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Role of competition between slip and twinning in nanoscale deformation of sapphire
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Insights into the initiation of plasticity under contact loading of A and M planes of sapphire are provided by
finite element analysis of the resolved shear stress acting on basal slip and basal twinning systems and by the
evaluation of acoustic emission signals associated with the onset of plasticity. The analysis of acoustic emis-
sion activity utilizes wavelet-based signal representation in the joint time-frequency domain. The proposed
model invoking loading-rate-dependent competition between basal slip and basal twinning predicts different
yield-point mechanisms for A and M planes. The predicted mechanisms are consistent with the experimental
plasticity initiation patterns. Room-temperature values of critical shear stress of 12.9-13.9 GPa for basal slip
and 12.6-14.4 GPa for basal twinning derived from application of finite element analysis to the results of
nanoindentation experiments are compared with the values expected from the results of theoretical modeling
and extrapolation of high-temperature experimental results.
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I. INTRODUCTION

The use of sapphire in advanced technologies'? stimulates
interest in the mechanical response of Al,O;. Whether an
ultimate goal is preserving component integrity or a deliber-
ate defect generation, understanding the mechanisms of plas-
ticity initiation is crucial. Recognized for its ability to pro-
vide valuable information about plasticity onset mecha-
nisms,>"® nanoindentation becomes even more powerful
when combined with the acoustic emission (AE) monitoring.
AE enables insight into kinetics and time span of physical
events often not discernable from nanoindentation load-
depth response. Highly localized AE sensing”® utilizing AE
sensor integrated into an indenter tip enables monitoring of
nanoscale contacts.”!!

With the utilization of continuum and atomistic ap-
proaches, nanoindentation offers solutions for applications
invoking novel materials and/or materials in ultrasmall vol-
umes. Considerable attention continues to be devoted to the
yield point, a transition from the apparently elastic to elastic-
plastic regime. The yield-point transition is evident from a
characteristic indentation curve discontinuity. For isotropic
materials, analytical*> and numerical'> analyses demon-
strated that at the yield-point resolved shear stress (RSS)
acting on slip systems approaches theoretical strength of the
evaluated materials. Given elastic anisotropy of sapphire,
analytical solutions derived with the assumption of elastic
isotropic behavior are not sufficient for the evaluation of
RSS at the onset of plasticity. To date, the first and only finite
element analysis (FEA) accounting for the elastic anisotropy
of sapphire!® focused on the evaluation of rhombohedral
twinning previously discussed as one of the possible partici-
pants of the yield-point mechanism in sapphire.

The present study applies FEA of indentation-induced
stress combined with the evaluation of AE activity to the
evaluation of the yield-point phenomenon in sapphire. Previ-
ous studies associate the yield point in Al,O; with either
nucleation of first dislocations,? twinning,'# or activation of
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basal kink bands.!> Concerning the basal kinking model,"
evaluations of room-temperature contacts provided evidence
of twinning and basal and nonbasal slip systems as reviewed
by Tymiak and Gerberich,' but never discerned the presence
of basal kink bands. Given difficulties in resolving features
of nanoindentation-induced plasticity, inability to provide ex-
perimental evidence of basal kink bands generated by room-
temperature contact loading of Al,0; weakens standing of
the basal kinking model' but cannot be used as an argument
refuting its validity entirely. Page et al.®> and Nowak et al.'*
presented convincing experimental findings supporting mod-
els proposed in their studies.>'* However, like the basal
kinking model," those models®'* would not rationalize find-
ings of the studies utilizing the highly localized AE
monitoring.%°

Common for the models,>!*!3 the yield-point mechanism
was presumed to be the same for all surface orientations of
sapphire. In contrast, pattern of AE activity was different for

each of the four surfaces C(0001), R(1102), A(1210), and
M(1010),%° indicating different plasticity initiation mecha-
nisms. Examination of experimental results combined with
the elastic isotropic analysis'®!” allowed narrowing of the
possible yield-point mechanisms for A and M planes to a

competition between basal slip [(0001),1/3(1120)] and
basal twinning [twinning plane K;=(0001), twinning direc-
tion 7,=(1010)].

For C and R planes, there was no distinct effect of loading
rate on Py g and, consistent with the absence of Ty (w
localization for those planes, surface traces of basal twins
were not discernable.!® Supporting the involvement of basal
twinning in the yield point for the M plane, linear surface
features activated at the yield point were identified as basal
twins.!® Additional “post-yield-point” sets of basal twins
were activated at loads significantly exceeding Py, the
yield-point load.>'® Locations of basal twins were consistent
with the predicted positions of the highest localization of
Toasal e RSS for basal twinning.'® In agreement with the
loading-rate effect on twinning previously observed for other
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materials,"” increasing loading rate®'® resulted in Py de-

creasing for the M plane. For the A plane, Py;q was inde-
pendent of loading rate® and basal twins appeared to be ac-
tivated only after the yield point. The above ex situ
information gleaned from indentation curves and micro-
graphs of indentation impressions indicated that basal twin-
ning plays an important role in the earliest stages of plastic-
ity for A and M planes and prompted a hypothesis that the
yield-point mechanisms are different for those planes.’

