pop-in event could
be correlated to the generation of the pile-up/sink-in
pattern.

While the values of the pop-in initiating load and the
pop-in length are rather random, they can be correlated
with the shape of residual impression. From the length
of the pop-in and its position on the P—/ curve, one can
estimate a particular topography of the pile-up/sink-in
pattern. From many tests, selected sets of examples were
chosen to show the influence of these parameters on
residual impression’s topography.

The first set consists of imprints with similar pop-in
load level and different maximum loads. Imprint
R9 _N15_5, Figure 5(a), which has the first pop-in event
at a slightly greater load (~ 8 mN) and maximum load
of 36 mN (P—h curve shown in Figure 2(c), is observed
to have the pile-up in hexagonal shape not too dissimilar
from that shown for R9_O17_2, Figure 4(a). However,
the residual impression is not completely surrounded by
the pile-up formation, and there is a small gap that can
be detected. The profile for the gap is provided on the
right (profile 1) and shows that it is not in form of
sink-in, and its height corresponds to the non-deformed
surface. The presence of a relatively long pop-in could
contribute to the appearance of this gap, or the lack of
pile-up in one specific direction.

For a similar load—penetration curve, R9_NI15 4,
Figure 2(c), the trace of sink-in is more distinct,
Figure 5(b). This can be associated with several small
secondary pop-ins, which are present on the curve
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Fig. 2—P-h curves presented for different cases: (@) typical P—h curves and two outliers, one with very long pop-in (R9_17_11) and the other
without pop-in at high maximum load (R9_17_2); (b) imprints that have pop-in event during unloading, very close to maximum load, and low
pop-in load; (¢) imprints that have the similar pop-in load but different residual impressions; (d) imprints with similar maximum load but

different pop-in load.

R9 N15 4, while on the curve R9 NI15 5, only one
secondary pop-in close to the maximum load is visible.
The relatively small increase of pop-in initiating load,
from 8 to 9.5-10 mN, and lower maximum load, which
is closer to the pop-in initiating load, test R9 N15 1,
Figure 2(c), or R9_0O17_13, Figure 2(b), may lead to
important change of the pile-up pattern where a distinct
sink-in appears, Figures 5(c), (d) respectively. We
observed that for a fixed pop-in initiating load, the
cross-sectional valley is most distinct when the maxi-
mum loading was only slightly increased after the
pop-in, imprint R9_O17_13, Figure 5(d).

The other set of imprints examined had a maximum
load of 10 mN, but the initiation of pop-in took place at
different levels of load, Figures 2d and 6. The pop-in
loads for tests R9_M7_10, R9_M7_11, and R9_M7_12
were 8.79 mN, 7.65 mN, and 6.48 mN, respectively. The
first test in this set had the most pronounced pop-in
event and its imprint was most similar to that shown in
Figure 3; however, it had an additional attribute, and
the outer shape of the pile-up was quasi-hexagonal

Figure 6(a). We observe that as the difference between
pop-in level and maximum load increases, the imprint
(R9_M7_11) is still similar to that presented in Figure 3;
however, the pile-up height is smaller, and sink-in is
shallower than for the imprint R9_M7 10 and becomes
more difficult to detect the sink-in on the surface,
Figure 6(b). Indent R9_M7_12, Figure 6(c) has the
smallest pop-in length and pop-in initiating load, and
therefore, the greatest load increase after pop-in, this
results in a residual impression that shows neither
pile-up nor sink-in, presented already in Figure 4(b).

The results presented in Figures 5, 6 indicate that the
degree of detectable sink-in is affected by both the load
initiating pop-in event and the maximum load. To
further examine this effect, another set of indents was
chosen including indents R9_O17 13 (or R9_0O17_15),
R9 _0O17_6, and R9_0O17_9. We can observe the evolu-
tion of the imprint topography, Figures 5 and 7, when
after pop-in burst at about 10 mN, the loading contin-
ues to increase.

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 3—Surface topography and cross-sectional profiles of imprint R9_O17_l1-—the most frequently observed residual impression for
R = 9.2 um tests. (¢) AFM-measured topography, (b) extracted profiles (Color figure online).
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Fig. 4—Surface topography and cross-sectional profiles of imprints that occurs rarely: (¢) R9_O17_2—no pop-in, (b)) R9_O17_14—low load
pop-in, and (¢) R9_F10_11—second pop-in at high load.
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R9 M7_12.
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Fig. 7—Surface topography and cross-sectional profiles of imprints made with fixed pop-in load and increasing maximum load. (¢) R9_O17_6,

(b) R9_O17.9.

The selection of this series is qualitatively similar to
that in Figure 5. In both cases, we have a fixed pop-in
initiation load and a difference between this load and the
maximum load increases, but in this series, the pop-in
initiation load is slightly higher.

For indent R9_0O17_13, Figure 5(d), pop-in starts at
about 10 mN, which is almost maximum load applied in
the test, and next, there is unloading. For indent
R9 O17_6, Figure 7(a), the pop-in starts at about
10.23 mN but loading is continued up to 20 mN. For
the imprint R9_O17_9, the pop-in initiating load
(10 mN) was similar to that of the other two, but the
loading process was continued up to 36 mN,
Figure 7(b). It can be seen that the shape of the sink-in
profile changes as the maximum load increases with
respect to pop-in load.

To investigate the change of sink-in shape in residual
impressions, the following parameters were proposed
accordingly to the scheme shown in Figure 7(a):

° L—the average of ratio of Hl and H2 with H, and Ly
are the depth and length of the smk -in, respectively,
on each side.

e P, —Maximum set load.

e A/P,—Difference between pop-in load and maxi-
mum load normalized with respect to maximum
load.

e [—The total length of the valley and the indent.

