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Abstract

The present experiments were focused on nanoindentation behaviour and the attendant ‘‘micro-pop-in’’ in a dense (�95% of

theoretical) coarse-grain (�20 mm) alumina ceramic as a function of loading rate variations at three constant peak loads in the range of

105–106 mN. Based on the experimental results here we report for the first time, to the best of our knowledge, an increase in intrinsic

nano scale contact resistance as well as the nanohardness with the loading rate. These observations were explained in terms of the

correlation between the nanoscale plasticity and shear stress active just underneath the nanoindenter.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Alumina, the most well known structural ceramic finds
applications such as the wear-resistant inserts, biomedical
implants, high strain rate impact-resistant plates, high tem-
perature electronic components, very high end optical com-
ponents and devices. Hardness is one of the most important
surface mechanical properties in this connection as it defines
the intrinsic contact resistance of alumina ceramics. The
defects that ultimately define the mechanical integrity of a
structural ceramic originate at the nanoscale of the micro-
structure during its service life time. Thus, the mechanical
integrity of a structural ceramic like alumina in service gets
determined at the nanoscale of microstructure. Therefore, the
nanoscale hardness or nanohardness of alumina measured at
the nanoscale of the microstructure assumes explicit impor-
tance in this regard. In spite of the wealth of literature,
however, the studies on nanohardness of dense, coarse grain
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alumina ceramics which characteristically exhibits an R-curve
behaviour are far from significant. In recent times the
nanoindentation technique has emerged as a very powerful
technique to characterize the nanomechanical properties of a
wide variety of materials [1–5]. That is why there exists a
wealth of literature on hardness of alumina measured at
macro- or micro-scale [6–8] as well as at the nanoscale [9,10].
However, these measurements [7–10] are reported mostly for
fine grain and/ or submicrometer grain sized alumina ceramics
and reports on coarse grain alumina ceramics are really
rare [6]. Interestingly alumina is capable of localized plastic
deformation even under ultra-low loads used in the nanoin-
dentation experiments [11]. The pop-in mechanisms in
nanoindentation experiments are yet to be well understood
[12–16]. A lot of factors can affect the initiation of pop-in e.g.
nanoindentation load, nanoindenter tip radius, temperature
etc., while strain and loading rate variation may [12–15] or
may not [16] influence the measured value of hardness.
Recently, our work demonstrated significant effect of loading
rate on nanohardness of glass [17–22] and alumina [21,22].
The occurrence of the pop-in behaviour were also reported
for glass [17–20], polycrystalline alumina [21,22], bulk metallic
glass [23–25], sapphire [26], GaN [27] and ZnO [28]. The
occurrence of pop-in has often been associated with shear
ll rights reserved.
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localization [17–33]. However, there are many contradictory
view points about their genesis in a wide variety of materials
[33–38] and an unequivocal picture is yet to emerge. There-
fore, the major objective of the present work was to study in
detail the role of ‘‘micro-pop-in’’ issues in influencing the
loading rate dependence of the nanoindentation response and
in particular, the nanoscale contact deformation resistance of
a high density (�95% of theoretical) coarse grain (�20 mm)
alumina ceramic.
2. Materials and methods

Alumina discs of �10 mm diameter and �3 mm thick-
ness were prepared by pressureless sintering in air at a
temperature of 1600 1C. The density of the sintered
alumina discs was measured by Archimedes’s principle.
The polished alumina discs had surface roughness (Ra) of
0.01 mm. The polished alumina discs were thermally etched
for 1 h. in air at a temperature of 1500 1C. The photo-
micrographs of the thermally etched alumina discs were
taken using a Field Emission Scanning Electron Micro-
scope (FE-SEM, Supra VP35, Carl Zeiss, Germany). These
photomicrographs were used to measure the average grain
size of the pressureless sintered alumina by an image
analyzer (Q500MC, Leica, UK).