Further support of this hypothesis was obtained from
scrutiny of AE waveforms in the time domain providing in
situ information about the processes involved in the onset of
plastic deformation. The characteristic chosen to discrimi-
nate between different types of AE signals was the emission
shape factor (ESF), a parameter describing the distribution of
signal energy over the signal time span. Highly transient rap-
idly decaying signals yield the highest ESF values. Two
types of AE signals observed for A and M planes included
sharply decaying transients’ referred to as “type 1 pattern”
(ESF=7.2-9.4) and “type 2 pattern” signals indicative of
process involving a period of sustained energy release
(ESF=3.1-6.9). Signal attenuation time for the type 2 pat-
tern signals was on average twice longer than signal attenu-
ation time for the type 1 pattern signals. Type 2 pattern was
similar to AE signals associated with twinning involving
considerable twin growth.?® In line with the studies by
Bovenko et al.?! and Richeton et al.?? noting similar distinc-
tions between AE signatures of slip and twinning in hcp
metals, Tymiak et al.® ascribed type 1 and type 2 pattern
signals to slip and twinning, respectively. For C and R
planes, type 2 pattern signals were never detected, in agree-
ment with the absence of discernible traces of basal twins for
those planes.®?

For both A and M planes, sequences of type 1 pattern and
type 2 pattern signals were detected at the onset of contact-
induced plasticity. However, the sequences and their depen-
dence on loading rate were distinctively different for A and
M surfaces, indicating differences in plasticity initiation
mechanisms. At loading rate of 0.1 mN/s, the AE signal as-
sociated with the yield point for A and M planes was always
a single type 1 pattern as shown in Fig. 1(a). As the loading
rate increased from 0.25 to 1.6 mN/s, AE activity for the A
plane remained unchanged, while for the M plane, a “two-
step signal” rather than a single type 1 pattern was increas-
ingly often detected at the yield point (in 15%, 20%, 80%,
and 90% of tests for loading rates of 0.25, 0.5, 1.0, and 1.6
mN/s, respectively). The two-step signal included a type 2
pattern immediately followed by a type 1 pattern as shown in
Fig. 1(b). With the load increased to 200-400 % P4, type
2 pattern signals were observed for both A and M planes.

The above experimental results suggest that with increas-
ing loading rates, the yield-point mechanism for the M plane
changes from basal slip dominated to basal twinning domi-
nated. Such mechanism change is consistent with the
models'>? defining basal slip and basal twinning in Al,O4
as competitive processes with the common initial stage. De-
pending on the strain rate, € and on the levels of 7, ¢
(RSS for basal slip) and 7y, - the initial stage evolves to
either basal slip or basal twinning.!” The common stage in-

volves forming a leading %<101_0> and %(Oll_O) trailing par-
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FIG. 1. (Color online) Load-displacement curves with the re-
spective patterns of AE activity for (a) A plane and (b) M plane of
sapphire. AE waveforms correspond to indentation curve disconti-
nuities denoted by arrows. Each AE waveform is shown over a 2 ms
time span and has units of mV. The measured mV output gives
relative information about the actual AE waveform. Calibration of
the AE-sensing system would allow obtaining of the corresponding
surface displacement detected by the AE sensor. Dotted lines indi-
cate FEA-simulated load-depth response. Categories of AE signal
types la, 1b, and 1c and types 2a, 2b, and 2c are defined in Table I.

tial dislocations. If the trailing partial becomes locked, the
leading partial may create a basal twin.!” Alternatively, the
trailing partial can climb up to recombine with the leading
partial and form a perfect basal plane partial dislocation.!
Climb of a trailing partial is facilitated by diffusion, a time-
dependent process affected by stress and temperature.'® As
climb of a trailing partial leading to basal slip is favored by
decreasing strain rate, increasing € facilitates twinning. Dis-
tribution of preexisting flaws is also a factor affecting the
competition between slip and twinning. Experimental obser-
vations suggest that twinning is strongly influenced by the
presence of surface flaws facilitating heterogeneous twin
activation.?*

In order to minimize possible effects of surface flaws in
the studies by Tymiak et al.,%° A and M planes with surface
roughness of less than 1 nm were used and sets of experi-
ments were performed at multiple locations for both A and M
surfaces. Given identical experimental conditions for A and
M planes (topography of pristine surfaces, temperature, in-
denter tips, and loading rates), a conclusion can be drawn
that the observed differences between plasticity initiation
patterns for A and M planes®® were determined mainly by
the peculiarities of RSS distributions acting on slip and twin-
ning systems. Such conclusion was supported by the results
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of isotropic elastic analysis predicting conditions for activa-
tion of basal twinning to be more favorable for the M
plane.'®17