The results are shown in Table I for the chosen imprints
and further visualized for all measured indents with
sink-in described:

METALLURGICAL AND MATERIALS TRANSACTIONS A

Some information can be gathered from the above
data:

e The H/L ratio increases with the increment between
pop-in initiating load and maximum load,
Figure 8(a).

e The increase of load after pop-in event does not
induce the increment in length of sink-in as the /
value does not show significant changes, Figure 8(b).

e Indent R9 _OI17_11 is presented to have typical
impression, Figure 3, despite the highest pop-in
initiating load, marked in Figure 8. While in
Figure 8(a), this indent was not shown to be an
outlier for the sink-in shape evolution, it is seen to
form a very long sink-in pattern compared to the rest
of the results, Figure 8(b). It suggests that the sink-in
length shows greater correlation with pop-in initiat-
ing load rather than subsequent loading after pop-in,
Figure 8(c).

e Long pop-in usually manifests as a sink-in in the
residual impression. In the subsequent loading
process, the imprint will continue to expand while
the sink-in length remains a constant. This expan-
sion will gradually “engulf” the sink-in and this
process is more evident for the lower than for the
higher pop-in initiating loads c.f. Figures 5, 7.
Furthermore, the sink-in shapes are shown to be a
straight line or hyperbolic facing upward, H/L ratio
should be intuitively a constant value (if the profile is
a straight line) or decrease (if the profile has
hyperbolic shape) with the increase of load. How-
ever, our results show that the ratio increases instead
[refer to Figure 8(a) and Table I], suggesting the



sink-in does not simply reduces in length, but also
change in shape.

In some cases, although one large pop-in was present
on the P—h curve, more than one sink-in were generated,
but one of them was distinctly greater, indents
R9 NI13 8, R9 N14 4, Figure 9. On the P-h curve
corresponding to the latter, Figure 9(c), two pop-ins are
visible, and the first is much greater than the second.
However, the presence of double sink-in is not necessary
associated with two pop-ins on P-h curve, since for
indent R9_N13_8, we have only single, large pop-in,
Figure 9(c).

2. Tests with 1.75 um radius tip

The typical load—penetration curves of 1.75 um tip
indentation are shown in Figure 10, which are not too
dissimilar (qualitatively) to those corresponding to the
9.2 um tip indent. Discontinuities can be found on the
loading curve both prior and after the first pop-in. These
interruptions are not identified as ‘“‘pop-in event”
because of their relative minute displacement burst as
well as no significant drop in load was registered. The
effect of these small interruptions on residual impres-
sions examined with AFM measurement is considered
insignificant. Nevertheless, the existence of more than
one pop-ins could still be confirmed, similar to that of
9.2 um tip indentation, but there are some differences
between experiments done with each tip. The first
dissimilarity is that occurrence of subsequent pop-ins
is not limited to the loading process, but also in
unloading curve. The second difference is the length of
the first pop-in which can be shorter than the following
bursts for 1.75 pum tip indentation, while for the larger
tip experiment, the first pop-in is observed to be the
longer one.

The tests performed with loads lower than pop-in
load, i.e., prior to the large pop-in events, were also
investigated. The loading portion of the curve is
qualitatively similar to the Hertz curve (power law
curve); however, the unloading portion does not coin-
cide with the loading one, and elastic recovery is quite
miniscule. The residual penetration depth was measured
and can be seen to be greater than the mean height of
roughness [an example is shown in Figure 11(a)].

This could indicate that, despite the presumably
elastic character of the loading curve, a certain amount
of plastic deformation accumulates in the sample prior
to the pop-in event and the loading—unloading diagram
is qualitatively similar to classic P—/h curves observed for
elastic-plastic polycrystalline metals. The residual
impressions corresponding to such tests either without
pop-ins, Figure 11(a) or with very short pop-ins length
< 60 nm and/or low pop-in load, Figure 11(b) are quite
similar, and the pile-ups are hexagonal or circular in
shape that do not have significant difference in height in
any directions (in form of thin narrow wall), Figure 11.
Such behavior may be observed up to the load of about
2 mN and residual depth of about 140 nm.

Pile-up pattern can become more hexagonal at low
pop-in load and length as seen in imprint R1.75 N29 3,
Figure 12(a), the height of which is homogeneous

(without sink-in) on all sides as observed in
Figure 12(b). A possible explanation for this behavior
can be given when examining the P-/ curve of this
imprint, Figure 13. The P-h curve of imprint
R1.75_N29 3 shows subsequent pop-in events occurred
at higher load and induced larger displacement than the
first one, of which effect should be taken into consid-
eration. For comparison, P-h curve of imprint
R1.75_D1 12 with circular pile-up (Figure 11) is also
shown in Figure 13, the first recorded pop-ins for each
imprint are marked with arrows.

The first pop-in of imprint R1.75_D1_12 happened at
higher load (2.18 mN) and length (3.8 nm), indicated by
the brown arrow, compared to the that of imprint
R1.75_N29 3, which has pop-in load and length of
1.52 mN and 2.56 nm, respectively, indicated by the
lower gray arrow. Both imprints have similar loading
curves up to the first pop-in event of indent
R1.75_N29_3. However, imprint R1.75_D1_12 reached
maximum load (2.82 mN) shortly after the single pop-in
event, while the other imprint had pop-in at the load of
2.54 mN (upper gray arrow), which induced the dis-
placement of about 5.27 nm. The effect of the subse-
quent pop-in burst requires further investigation.
Nonetheless, the existence of more than one major
pop-ins could be associated with the differences in
residual impressions from those with only one
detectable pop-in event. The effects of subsequent
pop-ins influencing the shape of residual impressions
have also been observed for the R = 9.2 um tip, as
presented in the previous section.

An increase in pop-in length and load would induce
more changes to the residual impressions. The pile-up
can be seen to become more hexagonal with two sides of
the hexagon having reduced height, when pop-in events
occur at medium to high load with small induced depth.
The examples for this are shown in Figures 14(a), (b) for
imprint R1.75_D22 6 and R1.75_F2_8, respectively,
whose P-h curves are presented in Figure 13. Both
imprints have the maximum load of 2 mN, and
R1.75_D22_6 has slightly lower pop-in load and length
at 1.9 mN and 24 nm, respectively, than those of
R1.75_F2 8 at 2 mN and 34 nm. The small difference
between pop-in length on P—/ curves could be correlated
to reduction of two sides of hexagonal pile-up (high-
lighted by red arrows).