The load controlled nanoindentation technique was used
in a commercial nanoindentation machine (Fischerscope
H100-XYp; Fischer, Switzerland) to evaluate the nano-
hardness and Young’s modulus of the alumina samples. A
5� 5 array matrix was utilized for this purpose. The
machine had depth sensing resolution of 1 nm. The load
sensing resolution of the machine was 0.2 mN. The
nanoindentation experiments were conducted with a Ber-
kovich indenter attached to the machine. The indenter had
a tip radius of �150 nm and a semi-apex angle of 65.31.
The area function of the indenter tip was evaluated prior
to each experiment. The dedicated software available in the
control system of the machine corrected the experimentally
obtained load (P) versus depth of penetration (h) data for
tip blunting effect. Following the DIN 50359-1 standard
the machine was finally calibrated with nanoindentation
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Fig. 1. (a) Load-depth plots at 3 different loads of 105 mN,
based independent evaluation of nanohardness, H (4.14 GPa)
and Young’s modulus, E (84.6 GPa) values of a reference
BK7 glass block (Schott, Germany). The standard reference
glass block was provided by the supplier of the machine. The
calibration was repeated before each and every experiment to
make sure that the data generated remains reproducible.
Next, the Oliver-Pharr model [33] was used to measure the
nanohardness and Young’s modulus data of the alumina
samples from the experimentally measured load-depth (P-h)
data plots. No particular bias was associated with the
location selection for the positions of the nanoindentation
arrays. Thus, at least 25 individual measurements of nano-
hardness values were used for each reported average data. In
the present experiments, three different constant peak loads
of 105, 5� 105 and 106 mN were used. Further, both the
loading and the unloading times were varied from 100 to
103 s to obtain the variation of loading rates in the range of
103–106 mN s�1. Thus, the loading rate was calculated by
dividing the peak load by the time to reach the peak load.
For instance a loading time of 1 s to reach a peak load of
103 mN gives the loading rate of 103 mN s�1. The error bars
represent 71 standard deviation of the data for all experi-
mental data reported in this work. The Field Emission
Scanning Electron Microscope (FE-SEM, Supra VP35, Carl
Zeiss, Germany) as mentioned earlier was also used to
observe the microstructure and the nanoindents in the
present alumina samples.
3. Results

The two most relevant experimental data of major
concern in the present work are the instantaneous depth
(h) and the reduced depth (h0) of penetrations recorded
during the nanoindentation experiments. Here h

0

¼ h�hf

� �
is called the reduced depth of penetration following [33].
The quantity hf represents the final depth of penetration.
The experimental data on load (P) versus depth of
penetration (h) are shown in Fig. 1a. The exploded view
of the same data is shown in Fig. 1b. These data confirmed
that a large number of serrations occurred during the
loading and unloading cycles. The very presence of these
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serrations in the P-h data signify the occurrence of
nanoscale plasticity events e.g. multiple micro pop-in and
micro pop-out events. Both h and h0 had power law
dependencies on the nanoindentation load (P), Fig. 2a.
Further, the rate of change of depths dh=dt and dh0=dt with
respect to time was minimal i.e. constant (Fig. 2b).

The data plotted in Fig. 3(a) show the variation of depth
increment (Dh) during the loading cycles as a function of
the loading rate _P. The depth increment basically repre-
sents the change in depth between two consecutive nanos-
cale plasticity events (say, 1, 2) those had occurred during
the loading cycles. Similarly, the data plotted in Fig. 3(b)
show the variation of depth decrement (�Dh) during the
unloading cycles as a function of the loading rate _P. The
depth decrement stands for the change in depth between
two consecutive nanoscale plasticity events (say, 1, 2) those
had occurred during the unloading cycles. It is interesting
to note that both of these data (Fig. 3a and b) exhibit
power law dependencies on the loading rate _P. The
exponents of such dependencies were positive (Fig. 3a
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105 mN loads. The solid lines indicate the corresponding power law fits.
and b). A similar trend was found for the data on the
reduced depth of penetration (h0), Fig. 4.
Most interestingly, the data plotted in Fig. 5(a) show

that for any given peak loads, the critical load (Pc) had
power law dependence with positive exponent on the
loading rate _P. Physically, the critical load (Pc) represents
the load at and above which a nanoscale plasticity event
can just initiate. In other words it signifies the intrinsic
contact deformation resistance of the present alumina
ceramic. This data confirmed that the critical load for
initiation of plasticity at the nanoscale of the present
alumina increased with loading rate. Thus, to the best of
our knowledge this is the very first experimental observa-
tion that for any given peak loads during the nanoindenta-
tion experiments, the intrinsic contact deformation
resistance of coarse grain alumina ceramics can increase
with the loading rate.
Similarly, the data plotted in Fig. 5(b) show that for any

given peak loads during the nanoindentation experiments,
the maximum shear stress (tmax) active just underneath the
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nanoindenter had a power law dependence with positive
exponent on the loading rate, _P. The magnitudes of (tmax)
were estimated following [29,30].
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Fig. 4. The dependencies of instantaneous reduced nanoindentation depth