However, the authors acknowledged the possibility of
errors stemming from ignoring elastic anisotropy of sap-
phire. Given similar 7,y  and Tha ¢ (Maximum values of
Thasal tw aNd Thaeu 1) predicted for A and M planes by the
isotropic elastic analysis, Tymiak and Gerberich!®!” recom-
mended FEA evaluation for clarifying why basal twinning at
the yield point is favored only for the M plane, while for
both A and M planes basal twins can be activated at loads of
200-400 % Py;c1q- Another drawback noted by Tymiak and
Gerberich'®!” ‘was that RSS distributions were not deter-
mined at the surface (z=0) where the analytical solution does
not exist. However, examination of 7, (, at the surface is
crucial since twinning is known to be activated mainly at the
surface.”* In order to remove uncertainties associated with
not accounting for the elastic anisotropy of sapphire and in-
ability to assess values of RSS at the surface, the present
study performed FEA evaluation of indentation-induced
stress.

As the analysis of AE activity is concerned, the distinction
between different types of waveforms associated with the
plasticity initiation in sapphire was previously examined in
terms of time-domain waveform characteristics.’ The present
study evaluates the patterns of AE activity in joint time-
frequency domain (JTFD). JTFD representation demonstrat-
ing change in frequency content over the signal time span is
used for the analysis of nonstationary signals.”2>20

16,17

II. PROCEDURES
A. Finite element analysis

FEA was performed with the commercial ABAQUS FEA
software. RSS definitions followed procedures of the study
by Tymiak and Gerberich.'® The calculations used elastic
constants for Al,O5 recently verified by Winey and Gupta,?’
elastic constants for diamond as reported by Oliver and
Pharr,”® and a diamond-sapphire friction coefficient of
0.085.% To assure accuracy of input for FEA calculations,
shape of the indenter tip utilized in the AE-monitored
nanoindentation experiments® (90° cone of approximate 500
nm end radius) was assessed by imaging with the silicon
calibration grating TGTO1 and subsequent curve fitting of the
obtained indenter tip profile at distances from 2 to 50 nm
(with 40 nm corresponding to average indentation depth at
the yield point) from indenter apex. Based on the evaluations
indicating the tip radius changing from 270 to 520 nm over
the examined depth range, indenter tip geometry was mod-
eled as a sphere of 370 nm radius. Mesh size refinement and
sample and indenter dimensions were increased up to the
values past which there were no discernable effects of mesh
refinement and increase in sample and indenter dimensions
on the resulting solution. Given mean Py;q values of 2.2 and
1.8 mN for A and M planes, respectively,’ calculations were
carried up to 2.1 mN indentation load, yielding a mean in-
dentation pressure of 44 GPa. Validity of the FEA model was
verified for a limiting case of spherical indentation into iso-
tropic medium with the resulting deviation of the calculated
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FIG. 2. Scanning probe microscopy (SPM) images of the distri-
butions of surface traces of basal twins for (a) A and (b) M surface
orientations. White arrows point toward surface traces of basal
twins. Drawings in left lower corners represent schematics of dis-
tributions of surface traces of basal twins (white straight lines) with
respect to the edges of indentation impressions (white circles).

stress field from analytical solution® less than 3%. A com-
parison between experimental and FEA-simulated load-
displacement curves is shown in Fig. 1. FEA-derived 7,1 (w
distributions were compared with the experimental patterns
of surface traces of basal twins as shown in Fig. 2 and as
reported previously.'*!8

B. Analysis of AE activity

The analysis was performed on AE signals detected with
the commercial AE-monitoring system’® (TriboAE™, Hys-
itron, Inc.) utilizing a conical AE-sensing indenter tip with
the tip shape discussed in Sec. II A. Nanoindentation experi-
ments up to 9 mN peak loads were performed at loading rate
of 1 mN/s. AE sensing was carried out at 100-1200 kHz
bandwidth and 10 MHz sampling frequency as detailed by
Tymiak et al.® AE activity analysis was restricted to signals
detected in experiments with Py;q=2*0.2 mN, comparable
with the mean values for A and M planes.® The evaluated
type 1 and type 2 pattern signals were divided into six cat-
egories (type la, type 1b, type lc, type 2a, type 2b, and type
2c¢) specified in Table I and denoted in Fig. 1. The categories
were defined by surface orientation (A or M), instance of
signal detection (during or after the yield point), and pattern
type (single type 1, single type 2, type 1 in a two-step signal,
or type 2 in a two-step signal).

The selected AE signals were represented in JTFD using
AGU-VALLEN software.>! JTFD representation is a map indi-
cating how distribution of signal energy between different
frequencies changes over the signal time span. The details of
the underlying wavelet-based signal decomposition are ad-
dressed by Suzuki et al.3?> The present study used frequency
resolution of 10 kHz and wavelet size of 200 samples.