The further change in topography is associated with
imprints having longer pop-in displacement, and the
corresponding load—displacement curves are shown in
Figure 10 and residual impressions in Figure 15. In the
majority of results, the pile-up pattern does not exhibit
axial or hexagonal symmetry. It is also relatively higher
and wider than in Figures 11, 12, 13, and 14, and is
broken by a cross-valley. Its topography is qualitatively
similar to that produced with 9.2 um tip; however, the
volume and area of the sink-in, which are visible on the
profile in the valley direction, are relatively smaller.
Moreover, the repeatability of the imprints is worse than
that of 9.2 um tip i.e., similar P—/ curves are associated
with  quite  different  pile-up/sink-in  patterns,
Figures 15(a), (b). For this reason, it is more difficult
to confirm the tendencies observed in the evolution of
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Table I. Parameter Values of Selected Imprints according to the Scheme in Fig. 7(a).

Name Pop-in Load (mN) P, (mN) H\L A/P, [ (um)
R9_O17_13 9.73 10 0,018111455 0.027 12.4
R9_O17_6 10.23 20 0,057586207 0.4885 13.61
R9 017 9 10.98 36 0,084047619 0.695 11.3
RY O17_11 223 36 0,053947368 0.38 18.68
(a) Furthermore, besides the cross-valleys, the long
0.2 pop-in event could be linked to the irregular shape
R (discontinuities) at the bottom of the imprints that
0.15 4 oo connect two sides of the valley, Figure 17, which is not
< 01 .:° found in indents with short pop-ins. This observation is
e in agreement with the results for the imprints of larger
005 4 . O LI tip.
P ° The evolution of pile-up for 1.75 um tip indentation
0 T ' T ' can be inferred based on the current evidence: in the first
0 0.2 04 0.6 0.8 1 stage, a thin, wall-like circular pile-up is generated prior
/P, to the first pop-in c.f. Figure 11. Depending on the load
(b) at which the pop-in event occurs and the depth induced
20 - by such event, different scenarios could occur and
15 . change the shape of pile-up.
E '[;.'l....Lj ............. %....g.f.....t-....if.:{.. ° Very short pop_in burst at low load would not
ERLE L N " "m introduce observable changes to the residual impres-
=gl @ = sion after unloading.
e Pop-in events at higher load that induce low depth
0 . : r : change the pile-up formation to have a hexagonal
0 0.2 0.4 0.6 0.8 1 shape with two-diminished sides, Figure 14.
AP, e Imprints .with high pop-in length in pile-up with
(©) cross-sectional valley.
20 Q)
15 Y e a. Unloading pop-in A rare phenome;non was recorded
—_ e “hw“‘".‘.. during our experiment that a pop-in burst occurred
g_ 10 Lkl during unloading process, Figure 10. To the best of the
. A i A authors” knowledge, such occurrence has not been
57 reported in nanoindentation tests for pure zinc. How-
0 l . . . ever, the existence of sudden change in unloading profile
5 g - B 55 5 was reported for nan01nden‘hai19‘[71§)1n experiments for

Pop-in load [mN]

Fig. 8—Change of selected residual imprint parameters as a function
of load increase after pop-in. (a) Correlation between normalized
load increase after pop-in and the average ratio H/L, (b) correlation
between normalized load increase after pop-in and total length /, (¢)
correlation between total length / and pop-in load.

imprints made with 2 um tip with regard to pop-in load
and maximum load. However, it can be seen that the
relative depth of cross-valley is greater when the
maximum load remains unchanged and the pop-in
length increases, Figures 15(c), (d). The reduction of
sink-in, when the difference between pop-in load and
maximum load increases and the maximum load
remains unchanged can be seen on the basis of profiles
presented in Figures 15(a) and Figure 16. This tendency
was also observed for 9 um tip.
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monocrystalline silicon as well. ! This change man-
ifested in form of an instant decrease in depth and was
termed elbow or “pop-out” during unloading process. It
was attributed to the phase transformation from Si-II to
a less dense Si-IIT and/or Si-XIII phases, hence, the
sudden increase in volume.

In our tests, the unloading pop-in was observed more
frequently for imprints made with 1.75 um tip than for
9.2 pm tip. In addition, for the 9.2 um tip, the unloading
pop-ins occur at the loads close to the maximum load,
while for the 1.75 um tip, the pop-in on the unloading
curve occurs at relatively lower load, even at 70 pct of
the maximum load. For the majority of test with smaller
tip radius, the pile-up pattern is similar to that observed
for without pop-in, i.e., axis-symmetrical or hexagonal
ring, Figure 11. Only when a high load pop-in event
occurs and causes a large displacement of depth (more
than 130 nm), a cross-sectional valley is generated and
the shape of pile-up pattern is closely resembled that
produced by loading pop-in, Figure 13; however, the
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Fig. 10—Different types of load—displacement curves for analyzed indentation tests.

valley is less distinct. While there are rare cases of
indents that have pop-ins events during both the loading
and unloading processes, no result with more than one
pop-in in unloading curve was recorded.

B. Pop-in Events Distribution

1. Results for 9.2 um tip

In Figure 18, we presented a summary of results for
the 9.2 um tip indentation in terms of load versus length
for the first major pop-in event during loading,

unloading, or holding process for tests with maximum
load between 15 and 36 mN. The specific load levels and
the number of indents are provided in Table II. The
distributions of these two parameters are provided as
well.

The distributions of these two parameters are pro-
vided as well. For pop-in load distribution, a
notable peak can be seen from 8 to 9 mN, which
contain the highest amount of result. The majority of
results in this load range corresponds to a peak in pop-in
length distribution (260 to 300 nm). It can be seen that,
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Fig. 13—Examples of load—displacement curves for imprints with circular/hexagonal pile-up (Color figure online).

while there is a scattering of pop-in parameters (regard-
ing both the pop-in initiation load and the subsequent
length) in our experiments, the majority of which are

concentrated in certain ranges, and that the pop-in
induced load is quite repeatable. Moreover, a direct
relationship between pop-in initiation load and pop-in
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Fig. 14—Topography of residual impression for imprints with small pop-in induced depth. (¢) R1.75_D22 6, (b) R1.75_F2_8 (Color

figure online).

length can be observed, i.e., pop-in events at higher load
will induce respectively higher degree of displacement.
One extreme outliner at the top right of Figure 18 is
imprint R9_O17_11, which has been discussed in earlier
section. Due to the higher concentration of pop-in
events occurred at 8 to 10 mN, series of experiments
were carried out for maximum loads of 10 mN and
lower to examine the imprints shortly after or without
pop-in events, and the results are not summarized in
Figure 18 to avoid creating bias in our distribution.