(h0) on the loading rates dP
dt
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at 3 different loads of 105 mN, 5� 105 mN and

106 mN. The solid lines indicate the corresponding power law fits.
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Fig. 6. FESEM photomicrographs of shear induced deformation band fo

nanoindentation cavities of alumina at typical illustrative lower loading rates
FE-SEM photomicrographs of the nanoindentation
cavities are presented in Fig. 6a and b. These photomicro-
graphs show distinct evidence for presence of shear
induced localized microcracking in the vicinity of the
nanoindent and micro-shear band formation inside the
nanoindentation cavity.
The depth (hc) recorded corresponding to the critical

load (Pc) is called the critical depth of penetration. Thus,
Dh ¼ hc2�hc1ð Þ represents the change in critical depth data
between the occurrences of two nanoscale plasticity events
in the present alumina ceramic sample. Further, the
corresponding load increment DP ¼ Pc2�Pc1ð Þ represents
the change in critical load data between the occurrences of
two nanoscale plasticity events. The data presented in
Fig. 7 show that for any given peak loads during the
nanoindentation experiments hc had empirical power law
dependence on Pc. Similarly, the data plotted in Fig. 8
demonstrate that Dh had power law dependence on Pc.
Further, Dh had also an empirical power law dependence
on the corresponding load increment DP, Fig. 9.
The data on variation of the final penetration depth (hf)

as a function of the loading rate, _P are shown in Fig. 10.
The final penetration depth values were relatively larger at
comparatively lower loading rates and smaller at compara-
tively higher loading rates.
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Finally, the data on variation of the nanohardness (H)
are presented in Fig. 11 as a function of the loading rate _P.
The data show that for any given peak loads during the
present nanoindentation experiments, the nanohardness
(H) increased with loading rate, Fig. 11. To the best of our
knowledge this is also the very first observation that the
nanohardness of coarse grain alumina can register an
apparent increase with loading rate. However, the data
on variation of the Young’s modulus, E as a function of
the loading rate, _P (Fig. 12) show that it was insensitive to
the variations in loading rate, as expected.
4. Discussions

Before discussing the experimental data it should be
recognized that so far, the issue of pop-in behavior in
nanoindentation work of a wide variety of materials has
not received appreciable theoretical framework of investi-
gation [26–38]. However, many authors have argued that
pop-in signifies the initiation of nanoscale plasticity events
in a given material [27–35]. Therefore, an attempt was
made to develop a simplistic theoretical scenario and then
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examine whether that scenario was in accordance with the
present experimental data.

According to [38], the instantaneous nanoindentation
depth (h) is related to the corresponding instantaneous
load (P) by:

P¼ Bhm ð1Þ

where B and m are empirical constants and generally,
1omr2 [38]. We note that from Eq. (1) above we can
get:

h¼ B�1
� � 1

mð Þ Pð Þ
1
mð Þ ¼APn ð2Þ
where A¼ B�1
� � 1

mð Þ and n¼ (1/m) are empirical constants.
It has been shown by us elsewhere [22] that one can obtain
the following relationship from Eq. (1) above by differ-
entiating both sides with respect to time (t):

_P ¼ Bmhm�1 _h ð3Þ

Eq. (3) can be re-written as:

h¼C _P
a

ð4Þ

In Eq. (4), the quantities C and a are given by:

C ¼ Bm _h
� ��a

ð5Þ

and

a¼
1

m�1ð Þ
ð6Þ

From Eq. (5) it follows that the quantity C becomes a
constant if _h is a constant, because the quantities B and m
are already defined as constants. If C is a constant it
follows automatically from Eq. (4) that

hp _P
a

ð7Þ

The empirical relationship proposed by Oliver and Pharr
[33] is that during the unloading cycles:

P¼Ah0b ð8Þ

Using treatment similar to what has been done above;
Eq. (8) can be easily cast as:

h0 ¼GPl ð9Þ

where G and l are empirical constants. Following the
similar type of mathematical manipulations as done for
Eqs. (3)–(7), Eq. (9) could be also recast as:

h0p _P
z

ð10Þ

Thus, Eq. (10) is of the similar form as of Eq. (7). In
Eq. (10) z is an appropriate constant that could be defined
in a manner similar to how the constant a was defined
above. Table 1 gives a summary of the pre-exponential and
exponential factors those were obtained by fitting of the
corresponding data from the present work to the Eqs. (2),
(4), (9) and (10). The general trend was that with increase
in load the pre-exponential factors increased while the
corresponding exponents decreased.
The experimental data plotted in Figs. 3(a, b) and 4

show that (Dh) and (�Dh) as well as the reduced depth of
penetration (h0), had power law dependencies on the
loading rate _P. This is in accordance with the predictions
of Eqs. (7) and (10) deduced above. This match between
the experimental data and predicted trend occurred for two
reasons. Firstly, as proposed in the theoretical framework
e.g. Eqs. (2) and (9); both h and h0 had power law
dependencies on the nanoindentation load (P), Fig. 2a.
Secondly, the rates of change of depths dh/dt and dh0/dt

were constant with respect to time, Fig. 2b.
It is interesting to note that the data of (Dh) as given in

Ref. [31] also showed a power law variation with the
loading rate _P that spanned a range of 50–400 mN s�1.



Table 1

Summary of the pre-exponential and exponential factors obtained by fitting the relevant data from the present work to Eqs. (2), (4), (9) and (10).

P (mN) 105 106

Values of the power law exponents (n, l, a, e, n) and the pre-exponential factors (A, B, C, G)

h vs. P cf. Eq.(2) A=43.15, n=0.23 A=25.4, n=0.3

h0 vs. P cf. Eq.(9) G=0.105, l=0.68 G=0.26, l=0.57

Dh vs. dP/dt cf. Eq. (4) C¼0.0036, a¼0.81 C¼2.504, a¼0.18
(�Dh) vs. dP/dt cf. Eq. (4) C¼0.008, a¼0.67 C¼3.13, a¼0.15
h0 vs. dP/dt cf. Eq. (10) D¼98.6, z¼0.027 D¼350.5, z¼0.005
hc vs. Pc cf. Eq. (2) A¼17, n¼0.4 A¼106, n¼0.13

Dh vs. Pc cf. Eq. (2) A¼4� 10�8, n¼2.9 A¼0.08, n¼0.79

Dh vs. DP cf. Eq. (2) A¼0.19, n¼0.58 A¼0.6� 10�4, n¼1.33

hf vs. dP/dt cf. eq. (4) C¼503.67, a¼�0.03 C¼1312.6, a¼�0.01
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However, the authors did not explicitly discussed about
any such dependence in Ref. [31]. Fitting of the experi-
mental data from [31] to our proposed Eq. (4) yields:

Dh¼ 6:5
dP

dt

� �0:09

ð11Þ

It is worth mentioning that although the materials and
the experimental conditions of the present work were
different from those reported in [31], the values of the
pre-exponential and exponential factors of Eq. (11) had at
least an order of magnitude match with the values (e.g.,
C¼2.504, a¼0.18, peak load 106 mN, loading rate 103–
106 mN s�1) obtained in the present work (Table 1). Thus,
the data from literature [31] also exhibited a trend that was
similar to what has been observed (Fig. 3a) in the
present work.

A large number of serrations occurred during the
loading and unloading cycles signifying the presence of
nanoscale plasticity e.g. multiple micro pop-in and micro
pop-out events (Fig. 1a and b). As mentioned earlier, this
kind of behaviour was also reported for glass [17–20],
polycrystalline alumina [21,22], bulk metallic glasses
[23–25], sapphire [26], GaN [27] and ZnO [28]. The genesis
of such nanoscale plasticity events has been correlated
[17–28] to shear burst and shear localization that initiates
at a critical load (Pc).