II1. RESULTS AND DISCUSSION
A. Finite element analysis
1. Conditions required for the activation of basal twins

The present authors assume that activation of a basal twin
at a given spatial position is possible if 7y,  €xhibits a
sufficient degree of localization and 75~ . (8) can be at-
tained before reaching 75~ | (¢) at this position. The latter
requirement implies Ty tw/ Toasal 51 Tomal 1o(€)/ Tomear «1(€)-
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TABLE I. Subcategories of type 1 and type 2 pattern AE signals. “After yield point” refers to signal
detection at loads significantly exceeding the yield-point load (200-400 % of Py;cq) as shown in Fig. 1.
“Two-step signal” denotes a sequence of type 2c pattern immediately followed by type lc pattern such as

seen in Fig. 1(b).

Signal Plane Detected Pattern in time domain Shown in
Type la A Yield point Single type 1 Figs. 1(a) and 4(a)
Type 1b M Yield point Single type 1 Fig. 4(b)
Type lc M Yield point Type 1 in two-step signal Figs. 1(b) and 4(c)
Type 2a A After yield point Single type 2 Figs. 1(a) and 4(d)
Type 2b M After yield point Single type 2 Fig. 4(e)
Type 2¢ M Yield point Type 2 in two-step signal Figs. 1(b) and 4(f)

2. Positions evaluated for the possibility of basal twin activation

According to the results of FEA calculations, 7. ., for
A and M planes is attained at depths z=85 nm below the
surface where localization of 7,  Occurs under the edge
of contact as shown in Figs. 3(a) and 3(b). Additional posi-
tions of 7y, 1w lOcalization are at z=0 as evident from Figs.

3(c) and 3(d).
3. Comparison between FEA predictions and experimental
patterns of twin traces

As seen from Fig. 2(a), basal twins for the A surface ini-
tiate at the edge of contact and extend along [1100] and

[1100] directions, forming a pattern antisymmetric with re-
spect to the (0001) axis. Origin of the observed antisymme-
and

try 1is apparent from the evaluation of 7y, w

i
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Thasal tw! Toasal s at =85 nm presented in Figs. 3(a) and 3(e).
At the position a; where 7 . 1S reached, iy v/
Thasal ss=0.9. A conclusion can be drawn that 7, ¢ can be
reached at this position before attaining 7y, « and, there-
fore, activation of basal twins is not favored when
7ok w(E) TS5 4(8)=0.9. Twin activation and extension is
more likely at the locations denoted as a, where
Thasal tw/ Toasal si=1.1. The a, positions form antisymmetric
pattern consistent with the arrangement presented in Fig.
2(a). The distributions Ty, w aNd Tiaear tw/ Thasal s at 2=0
shown in Figs. 3(c) and 3(g) also are consistent with the
experimentally observed antisymmetry. On the right side of
indentation impression, conditions for twin extension are
more favorable along [1100] direction where 7, o decays
more slowly and the Ty o/ Thasal 51 1 considerably higher

than 7,q1 o/ Toasal s along the [1100] direction as evident

0.82

0.98 1.15

FIG. 3. (Color online) FEA evaluation of the possibility of basal twin activation for A and M surface orientations. The analysis simulates
indentation experiments (Ref. 9) utilizing a 90° conical indenter tip of approximately 500 nm end radius and indentation load of 2.1 mN.
Dotted circles denote projected edges of indentation contact areas. Distributions of 7, w» RSS acting on basal twinning systems, are
shown in (a)—(d). Distributions of the ratio 71 o/ Toasal s are shown in (e)—(h). Values of Ti,ue «w a0d Thaeal tw/ Thasal s are determined at the
surface (z=0 nm) and at depth z=85 nm below the surface where maximum of 7y, v 1S attained.
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from Figs. 3(c) and 3(g). The opposite is true on the left side
of indentation impression where twin extension along the

[1100] direction is favored.
For the M plane, decay of 7y, 1S the same along

[1120] and [1120] directions and the distribution 7, w/
Thasal 51 1S symmetric with respect to the (0001) axis, as seen
from Figs. 3(b), 3(d), 3(f), and 3(h). Consequently, the pat-
tern of basal twins is expected to be symmetric with respect
to (0001) axis, in agreement with Fig. 2(b) and with the
previous experimental findings.!*!3

The above analysis indicates that the differences in sur-
face topography patterns observed for A and M surfaces
(shown in Fig. 2 and reported in previous studies®?!+13) are
justified by the features of Ty, w a0 Tiaal tw/ Thasal s diS-
tributions. Particularly, 18% difference in 7y, «w/ Thasal sl 12~
tio (0.9 at the positions a; as compared to 1.1 at the positions
a, and a,) determines the preference for antisymmetry of

basal twin extension following [1100] and [1100] directions
along the opposite sides of indentation impressions for the A
plane. Consistency of the surface topography patterns for A
and M surfaces reported by Nowak et al.'*!® and in the
subsequent evaluations®’ utilizing samples from different
sources and different indenter tip radii [R=5 wm,'*!8 R
=0.5 um (Refs. 8 and 9)] suggests that those patterns®%1418

are not merely a consequence of surface flaws.