The summary of data for the imprints are shown in
Figure 19, which were examined with AFM for better
understanding of their topography. The results are
categorized based on their respective topography. The
red point results represent the most commonly observed
residual impressions, similar to that in Figure 3. In the
middle region, there are two blue points indicating
imprints with only pile-up formation on the surface,
which have a large increase of load after pop-in event
leading to the complete annihilation of sink-in as the
residual impression expanded. On the bottom left side,
there are the imprints that correspond to the smaller
pop-in load group (4 to 6 mN) as demonstrated in
Figure 18. Current evidence suggests that imprints in
this group have neither pile-up nor sink-in (in other
words, a flat surface around the imprint). An outlier can
be seen in the bottom left corner of Figure 19 (high-
lighted with a red square), and this outlier is imprint
R9 _F10_11, which has been discussed in the earlier
section to have the residual impression influenced by the
second pop-in.

2. Results for 1.75 um Tip

The distribution of pop-in load and length for
1.75 ym tip indentations is summarized in Figure 20.
The black dots represent the imprints with pop-in
during either loading and holding process, while yellow
dots are for indents with pop-in during unloading. The
specific load levels and the number of indents are
provided in Table III.

Dissimilar to the distribution of pop-in induced load
for larger tip indent, the results can be seen to form into
two groups:

e The first group is composed of pop-in bursts with
length lower than 40 nm, which skewed the distri-
bution of pop-in length to the left (or bottom). This
skewness is largely contributed by the pop-in events

of shorter length in a wide range of load level. 68
results were recorded in total for this group. More
specifically, 42 results are for pop-ins during unload-
ing (60 pct of total number of results for unloading
pop-in), while the remaining 26 results are for
pop-ins during loading and holding stage (24.73
pct of total number of results for loading and
holding pop-in events).

e The second group consists primarily of pop-in events
with length greater than 40 nm. The results in this
group can be seen to show a direct proportion
relationship between pop-in load and pop-in length,
similar to that of experiments with the greater tip.

A large number of experiments at low load (1 mN and
1.5 mN) was done in this research to examine the
indentation prior to pop-in, of which two (2) tests in
I mN and twenty-five (25) tests in 1.5 mN load group
were registered with pop-ins. In particular, the pop-ins
for the smaller max load are during loading and induced
less than 1 nm displacement, they are brief interruptions
to otherwise smooth loading curves. For the larger
maximum load, 21 out of 25 pop-in results occurred
during unloading process. Some pop-in events of this
group, while occurred at high load, i.e., shortly after
holding time produced very short depth (less than
10 nm); in other words, they contributed to the first
branch of the distribution shown in Figure 20. Similar
trend is observed for higher load at 1.8 and 2 mN with
majority of pop-ins that are in unloading process,
although less tests without pop-ins are recorded (the
pop-ins events are more likely to happen as the
maximum load increases). However, in the tests at
higher max load (2.5 to 3 mN), pop-in excursions are
present in all the tests, and very few tests with pop-in
during unloading are registered. Even though the bursts
displacement happened during unloading—the material
is still considered under load as the spring back is still
hindered by the indenter tip. This may be provisory
explained by the hypothesis that unloading pop-in
occurs due to prolonged stress under a certain critical
load. Such hypothesis was formulated by Page er al.®”
who found that pop-ins would eventually manifest
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Fig. 15—Topography of residual impression and profiles for different ratios of pop-in load and maximum load, corresponding to load
displacement curves presented in Fig. 10. (a) R1.75_025_6, (b) R1.75_N30_1, (¢) R1.75_N16_16, (d) R1.75_D22_26.

below a critical and repeatable pop-in load after a It should be noted that due to specific (two branches)

certain delay time, characteristic of a given sample distribution of pop-in parameters, it is difficult to
conditions, and crystallographic orientation. establish a certain critical pop-in load, dissimilar to that

of the distribution for larger tip imprints. The objective
is, however, to better illustrate both types of pop-in
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with applied load within 15 to 36 mN. A peak in pop-in load
distribution is observed at 8 to 9 mN.

behaviors, display similar trend of having two different
branches of distribution as well as the probability of
pop-ins to occur. Nevertheless, the observation that
pop-ins occurring at higher load would induce a larger

displacement (the distribution of R = 9.2 yum and
second family of R = 1.75 um tip), as well as a reduced
tip size coincides with a reduction in pop-in-induced
load that has been previously reported by Cordill
et alP?

The summarization of the imprints measured with
AFM is shown in Figure 21 for more precise studies of
topography. The results are categorized and assigned
different colors based on the pop-in burst location on
P-h curves as well as impression topography. The
imprints with pop-in event on loading curve and with
gaps in pile-up (black points) are located in the middle
toward the top right side (high pop-in load and pop-in
length). The results in this group show a positive
correlation between pop-in load and length, which is
similar to that of 9.2 um tip radius imprints. The results
with pop-in during unloading process are shown in blue
colors and yellow for pile-up pattern with gap and
without it, respectively. Blue point and a portion of
yellow point results are seen to produce positive
correlation between pop-in load and length, similar to
that of loading pop-in indents. However, the pop-in
load and pop-in length requirements to create an
observable disruption in pile-up are higher for unload-
ing pop-ins than that of loading ones. Tests with loading
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Table II. Maximum Load Applied and the Number of pop-in do not exhibit the gap in pile-up, are colored