Most interestingly, for any given peak loads during the
present nanoindentation experiments, the intrinsic contact
deformation resistance i.e. the critical load (Pc) for initiation
of nanoscale plasticity events in the present coarse grain
alumina exhibited power law dependence: Pc ¼ 8:97 dP

dt

� �0:48
on the loading rate, Fig. 5(a). This happens because at higher
loading rate, the rate of energy transfer is much quicker com-
pared to that at lower loading rate. Therefore, it leads to more
localized compressive strain generation. Since the Young’s
moduli data were insensitive to variations in _P (Fig. 12); this
higher compressive strain leads to a higher compressive stress.
Thus, at higher loading rates a higher critical load is required
to overcome this localized compressive stress to initiate afresh
the plasticity events at the nanoscale e.g. shear induced
microcracking and/or shear band formation [31,32]. In fact
such a picture is totally supported by the FE-SEM based
evidence of shear induced localized microcracking in the
vicinity of the nanoindent and micro-shear band formation
inside the nanoindentation cavity, Fig. 6a and b.
It is interesting to note that although not explicitly

mentioned by the authors the data of (Pc) as given in Ref.
[31] had a power law dependence on the loading rate _P
that spanned the range of 50–400 mN s�1. Fitting of the
data of Pc from Ref. [31] to the loading rate yields:

Pc ¼ 1:36
dP

dt

� �0:07

ð12Þ

It is worth mentioning that the materials and the experi-
mental conditions were different between Ref. [31] and the
present work. Even then there was an order of magnitude
match between the values of the pre-exponential and expo-
nential factors of Eq. (12) with the values (pre-exponential
factor 8.97, exponential factor 0.48, peak load 106 mN,
loading rate 103–106 mN s�1) obtained in the present work.
Thus, the data from literature [31] also followed a trend that
was similar to that of the present work.
The maximum shear stress (tmax) active underneath the

nanoindenter showed a similar power law dependence on
the loading rate, ( _P), Fig. 5(b). The reason for this is that it
was directly dependent on the critical load (Pc) as [29,30]:

tmax ¼ 0:4459
16PcE2

r

9p3
R2

� �1=3

It may be mentioned that the estimated maximum shear
stress (tmax) active just underneath the nanoindenter (e.g.
�10–20 GPa, Fig. 5b) was much greater than the theore-
tical shear strength (e.g., 3 GPa) of alumina [6]. Hence,
shear induced deformation and/or localized micro-fracture
was expected, Fig. 6a and b.
For any given peak load both hc (Fig. 7) and Dh (Fig. 8)

had power law dependencies on Pc. These observations
were again in accordance with the trend proposed by
Eq. (2). It was also found out that the data of (Dh) as given
in Ref. [31] had a power law dependence on the critical
load Pc. Fitting of the relevant data from Ref. [31] to our
proposed Eq. (2) yields:

Dh¼ 5:08 Pcð Þ
0:54

ð13Þ
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The materials and the experimental conditions were not
exactly the same between the present work and those
reported in Ref. [31]. In spite of that difference there was
an order of magnitude match between the values of the
pre-exponential and exponential factors of Eq. (13) with
the values (A¼0.08, n¼0.79 from Eq. (2), Table 1)
obtained from the present work. Therefore, it may be
argued that the data from literature [31] also followed a
trend that was similar to that of the present work.

Further, Dh had power law dependence on DP,
Fig. 9.This was in accordance with the trend proposed
by Eq. (2) mentioned above. As a matter of fact it is
interesting to note that the data obtained at a loading rate
of 31000 mN s�1 from [37] had a similar power law
dependence given by:

Dh¼ 10�4ðDPÞ1:4 ð14Þ

In spite of the difference between materials and the
experimental conditions between those reported in Ref.
[37] and the present work, the pre-exponential factor and
exponent values of Eq. (14) had an order of magnitude
match with the values (A¼0.6� 10�4, n¼1.33 from
Eq. (2), Table 1) obtained at a peak load of 106 mN used
in the present work.

Because the nanoscale contact resistance increased with
the loading rate, at lower values of _P, the final penetration
depth (hf) will be of higher magnitude but it will register
comparatively lower magnitudes at higher loading rates.
The data presented in Fig. 10 supports this qualitative
picture. As hf decreases so does the projected contact area
Ac. Since the nanohardness (H) is calculated as P/Ac, [33] it
therefore follows from the data of Fig. 10 why for any
given peak load, the nanohardness (H) of the present
coarse grain alumina ceramic increased with loading rate,
Fig. 11.