4. Yield-point mechanisms

Further analysis of the FEA-derived 7y, « and
Thasal tw/ Thasal s distributions suggests that conditions for ac-
tivating basal twinning at the yield point are more favorable
for the M plane than for the A plane. For Pyq=2.1 mN,

el =144 GPa and Ty, (w/ Toasal 1= 1.1 at the position
m; where 7. ., is attained. For the A plane, Ty
=12.6 GPa (1.8 GPa or 12% lower than for the M plane)
and Tigear o/ Toasal s1=0-9 (18% lower than for the M plane) at
the position a; where 7'{21‘1’;1 w 15 attained. At z=0, the highest
Thasal tw O the M plane is 9.5 GPa at the position m, in Fig.
3(d) as compared to 8 GPa for the A plane at the position a,
in Fig. 3(c).

Results of Sec. III A 3 indicate that the differences in
Thasal tw and 18% difference in 7,4y (w/ Thasal o1 Values are suf-
ficient to generate distinguishable and consistent surface to-
pography patterns for A and M planes. Therefore, it is rea-
sonable to conclude that the differences in 7y,  and
Thasal tw/ Thasal 51 distributions are sufficient to produce dis-
cernable and reproducible effects on the yield-point mecha-
nisms. Based on such assumption, the present authors pro-
pose the following model justifying the experimentally
observed differences in plasticity initiation patterns for A and
M planes.

It is hypothesized that at the lowest loading rate invoked
in the study by Tymiak er al.® 755 . (8)/ 7ok 1 ((8)>1.1.
Under such conditions, basal twinning cannot be activated
prior to activation of basal slip and, consequently, basal slip
determines the yield point for A and M planes giving rise to
type la and type 1b signals. Increasing loading rates decrease
7o w8/ Tor . o(€) below 1.1, thus increasing the prob-
ability of basal twin activation before the initiation of basal
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slip for the M plane. For loading rates utilized in the
studies,® reduction in 705 | (8) due to 1ncreas1ng loading
rates is insufficient to produce 7o', . (8)/ 7o 4(8)>0.9
and, therefore, basal twinning cannot be activated before ac-
tivation of basal slip for the A plane.

5. Determination of critical shear stress values for basal
slip and basal twinning

Consideration of the values of 753 v Thaea o and
Thasal tw/ Thasal s1 8t Pyielq for A and M planes discussed above
indicates room-temperature values of 12.6 GPa<<7i' | .
<144 GPa 129 GPa<7' , ;<139 GPa, and 09
<t /T <1.1. Less than 20% difference in 70", .,
and 7, ¢ values predicted by the present analysis is con-
sistent with the results of the study by Castaing et al.>* indi-
cating that critical shear stresses (CSSs) for basal slip and
basal twinning are similar for 600 °C<7<1200 °C. The
present experiment-derived room-temperature Tgsal g Vvalue
is within the range of 4.8—23 GPa expected from the results
of theoretical modeling and extrapolation of high-
temperature experimental results reviewed by Tymiak and
Gerberich'® but higher than the recent results of nonlinear
continuum modeling indicating the range of 2.7-5 GPa.**
The present experiment-derived room-temperature 7. .
value is higher than 4 GPa estimated as a lower bound value
by nonlinear continuum modeling®* and exceeds range of
5.5-7.3 GPa predicted by the double-cross-slip model of
basal twinning.?® It is possible that 7o', .. value obtained in
the present study reflects the effect of very high levels of
hydrostatic pressure generated under nanoindentation load-
ing as discussed by Tymiak and Gerberich.'® The results of
molecular-dynamics (MD) study by Xu et al. suggest that
hydrostatic compression increases CSS for twinning. Model-
ing of indenter tip as a sphere might also be a source of
inaccuracy of the present RSS results. Given indenter tip
shape discussed in Sec. II A, parabolic rather than spherical
surface might approximate actual indenter geometry more
closely.

6. Activation of basal twins at loads significantly
exceeding Pyiqq

With the presence of plastic deformation introducing con-
siderable changes in the 7y, 1w and 7. o distributions,
conditions for activation of the post-yield-point sets of basal
twins at the loads significantly exceeding the yield-point load
can only be estimated with a significant degree of uncer-
tainty. Assuming that the distributions 7,  and
Thasal tw/ Thasal s1 after the yield point follow similar trends as
prior to the onset of plasticity, it is reasonable to conclude
that secondary sets of basal twins can be activated at the
positions a, in Fig. 3(a), a, in Fig. 3(c), and m, in Fig. 3(d)
exhibiting localization of 7, , and a favorable ratio
Thasal tw/ Toasal s1>> 1-1. Activation of secondary sets of basal
twins would be consistent with the type 2a and type 2b AE
signals observed for M and M planes at the loads
200-400 % of the yield-point load as shown in Fig. 1.