Indents for Each Level for the R = 9.2 um Tip Experiment green. A number of them occurred at high load and
] ] ) induced large displacement, these results are quite rare,
Maximum Applied Load (mN) Number of Imprints and their residual impressions show circular pile-ups.
15 45 Pop-in events that induced low displacement (less
20 10 than 60 nm) have a similar characteristic that is circular
36 35 pile-up patterns with no gap, regardless of the pop-in

load (both loading and unloading pop-ins). Imprints
with hexagonal pile-up are marked with gray dots. This
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Fig. 19—Distribution of pop-in loads and lengths for tests with 9.2 um tip and topography measured with AFM. The results are categorized
based on their respective topography (Color figure online).
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Fig. 20—Summary of results for 1.75 um tip indentation, which shows two distinct families of distribution, with respect to distribution of pop-in
load and length. The results are differentiated with regard to the type of pop-in events (Color figure online).
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group includes both the loading and unloading pop-in
imprints as their residual impressions show no notice-
able distinctions between two types of pop-in. The
results have not only medium to high (more than
1.5 mN) load, but also a particular pop-in length
(between 15 and 40 nm), which is dissimilar to those
with both low pop-in load and length at the bottom left
and right corners of Figure 21. An outlier to this rule is
highlighted by a purple square with very lower pop-in
induced depth. That is indent R1.75 N29 3, and the
explanation for such behavior has been provided in
previous section.

C. EBSD Analysis

The residual impressions corresponding to different
loads were examined using EBSD technique. The aim of
this investigation was to correlate P—h curve and surface
topography of the residual impressions with orientation
changes both inside the residual impression and on the
free surface around the indents. The initial orientation
of the examined sample surface was also captured. In
the previous section, it was shown that the pop-in events

Table III. Maximum Load Applied and the Number of
Indents for Each Level in the R = 1.75 um Tip Experiment

Maximum Applied Load (mN) Number of Imprints

oo
(9%}
o

WINN ===
o
[\
O

on P—h curve are most commonly associated with the
specific form of the residual impression, where pile-up is
crossed by sink-in.

This typical impression is presented in Figure 22(a),
with  marked  crystallographic  directions. In
Figure 22(b), the EBSD inverse pole figure map of such
imprint in a direction parallel to the c-axis (indentation
axis) is presented. The continuous change in misorien-
tation on the pile-ups indicates that they were generated
by slip. Taking into account their positions (on the
directions [2110] and [1120]), we can conclude that the
second-order pyramidal slip system {1122} [1123] was
activated. The valley (sink-in) is generated in the
direction [1210], and this direction coincides with that
of the main, large twin (bird wing) formed outside the
residual impression, as shown in Figure 22(b).

The twin outside the imprint exhibits a misorientation
of about of 86 deg with respect to the indented matrix
basal plane, identified as {1012} (1011) twin."*"! Due to
¢/a axial ratio of zinc (1.867), this is a compression
twin,®* causing contraction along the c-axis, which
manifests as a sink-in. The presence of twins due to
indentation on the basal plane has been reported by Yoo
and Weil*" as well as Nayyeri et al.'®*" for magnesium.

The twins were located inside the residual impression
in the form of small cells, surrounded by other cells that
exhibit orientations closer to the matrix’s orientation.
This can be interpreted as the formation of sub-grains
under the indent. The presence of sub-grains in residual
impressions made in Mg was previously reported by
Nayyeri et al.l'®

Multiple FIB milling was used to further examine
twin activity beneath the bottom of the imprint. Traces
of twins in the form of small cells were consistently
found at approximately the same location, extending to
a depth of up to 840 nm, demonstrating that the twins
extended significantly below the surface, as shown in
Figure 23.
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Fig. 21—Distribution of pop-in loads and lengths for tests with 1.75 um tip and topography measured with AFM. The results are categorized
based on their respective topography and the type of pop-in events (Color figure online).
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Fig. 22—Residual impression for 9.2 um tip: (@) pile-up/sink-in pattern, measured with AFM, with marked crystallographic directions, (b)

misorientation and image quality maps from EBSD.

The EBSD analysis was also performed for imprints
corresponding to different types of material responses
(Section III-A-1). Figure 24 shows the P—h curves for
the impressions, and the EBSD results of which are
shown in Figures 25, 26, 27, 28, 29, and 30. For each
imprint, we show the misorientation map, the image
quality map (IQ), and the surface gradient map obtained
by AFM (derivative of the Z-value with respect to the
X-axis, referred to as the ““gradient map”). It can be seen
that a part of the surface inside each imprint is not
properly indexed, and this is caused by shadowing of
this part by pile-up and/or indenter contact boundary. It
should be noted that, although the orientation of
individual regions has been correctly identified, a
straight line on the AFM map corresponds to a curved
line on the EBSD map due to the inaccurate back
transformation of the impression cavity after EBSD
measurement. Therefore, the shape of cells on the EBSD
map is not exactly (does not correspond to) the same
cells as on the gradient maps. For the EBSD results,
multiple cells are visible, with orientations similar to
those presented in Figures 22 and 23 (around 86 deg and
less than 13 deg). A closer comparison of the IQ maps
and the gradient maps shows that on the latter, the
cellular structures can also be detected, i.e., the bottom
of the imprint is not perfectly smooth, and there are
small steps between cells. These steps are a result of
different elastic recovery during unloading, as the cells
have different elastic moduli due to different orienta-
tions (50 GPa along c-axis and 108 GPa in the
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perpendicular direction). This effect is more evident at
greater maximum load.

For test R9_J21 18, where maximum force (6 mN)
was set to be lower than the pop-in initiating force, the
residual impression can be seen to be relatively smooth
in the AFM measurement, Figure 25. EBSD map shows
no appreciable distinction in terms of orientation from
the background. The indentation had the effect to flatten
the roughness as expected; however, no irregularities or
sub-grains could be found in this case. This is indication
that the plastic deformation prior to pop-in events
proceeds purely by slip on a single slip plane.