To the best of our knowledge this is also the very first

experimental observation that the nanohardness of coarse
grain alumina can register an apparent increase with
loading rate. It still remains to elucidate the genesis and
role of the experimentally observed ‘‘micro-pop-in’’ beha-
viours in the nanoscale contact deformation behaviour of
alumina.

Although excellent reviews are available on the nanoin-
dentation behaviour of bulk metallic glasses [BMG],
quasicrystals, glasses, metals, single and polycrystalline
ceramics, ceramic thin films, coatings and semiconductors
[39,40]; as is shown below [40–62], the genesis of the
‘‘micro-pop-in’’ phenomenon is yet to be fully understood,
especially in ceramics. Therefore it is plausible to believe
that a discussion on the deformation processes associated
with the pop-in behavior of different materials might
illuminate better the physics of deformation of the present
alumina ceramics at the nanoscale.

The presence of pop-in has been observed by many
researchers in BMG. The occurrence of pop-in in BMGs
has been attributed to the discrete emission of shear bands,
more so at lower loading rates than at higher loading rates
[40–43]. A cooperative shearing model was also recently
used to estimate the size of shear transformation zone in a
BMG in connection with the statistical analysis of the
‘‘pop-in’’ events [44].
The first pop-in in quasicrystals was proposed to corre-

spond to the maximum shear stress required to activate slip
[45]. The genesis of pop-in events in the case of soda lime
silica glass are governed by the positions of local weakness
provided by the network modifiers [17–20]. Therefore, in
BMGs and quasicrystals the pop-in occur mainly by discrete
emission of shear bands and activation of the maximum
shear stress condition while in glass it may be linked to
changes in the short range atomic arrangements at positions
of network modifiers [17–20,39–45].
Pop-in events in bulk, pure Au and Pt have been

associated with homogeneous nucleation of dislocation
loops beneath the nanoindentation and a heterogeneous
dislocation nucleation process induced by dislocation
source activation or multiplication [46]. The additional
pop-in events at higher loads in Pt were associated with
further dislocation motion, multiplication, and the evolu-
tion of a complex defect structure [46]. In Al thin films and
single crystal Al pop-in occurred when the maximum shear
stress underneath the nanoindenter, which was of the order
of the theoretical shear strength, triggered displacement
bursts by the nucleation of dislocations [36]. In contrast,
for bulk aluminium a combination of electron channeling
contrast imaging and nanoindentation tests confirmed that
a very low dislocation density is necessary to observe
the pop-in [47]. Very recent in situ nanoindentation on
Fe-3 wt%Si single crystal inside a transmission electron
microscope showed that dislocations formed during the early
stage involved not distinguishable pop-ins but small load
fluctuations and the actual pop-in behavior was connected
with the change of dislocation structures [48,49]. Slip rate
dependent friction can also act as a potential contributor to
pop-in during the nanoindentation of nickel [50]. Hence, the
main factors affecting the pop-in behavior of metallic
materials seemed to be the load, the loading rate as well as
the generation, amount, change of structure, movement,
arrest and repeated movement of dislocations apart from
the slip rate dependence of interfacial friction [36,46–50].
The ‘‘pop-in’’ behavior in single and polycrystalline

alumina ceramics were linked to rhombohedral twinning
activated under a penetrating nanoindenter, dislocation
movement across slip planes and nucleation of homoge-
neous dislocations when the theoretical shear strength is
exceeded [26,31,32]. However, for single crystal HAP
‘‘pop-in’’ behaviour was associated to presence of micro-
crack, a pore underneath the indenter, or the pile-up
phenomenon [51]. The pop-in events in ZnO single crystal
was claimed to be due to the initiation of slip [28]. Slip by
punching out of dislocation bands parallel to the basal
planes was the reason for pop-in in GaN epilayers [27] but
pop-ins happened due to dislocation loop multiplication
and their movement from plane to plane by cross-slip in
c-plane of GaN [52]. The ZrB2 ceramics exhibited pop-in
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due to homogeneous dislocation nucleation [53]. However,
microcracks in the pore wall were thought to cause pop-in
in silica aerogels [54]. Therefore, activation of rhombohe-
dral twinning, initiation of slip due to nucleation of
homogeneous dislocations and their movement across slip
planes as well as slip by punching out of dislocation bands
parallel to specific crystallographic planes, dislocation loop
multiplication followed by movement from plane to plane
by cross-slip, and presence of pores and/or microcracks
underneath the nanoindenter are believed to be the major
causes of pop-in behavior in ceramics [26,27,31,32,51–54].