7. Remaining questions about plasticity initiation mechanisms

The present FEA evaluation points competitive processes
of basal slip and basal twinning as the dominant yield-point
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mechanism for A and M planes, respectively. However, sev-
eral questions concerning loading-rate-dependent plasticity
initiation mechanisms for A and M planes yet remain to be
answered. The required clarifications include establishing the
nature of a physical process giving rise to type lc signals
detected immediately after the activation of basal twinning
for the M plane [Fig. 1(b), Table I]. It is possible that type 1c
pattern corresponds to the initiation of slip accommodating
boundaries of a newly activated twin. Such twinning-slip
combination is observed during twinning in constrained crys-
tals as discussed by Christian and Mahajan.?” Accommoda-
tion of a twin boundary via formation of dislocation kinks is
also possible.’” While Basu et al.'> proposed that the yield-
point transition is governed exclusively by basal kinking, it
appears more likely that basal kinking is one of the several
processes involved in the yield point and that the incidence
of basal kinking requires prior activation of twinning. Given
its dependence on the twin geometry and stress state in the
twin vicinity, peculiarities of slip activation in the vicinity of
twin boundary are likely different from slip activation in a
twin-free crystal. Therefore, differences of type lc pattern
from type la and type 1b pattern signals would be expected.
However, in time domain, type lc pattern signals seem in-
distinguishable from type la and type 1b pattern signals de-
termined above to be signatures of basal slip as seen from
Fig. 1. Similarly, time-domain representation offers no dis-
tinction between the type 2c pattern signals detected at the
yield point as compared to type 2a and type 2b pattern sig-
nals detected at the loads significantly exceeding Pyiciq. The
type 2a and 2b pattern signals were tentatively ascribed to
activation of the post-yield-point sets of basal twins. Repre-
sentation of type la, type 1b, type lc, type 2a, type 2b, and
type 2c pattern signals in JTFD discussed in Sec. III B serves
as a step toward answering the questions expressed above.

B. AE signal analysis in joint time and
frequency domain

The analysis was limited to discerning differences in
JTFD representations of six signal categories specified in
Table 1. In order to minimize possible effects of overlap be-
tween type lc and type 2c pattern signals, only type lc and
type 2c pattern signals detected as separate waveforms were
analyzed. Type 1c and type 2c pattern signals detected as a
single waveform such as shown in Fig. 1(b) were excluded
from the evaluation because attenuation time of a type 2c
pattern signal under such conditions was not exceeded at the
start of a type lc pattern signal.?® Here, attenuation time was
defined at the convergence of the integrated AE signal energy
to a straight line corresponding to background noise level as
detailed by Tymiak et al.®

Correlation of the JTFD characteristics of AE signals to
the specific characteristics of the underlying physical pro-
cesses (such as source type, source size, source time depen-
dence, and source position with respect to the AE sensor
surface) is beyond the scope of the present study. Such cor-
relation would require calibration and deconvolution of the
AE-sensing system response.

The present authors assume that for the signals detected at
the same AE-monitoring settings, the characteristic response
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of the AE system is the same and, consequently, differences
in the observed AE signals result entirely from differences in
the characteristics of the sources of corresponding physical
events. Validity of such an assumption is supported by the
specifics of the highly localized AE monitoring yielding sig-
nals essentially independent of the sizes and shapes of the
evaluated samples.® Possible effects of indentation contact
area on the detected AE signals is minimized by limiting
comparative analysis to signals detected at approximately the
same indentation loads.

AE signals representative of six subcategories of type 1
and type 2 pattern signals defined in Table I were selected
and compared according to the above considerations. Over-
all, the results of JTFD analysis confirm the distinction be-
tween type 1 and type 2 pattern signal previously noted from
time-domain evaluations.®? JTFD representations (plotted at
the same intensity scale) shown in Fig. 4 indicate that energy
maps of type 1 and type 2 pattern signals differ most signifi-
cantly in a frequency band centered at approximately 550
kHz. Time dependencies of 550 kHz frequency extracted
from JTFD representations (as indicated by white dashed
lines in Fig. 4) are plotted in Fig. 5. The frequency content
profiles presented in Fig. 5 are normalized with respect to the
maximum values for each signal indicated by arrows in
JTFD maps shown in Fig. 4). Since the present JTFD repre-
sentations are obtained without deconvolution of the re-
sponse of AE-monitoring system, the prominence of the 550
kHz frequency band in the JTFD representations does not
necessarily imply that this frequency band is dominant in the
operation of the underlying physical sources.