In test R9_J21 15, the loading process ended shortly
after pop-in event; the pop-in initiation load is 9.35 mN,
Figure 24, which is within a more populated load
distribution as shown in earlier section. In addition to
larger penetration depth, a cross-valley sink-in topog-
raphy was detected with AFM technique, Figure 26(a).
Twinned material can be found both within the valley
and in the direction of the valley within the residual
impression, although not to the entire length of the
valley. A smaller trace of twinning was detected within
the residual impression on the left side as well. Twinning
is not the sole deformation mechanism, in the observ-
able area within the residual impressions; cells with
smaller misorientation with respect to initial orientation
[0001] can be seen, thus, providing the notion that more
than one slip systems were activated in order to
accommodate the enormous displacement. In compar-
ison to test R9_J21_18, it can be concluded that the



Fig. 23—Misorientation at different depths below the free surface for typical impression after long pop-in and pop-in initiating load close to the

maximum load (similar to the R9_0O17_13, Fig. 5) (a) through (g).
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Fig. 24—Load-displacement diagrams for residual impressions
analyzed with EBSD and scanned with AFM. The selected tests
correspond to the typical material responses presented in
Section II1I-B-2: different load increases after pop-in event.

twins (those inside the imprint as well as “bird wings”)
and wide pile-ups were created simultancously during
the pop-in burst.

The pop-in displacement also plays an important role
here as shown in Figure 26(b) of indent R9_J21_16. The
slightly shorter pop-in length (and lower pop-in initiat-
ing load) resulted in a very thin strip of twinned region,
deformation by slip is observed to be the dominant
mechanism here. For test R9_J21_26, the first pop-in
load is even lower than that of indent R9_J21 16 at
471 mN, and in spite of the second pop-in at higher
load, there is a lack of twin on the surface layer,
Figure 27. In both cases, the cross-valley could have
been created, but as we have discussed in the previous
section, the length of the valley is proportional to the
pop-in length and does not change with the increment of
load after pop-in. Thus, it is reasonable to assume that
the cross sink-in for such short pop-in event, if it existed,
should be miniscule and ‘“‘swallowed” by the indent as
contact area increases. Of more noteworthy, the residual
impression of indent R9_J21_26 is divided into several
smaller regions and was confirmed by EBSD mapping to
have cells with a small degree of misorientation. This
indicates that the drastic change in orientation of
matrix, i.e., twinning is not necessary for material to
accommodate smaller displacement burst; hence, defor-
mation by slip is preferable, which resulted in the
creation of microscale grain structure-like within the
residual impression.
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Fig. 25—Maps for the residual impression R9_J21_18 obtained from Fig. 27—Maps for the residual impression R9_J21_26 obtained from
AFM and EBSD measurements: surface gradient map, image quality AFM and EBSD measurements: surface gradient map, image quality
map, and misorientation map. map, and misorientation map.
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Fig. 26—Maps for the residual impressions obtained from AFM and EBSD measurements: surface gradient map, image quality map, and
misorientation map. (a) R9_J21_15, (b) R9_J21_16.

METALLURGICAL AND MATERIALS TRANSACTIONS A



(@)  AFM dz/dx

IPF

(b)  AFM dz/dx

Fig. 28—Maps for the residual impressions obtained from AFM and EBSD measurements: surface gradient map, image quality map, and

misorientation map, (a) R9_J21_25, (b) R9_J21_28.
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Fig. 29—Load-displacement diagrams for residual impressions
analyzed with EBSD and scanned with AFM: different pop-in
initiation loads and the same maximum load.

For the imprint R9 _J21_25, which has the similar
maximum load as R9 J21 26 at 20 mN (refer to
Figure 24), with pop-in event occurred at higher load
(10.58 mN), a miniscule sink-in depth was detected,
Figure 28(a). EBSD map provided the evidence that
similarly to imprint R9_J21_15, this small sink-in also
contains a twinned region. However, dissimilar to the
imprint R9_J21 15 with a smaller maximum load,
twinned material is not only concentrated to the
cross-valley, but it is swallowed by the increasing
impression.

For imprints at maximum load of 36 mN, the P-/
curves of the selected experiments are shown in
Figure 29, and the higher misorientation values than
that of lower load imprints were observed. The portion
deformed by slip shows multiple cells of different
orientations, Figures 28(b) and 30 not unlike that
observed in test R9_J21 26. Furthermore, in all exam-
ples, the twin areas are not homogeneous but rather
fragmented into a cell-like structure, small amount of
slip deformation can be seen within the twin formation.
For indent R9_J21 28, Figure 28(b), which has high
pop-in initiation load at 10.83 mN, twinning outside of
the residual impression can be seen inside the small-
wing-shaped regions. At lower pop-in initiation loads,
for example, indent R9 J21 30 and R9_J21 31 at
7.54 mN and 8.81 mN, respectively, the sink-in is not
clearly observed after such large increase of load; thus,
the twin is confined to the residual impressions,
Figures 30(a) and (b).

An interesting correlation can be seen between the
profiles obtained from the imprint topography maps
and the misorientation profiles from EBSD maps. The
more detailed analysis of the EBSD results: image
quality (IQ) map, Kernel Average Misorientation
(KAM) map, and misorientation profiles over the
selected sub-grains show the misorientation variation
with respect to the starting point (matrix) and the
“point-to-point™ variation is shown in Figures 31(a) and
(b) for the imprints R9_J21 26 and R9_J21 31, respec-
tively. On the IQ maps, the crystallographic orientation
of cells is schematically marked.

For indent R9 J21 26, the misorientation between
cells is relatively low (red lines). The two peaks on the
red lines in both figures are the ““boundary” of the
starting cell, and when the profile leaves the residual
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a) AFM dz/dx ' IQ
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IPF

Fig. 30—Maps for the residual impressions obtained from AFM and EBSD measurements: surface gradient map, image quality map, and

misorientation map. (a) R9_J21_30, (b) R9_J21_31.

impression,, it returns to the surface close to the basal
plane. In the imprint R9_J21_ 31, the profiles over cells
that are deformed by slip and by twinning, are shown as
profile 1 and 2 in Figure 31(b), respectively. In profile 1
there is relatively little point-to-point misorientation,
similar to indentation R9_J21 26. However, there is
only one large peak in this profile, corresponding to the
normal, undeformed surface. While for profile 1 the
change in orientation from point to point is rather small
for cells formed by dislocation interaction, there is a
continuous change in misorientation that accumulates
to about 10 to 15 deg. For twinned cells, as shown in the
previous section, the misorientation is about 86 deg. The
drop in the middle of the blue profile is due to a cell that
has been deformed by slip, as shown in the IPF map.
For the same tests R9 J21 26 and R9 _J21 31, the
profiles with a similar position were also extracted from
the topography maps (AFM) and is shown in Figure 32,
to illustrate in more detail the steps observed on the
gradient maps above. For the topographic profiles, the
spherical shape of the impression has been removed to
better show the small unevenness inside. The profile
corresponding to the twin cells (profile 2 of test
R9 _J21_31) exhibits greater waviness in comparison to
the profiles with cells generated by slip, for example,
profile 1 of R9_J21 31 and both profiles of R9 _J21 26.
This indicates that the difference in height between
neighboring cells is greater when they are produced by
twinning. This qualitatively agrees with greater misori-
entation values observed on profiles for the imprint with
twins. Thus, the height of steps between the adjacent
cells increases when the difference in their misorientation
increases. This is an effect of local difference in the
elastic spring back after indentation test, since the
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differently oriented sub-grains have different elastic
stiffness in the indentation direction