The pop-in in Si happens due to the onset of phase
transition [55]. However, the random pop-in behavior in
GaAs epitaxial layers was due to the random distance of
pre-existing defects from the indent location [56]. In
amorphous ZrCuTi/PdCuSi nanolaminates pop-in was
linked to the formation of shear localization as in BMGs
[57]. In multilayered epitaxial YBa2Cu3O7�d thin films and
coated conductors pop-in was attributed to a change of
crack morphology [58]. Hence, applied loads and loading
rates, the onset of pressure induced phase transition, shear
localization, and the presence of defects and/or cracks and
their morphology at prospective locations are thought to
be the main reasons of pop-in in semiconductors and thin
films [55–58].

Similarly pop-in in nano-size nickel grains embedded in
a carbonaceous matrix happened due to defects such as
grain boundaries in the heterogeneous films [59]. The
cracking and delamination of the Ni/Au coating from
the acrylic core was linked to pop-in in Ni/Au nano-coated
acrylic particles [60]. The intergranular brittle fracture of
the Ni film caused pop-in in ultra thin Ni films on sapphire
[61]. But dislocation interaction was thought to cause pop-
in in compositionally graded Ti1�xAlxN multilayer thin
films [62]. Therefore, the grain boundary defects, cracking
and coating delamination at the interface as well as
dislocation interaction caused pop-in in nanocrystalline
materials, coatings and multilayered structures [59–62].

In the light of the foregoing discussions at Pc when the
first ‘‘micro pop-in’’ event initiates, the nanoindenter is just
supported by the surrounding microstructure which is
under huge compressive contact stress as well as shear
stress operative at the vicinity of the tip. It is suggested that
the initiation of first ‘‘micro pop-in’’ event, if related to
localized microcrack generation; can create a local relaxa-
tion of the surrounding microstructure [63]. This process
not only aids in partially releasing the strain but also
reduces the local load bearing contact area. Therefore, this
step is followed by a small increase in nanoscale depth at Pc.
It can happen because over the small time scale involved
there is an instantaneous decrease in the available load
bearing contact area between the penetrating nanoindenter
and the surrounding microstructure at the tip of it. As a
consequence, the local compressive stress into the micro-
structure is momentarily enhanced leading thereby to further
displacement of the microstructure by the nanoindneter. As
the depth of contact increases, so does the load bearing
contact area. This event causes a local drop of the compres-
sive stress. For initiation of the second ‘‘micro pop-in’’ event,
therefore, the stress has to be higher than that at the
immediate previous level. This can only happen if there is a
minute increase in load for the same load bearing contact
area. As soon as the second micro pop-in event happens, the
similar cycle of events as mentioned above follow sequen-
tially. This is how the series of ‘‘micro pop-in’’ events as
shown in Fig. 1b can happen.
As far as the ‘‘micro pop-out events’’ are concerned it is

guessed that these may be due to new, additional micro-
cracking generated during the unloading cycle or due to
localized growth of the existing microcracks during the
unloading cycle. Further experimentation would be neces-
sary to confirm this conjecture.

5. Conclusions

To the best of our knowledge, the present work is the
very first experimental observation that in the case of a
high density (95% of theoretical) coarse grain (�20 mm)
alumina ceramic undergoing nanoindentation at three
different constant peak loads of 105 mN, 5� 105 mN and
106 mN, the intrinsic contact resistance i.e. the critical load
(Pc) against the initiation of nanoscale plasticity events can
enhance with the loading rate following a power law
dependence with a positive exponent. Also, for the very
first time to the best of our knowledge here we report the
experimental observation that the nanohardness of the
present coarse grain alumina ceramic can register an
apparent increase with the increase in loading rate. These
and the related observations were explained by a model
described in the present work and the estimations of the
maximum shear stress generated just underneath the
nanoindenter.
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