As seen from Fig. 5(b), normalized 550 kHz frequency
profiles of type 2a and type 2b pattern signals appear to
follow the same trend as type 2c pattern signals determined
to originate from activation of basal twinning. Starting from
the beginning of a type 2 pattern signal, 550 kHz frequency
content increases and reaches its maximum value after ap-
proximately 30 us. Minor increase observed at estimated
45 pus after reaching the maximum evident from Fig. 5(b)
suggests a two-stage underlying physical event mechanism.
Similarity of the JTFD characteristics of the three subcatego-
ries of type 2 pattern signals discussed above is supportive of
the assumption that those signals correspond to the same
type of a physical process. However, a definite conclusion
would need to be based on a more thorough analysis.

For the type 1 pattern signals, normalized 550 kHz fre-
quency profiles reach maximum almost immediately and
then decrease starting at 15 us from the signal beginning.
Overall, contribution of the 550 kHz frequency for the type 1
pattern signals is significantly smaller than for the type 2
pattern signals. Maximum of the normalized 550 kHz fre-
quency content is 0.35-0.45 as compared to 0.5-0.75 for the
type 2 pattern signals. While following common trends dif-
ferent from the tendencies exhibited by type 2 pattern sig-
nals, type la, type 1b, and type lc pattern signals appear to
exhibit subtle distinctions from each other.

Undistinguishable from type la and type 1b pattern sig-
nals in time domain, type lc pattern differs from those sig-
nals in JTFD representation. As seen from Figs. 4(a)-4(c),
type lc pattern exhibits substantially lower content of 550
kHz frequency. The difference is even more apparent from
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FIG. 4. (Color online) Comparison of AE waveforms representing six categories of AE signals defined in Table 1. Signals previously
ascribed to a single category type 1 pattern are shown in (a)—(c). Signals previously ascribed to a single category type 2 pattern are shown
in (d)—(f). For each waveform, time-domain (bottom) and time-frequency-domain (top) representations are shown. All signals were detected
in nanoindentation experiments with Py;eq=20.2 mN and peak loads of 9 mN. Type 2 pattern signals shown in (e) and (f) were detected at
indentation loads of 7 and 7.8 mN, respectively. Intensity scale is given in terms of wavelet transform coefficients (WTCs) obtained from
wavelet decomposition of the examined AE signals (Ref. 32). WTCs represent arbitrary units scaling with the energy of the evaluated
waveforms. In order to facilitate comparison between the presented AE signals, intensity scale was set the same by assigning an upper limit
to 1 WTC through (a)—(f). For representations (a)—(c) and (f) with maximum intensity exceeding 1 WTC, black dotted lines outline regions

where intensity is higher than 1 WTC (Ref. 38).

the frequency content profiles shown in Fig. 5(a). Noting that
type 2 pattern signals follow a common trend independent of
the maximum signal amplitude, a conclusion can be drawn
that the observed distinction of type lc pattern from type la
and type 1b patterns cannot be justified solely by the lower
amplitude of type lc pattern signals. As discussed in Sec.
IIT A 7, it is possible that type la and type 1b pattern signals
correspond to basal slip initiation in a defect-free crystal,
while type lc pattern signal results from activation of slip
accommodating boundaries of a newly formed twin. JTFD

representations of type la and type 1b pattern signals de-
tected at the yield point for A and M planes respectively do
not seem to discern the differences between those signals as
seen from Figs. 4(a) and 4(b). However, as evident from Fig.
5(a), content of 500 kHz frequency is slightly higher for the
type 1b pattern signal.

The initial JTFD analysis discussed above does not pro-
vide definite answers regarding characteristics of the under-
lying physical sources. However, the JTFD analysis offers
information not available from time-domain analysis.®° This
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FIG. 5. (Color online) Change in the normalized contribution
from 550 kHz frequency over signal time span (a) for type 1 pattern
signals and (b) for type 2 pattern signals. The plotted frequency
profiles correspond to sections denoted by white dashed lines in
JTFD representations (Fig. 4). For each signal, frequency profile is
normalized with respect to the maximum value for this signal indi-
cated by white arrows in JTFD representations (Fig. 4).

includes the possibility of a two-step process giving rise to
type 2 pattern signals as seen from Fig. 5(b) and the distinc-
tion between the three different subcategories of type 1 pat-
tern signals evident from Fig. 5(a). The distinctions dis-
cerned in Fig. 5(a) may result from differences in the
combination of underlying physical events and/or from dif-
ferences in the distance or orientation of the source(s) of
physical events with respect to the area of indentation con-
tact effectively serving as AE-sensing area. The next level of
JTFD analysis needs to provide more precise information
about the physical processes giving rise to the detected AE
signals. This requires deconvolution of the response of AE-
sensing system*® and modeling of AE activity originating
from physical sources of different type, time dependence,
and position with respect to the area of indentation contact.