1. Evolution of microstructure: detwinning

An additional significant finding in our research is the
possibility of detwinning both within the valley and
inside the indent. The trace of the twin can be observed
within several days following indentation. However,
after one week without any alterations or tampering to
the surface, given that the samples were preserved in a
desiccator between experiments, there is an absence of
detectable twins in the previously confirmed twinned
region.

The phenomenon of detwinning was discussed by
Nayyeri er al. in™*" as discontinuations in unloading
curves, indicating that it occurs during the unloading
process, which could result in the absence of
detectable twins after the experiment. However, in our
experiments, no such discontinuities were observed in
the unloading curves. As noted above, twinning can still
be detected after unloading, with a reduction in twins
occurring only after a certain amount of time has
passed. Future research should focus on this aspect of
the material.

D. Size Effect: Comparison of Deformation Modes
for Indentation with Different Tip Radii

The normalized P-/ curves for 9.2 um tip and
1.75 um tip are compared in Figure 33. For both tips,
the maximum load corresponds to the maximum value
that can be achieved without triggering the pop-in burst.
Following observations can be made.
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Fig. 31—More detailed analysis of EBSD results for imprints R9_J21_26 (a) and R9_J21_31 (b): image quality map with marked orientation of
selected cells, Kernel Average Misorientation map, and misorientation profiles over the selected cells (Color figure online).
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Fig. 32—Unevenness in residual impression after removal of spherical shape for indent R9_J21_31 and R9_J21_26.
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Fig. 33—Load-displacement curves for two tips.

i.

For the indentation with 1.75 um tip, the pop-in (and
consequently twinning) starts at much higher P/R2
ratio, than for 9.2 um tip.

il.

The 9.2 um tip curve exhibits greater hardening than
that corresponding to 1.75 um tip.
iii.

The relative depth of the residual impression, //R, is
much greater for 1.75 um tip

The first observation (i) confirms a general rule for
materials, in which the deformation prior to pop-in is
purely elastic that in the normalized coordinates, the
load corresponding to pop-in load (which is usually
associated with start of plastic deformation) for 1.75 um
tip is higher than that for 9.2 um tip. For such materials,
the contact pressure can be calculated using Hertz
formulas, and this leads to the conclusion that pop-in
occurs at higher contact pressure for smaller tips. This is
explained by a smaller high stress zone beneath smaller
tip, and consequently smaller amount of affected
pre-existing dislocations that can activate plastic slip
(indentation size effect). However, in zinc, we have other
mechanism, and plastic deformation starts as the slip on
certain planes at the beginning of loading. The pop-in
burst begins at the moment that plastic slippage has
already exited, and creates a plastic deformation,
presumably twinning, on other planes. Advanced
numerical simulation is required to calculate stress state
at the start of pop-in.

The second observation (ii) does not agree with
tendency observed for many metals, where prior to the
pop-in the hardening, estimated on the basis of normal-
ized P—h curves that correspond to elastic deformation
and, thus, coincide for all tip radii. For both tips, we
observe plastic deformation, and we have inverse size
effect, i.e., greater hardening for the grater tip while
according to the usual explanation of size effect,
indentation with smaller tip is associated with higher
hardening, because the tip generates greater strain
gradients. It should be noted that this inverse size effect
manifests in the plastic deformation prior to pop-in.
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The third observation shows that the plastic defor-
mation mechanisms responsible for the prior to pop-in
plasticity may accommodate much higher strains for
smaller tip than for greater tip.

IV. DISCUSSION

A. Deformation Mechanisms

In the first stage of the indentation test, below the
critical pop-in initiating load, the material deforms
plastically by slip, as evidenced by the mismatch
between the loading and unloading curves and the
deviation from the Hertz elastic relationship. The depth
of penetration at this stage is much greater than the
average height of the surface asperities, thus, eliminating
the possibility that the indentation merely flattens them
during loading. The lattice orientation under the inden-
ter does not change significantly, Figure 25. The residual
impression is noticeably smooth, without surface irreg-
ularities and pile-up pattern. This indicates the plastic
deformation is realized by slip on the basal plane which
exhibits the smallest RSS,” and is parallel to the sample
surface; therefore, the pile-up is not produced at small
deformation. Plastic deformation probably starts in
small spots corresponding to flattened asperities, but
eventually a small plastic zone is created below the
indenter in bulk material. The shape (slope) of the P—/A
curve at this stage does not depend on the specimen
annealing, but the length of this stage (maximum force
that initiates pop-in) does. This suggests that the density
of pre-existing dislocations does not affect the basal slip
but changes the starting point of subsequent mecha-
nisms of plastic deformation.