C. Further verification and development of the
proposed modeling

Finite element RSS analysis serves as a foundation for the
present model justifying the effects of loading rate and sur-
face orientation on the yield-point mechanism in
sapphire®141841 not explained by the previous models.>!%13
However, based on the analysis of RSS distributions at the
yield point exclusively, it is not possible to prove that the
yield-point mechanism is slip or twinning dominated, de-
pending on surface orientation and/or loading rate. While the
observed patterns of AE activity support the proposed model,
in situ observations of contact-induced changes in crystal
lattice during the yield-point would be required to unambigu-
ously establish the yield-point mechanisms.

PHYSICAL REVIEW B 79, 174116 (2009)

Transmission electron microscopy (TEM) evaluation of
plastic zone generated in a test involving unloading immedi-
ately after the yield point might be considered as a possibil-
ity of direct verification of the proposed yield-point mecha-
nisms. Such evaluations are not attainable yet due to the
small scale of plastic deformation involved. Possibilities of
reversible plasticity under nanoscale indentation contacts*
and/or altering the original plasticity configuration during
TEM sample preparation pose additional challenges. A det-
rimental downside of in situ TEM of nanoindentation**** is
that geometry of the evaluated system is not representative of
indentation into a bulk material with the consequence of in-
troducing plastic deformation modes different from those
generated in bulk material.*3

With the recent strides in atomistic modeling of contact-
induced plasticity in ceramic crystals,*-4° MD simulation of
nanoscale contacts in Al,O5 reflecting all the complexity of
the onset of plasticity is the anticipated advance. The study
by Nishimura et al.’® provides the initial much needed step
in this direction. The next step would be an atomistic model
fully reflecting the experimentally observed modes of
contact-induced plastic deformation®! in sapphire including
slip, twinning, and phase transformations.>?

IV. SUMMARY AND CONCLUSIONS

Prior experimental studies of acoustic emission-moni-
tored nanoindentation experiments®® suggest competitive
processes of basal twinning as dominant yield-point mecha-
nisms for A and M planes of sapphire.

The present study evaluates the possibility of basal slip-
dominated vs basal twinning-dominated yield-point transi-
tion by performing FEA of RSS acting on basal slip and
basal twinning systems. It is assumed that at a given strain
rate € activation of basal twinning before the initiation of
basal slip requires sufficient localization of 7y, « (RSS for
basal twinning), Thasal tw= TE;sm 1w(é)v and Thasal tw/ Thasal sl
>7Ct (&) 1o (€). Application of the above consider-
ations justifies the experimentally observed patterns of sur-
face traces of basal twins and indicates that conditions for
activating basal twinning are more favorable for the M plane.
Consequently, at sufficiently high loading rates, the yield-
point mechanism for the M plane is dominated by basal
twinning. In contrast, for the A plane, the yield-point transi-
tion is defined by activation of basal slip at least for the
range of indentation loading rates utilized up to present.’
Less than a 20% difference in 7", ,,, and 7o. values as
predicted by the present analysis is consistent with the results
of the study by Castaing et al.®

Analysis of AE signals in JTFD allows discerning pecu-
liarities of AE activity not apparent from time domain evalu-
ations. Additional information provided by JTFD representa-
tion includes change in frequency content over lifespan of
the evaluated signal.”?%3? JTFD representations emphasize
the difference between the two types of AE signals, type 1
pattern and type 2 pattern previously ascribed® to basal slip
and basal twinning, respectively. JTFD representations indi-
cate that energy maps of type 1 and type 2 pattern signals
differ most significantly in a frequency band centered at ap-
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proximately 550 kHz. Consistent with the activation of the
post-yield-point sets of basal twins at loads significantly ex-
ceeding the yield-point load, JTFD maps show no distinction
between the type 2 pattern signals detected at the yield point
and type 2 pattern signals detected at the loads 200—-400 %
exceeding the yield-point load. JTFD analysis of type 1 pat-
tern signals indicate two different subtypes, one of which
might be attributed to activation of basal slip in a twin-free
region and another one which likely stems from slip acti-
vated to accommodate boundary of a newly activated twin.

It is stressed that in situ observations of contact-induced
changes in the crystal lattice involved in the yield-point tran-
sition would be required to verify predictions of the proposed
model. As transmission electron microscopy of the plastic
zone immediately after the nanoindentation-induced yield-
point transition in a bulk material is not currently attainable,
atomistic modeling and advanced AE signal analysis are pro-
posed. This would allow further verification of the proposed
modeling and gain additional insights into the onset of
contact-induced plasticity in sapphire.

Note added in proof. Recently published results by Nish-

PHYSICAL REVIEW B 79, 174116 (2009)

imura er al. [Appl. Phys. Lett. 94, 146102 (2009)] obtained
by performing molecular dynamics and quantum mechanical
calculations suggest that ideal shear strength of basal plane
ranges from 16.3-18.9 GPa. The estimate of critical shear
stress, 12.9-13.9 GPa, for basal slip obtained in the present
study appears to be closer to the above atomistic calculations
than to 2.7-5 GPa predicted by nonlinear continuum
modeling.3*
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