As the indentation progresses, the plastic zone
increases and reaches a certain limit where the basal
slip, which is perpendicular to the direction of indenta-
tion, will not accommodate further displacement of the
indenter. A further increase in penetration depth, i.e.,
pop-in displacement, is associated with the generation of
a pile-up which can be produced by activation of
dislocations on the pyramidal and/or prismatic plane.
The shape of the P—h curves indicates that activation of
these systems requires a certain level of stress. The
associated pop-in event is explained as an effect of
dislocation avalanches, which start when a sufficiently
large stress is applied to an even small region (zone) with
a local high density of pre-existing dislocations. The
distribution of such zones depends on the annealing
process, and this is confirmed by our experiments: the
pop-in initiating load depends on this process. On the
other hand, pop-in event has a random character since
the zones with higher dislocations density may be
randomly distributed after annealing. The duration of
pop-in event is very short, so we cannot observe the
evolution of plasticity during pop-in, but in the previous
sections, we have carefully analyzed the state after
pop-in using EBSD and AFM. In general, inside of the
contact boundary, we observed cells having different
misorientations. They can be classified into two groups:
the first that are generated by dislocation interaction,



called as “‘slip sub-grains,”” have a misorientation of no
more than 14 deg, and the second, called “twin cells,”
have a misorientation of about 86 deg that corresponds
to compression twins in zinc, Figures 25, 26, 27, 28, 29,
30, and 31. The latter may appear also outside the
contact boundary, if the pop-in length is sufficiently
large.

The size and number of sub-grains produced may be
different for different indentations, even though the
material response in term of the P/ curve is very
similar. On the measured P—/ curves, the pop-in part is
approximated only by 2 to 3 points, as the process is
very fast. These points indicate that the load during
pop-in slightly decreases and the displacement consid-
erably increases. In fact, the pop-in process is more
complex and the load may oscillate when the pop-in
displacement increases during the process, and this may
be associated with generation of the sub-grains. The
load fluctuations are not shown on the P—/ curve due to
following reasons: the process is controlled by the load,
so the system does not allow the load to drop signifi-
cantly and the points where the load may fall are not
registered due to the limited registration frequency
(100 Hz). While the stress state can be estimated using
crystal plasticity theory in the initial, pre-pop-in phase,
it becomes much more complex during and after the
pop-in event as the structure of the material changes
locally and instead of a single crystal, a polycrystal is
formed under the indenter. The generated cells are an
effect of slip and twin plasticity. The high velocity of the
pop-in event does not allow to detect which slip system
is activated as a first after the initial phase. On the
surface around the imprints, however, there are no cells,
so the pile-up growing simultancously with the cells is
produced by slip. Its shape indicates that second-order
pyramidal slip was most active. The character of
sub-grains can be correlated with the length of pop-in;
for the longest pop-in, we observed long twins in form of
“bird wings” outside of the residual impression, while
for short pop-in, only slip sub-grains are produced.

It should be noted that when twinning plasticity
occurs, the large pop-in displacement may also result
from a change of orientation in a certain volume of
material under the indenter. If twin is created in the
examined single crystal, the c-axis rotates by 86 deg and
after twinning, the a-axis instead of the c-axis has a
vertical direction in the volume of twin cell. Thus, the
vertical dimension of this volume diminishes. This
diminishing dimension is manifested in two ways: on
the P-h curve as an additional displacement on the
pop-in burst since twins are generated in a very short
time and on the topography of residual impression in a
form of sink-in (cross-sectional valley outside of the
contact boundary, between pile-ups)

If the load increases after the pop-in event, the
deformation is quasi-static in nature, and when the new
pop-in occurs (if at all), its length is much smaller. In
this phase, the deformation mechanisms are depended
on the state of material at the point when the first pop-in
displacement is finished. At this point, two types of
microstructure are observed, i.e., only the slip sub-grains
are present or both slip and twin cells can occur. These

two types of material structure are maintained as the
load continues to increase, the only difference being the
dimensions of the new cells produced and the fragmen-
tation of the existing cells. If twins are not produced on
the first pop-in, they usually are not on subsequent load
increases. The large “bird’s wing” twin that occurs
outside the imprint after the first pop-in will not grow as
loading continues, but will be swallowed by the growing
imprint. Thus, during and after the pop-in event, we
have similar mechanisms of deformation, the sub-grains
grow and/or multiply, and in differently oriented grains,
different slip/twin systems can be activated.

V. CONCLUSIONS

In this work, the nanoindentation behavior of
c-axis-oriented Zinc single crystal was investigated using
tips of different radii on samples with minimal near-sur-
face defects, as evidenced by the observation of sub-
stantial pop-in events. The residual impressions
exhibited complex shape that was a superposition of
axis-symmetrical/hexagonal pile-up and cross-sectional
valley (sink-in). This is a result of simultaneously
occurring deformation mechanisms: slip and twinning.
The impressions were influenced by the characteristics of
the pop-in bursts. For such reason, the results were
categorized based on their respective pop-in load and
length.

The deviation of the unloading data from the loading
one prior to the first pop-in event is associated with slip
plasticity. The subsequent large pop-in is primarily
linked to the contraction twins, but the slip plasticity is
also activated at the same time. The latter manifests as a
pile-up which is broken by a valley (sink-in) resulting
from twinning. The length of the valley depends on the
intensity of pop-in and does not expand further if the
loading continues after the pop-in but the valley is
rather “‘engulfed” by an expansion of the imprint. The
twins occur inside the imprint in the form of sub-grains
and outside the imprint, in the valley, in the form of a
“bird wing.” Contrary to the results reported in the
literature, this form of the residual imprint is observed in
our experiments when indenting on the basal plane. The
change in the pile-up/sink-in form with the increase in
the pop-in was shown for the results corresponding to
9.2 um tip. For the 1.75 um tip, the observed trends are
less obvious. The sink-in pattern also is more distinct for
the greater tip indents than for the smaller tip.

In spite of low density of pre-existing dislocation
(after annealing), a purely elastic response of the
material was not noticed, but three stages of deforma-
tion mechanisms can be distinguished. In the initial
phase of indentation, the elastic-plastic deformation is
observed, but it is limited to the slip on the basal plane.
Once the pop-in burst starts, slip on other planes and
twinning are activated, and then, during pop-in burst,
they develop simultaneously. In the third stage, when
loading increases after the pop-in, both mechanisms are
continued.

METALLURGICAL AND MATERIALS TRANSACTIONS A



While there are some qualitative similarities between
residual impressions produced by greater and smaller
tip, we have quantitative difference in the load—penetra-
tion curves when presented in normalized coordinates.
Comparing the curves reveals an inverse size effect
before the pop-in event and normal size effect after the
pop-in event.

This result, as well as other interesting observations
like pop-in burst during unloading process, or detwin-
ning that occurs over time without applying additional
load or heat, requires farther investigation.
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