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Abstract: Here we report for the very first time the effect of loading
rate on nanoscale plasticity in 1-5 wt.% MgO doped Alumina (MA)
ceramics. All samples are characterized by X-Ray Diffraction (XRD),
Field Emission Scanning Electron Microscopy (FESEM) and
Nanoindentation (NI) techniques. The experimentally measured load
versus depth plots confirm the profuse signature of nanoscale plasticity
through ‘micro-pop-in’s. The results show both critical load and critical
depth are sensitive functions of the loading rates and the amount of
sintering aids. Further, the nanoscale hardness is also found to be
strongly affected by the loading rates. The occurrence of nanoscale
plasticity or micro-pop-in is explained by the generated maximum
shear stress inside the nanoindentation cavity.
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1. Introduction

Alumina is one of the most important structural and functional ceramic
material®. Nanoindentation has now emerged as the most versatile
technique to study its mechanical properties at microstructural length scale.
For instance, nanoindentation technique has been used to study 3D printed
alumina ceramics for scaffold application®, meso-porous alumina for bio-
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prosthesis application?, thin alumina coatings for nuclear application?,
alumina based composite coating for biomedical application* and for
experimental verification of modelling related to mechanical integrity of
brittle solids at the nanoscale®. The present author and co-workers have
applied nanoindentation technique to polycrystalline alumina®, single
crystal alumina’® as well as alumina-based nanocomposites®**. Despite such
a wealth of literature'*!, however, there is no study reported yet globally on
the effect of loading rate variation on the nanoscale plasticity of magnesia
doped pressureless sintered alumina ceramics. Thus, the objective of the
present work is to study this aspect.

2. Materials and Methods

All details of the materials synthesis and characterization techniques
have been reported already by us elsewhere®™ and hence will not be
repeated here for the sake of brevity. Nominally speaking (1, 3 and 5 wt.%)
magnesia doped alumina ceramics were prepared by pressureless sintering
at 1600°C for 2h in air. These are termed as MA 1, MA 3 and MA 5, in
correspondence. Measured by the Archimedes’ principle the samples had
relative densities of about 96%, 96.6% and 97.3% of theoretical density
(3.958 g.cc™). The samples were characterized by XRD (X’PertPro MPD,
Panalytical, The Netherlands), FESEM (Supra VP35, Carl Zeiss, Germany)
and Nanoindentation (Fischerscope H100-XYp, Fischer, Switzerland)
techniques. In the nanoindentation experiments, the load was kept fixed at
1000 mN but both the loading time and the unloading time were varied in
the range of 1 to 1000 s to produce loading rates (dL/dt) in the range of 1 to
1000 mN.s™. However, for any given experiment the unloading time from
the maximum load was kept the same as the loading time to that maximum
load. All the nanoindentation experiments were conducted on mirror
polished sample discs of MA 1, MA 3 and MA 5 ceramics at room
temperature. The load (L)-versus depth (d) plots resulting from the
nanoindentation experiments were utilized to evaluate the experimental
nanohardness (Hex) and Young’s modulus (Ygx) values of these samples
following the well-known Oliver-Pharr model*. Further details are already

reported by us elsewhere®*'. The maximum shear stress (o) active just

underneath the nanoindenter was estimated by the following equation (1.1)
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Here, L. denotes the critical load at which the nanaoscale plasticity events
happen. In addition, Y, represents the reduced Young’s®. Further, r is the
radius of the nanoindenter tip (~150 nm).

3. Results and Discussions

3.1 Phases and Microstructure Analysis: The XRD pattern of MA1, MA3
and MAS5 samples are shown in Fig. 1(a). Inset of Fig. 1(a) represents the
microstructure of MA 5 ceramics. From Fig. 1(a) it is found that there is
presence of both spinel and corundum alumina phases.
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Figure 1. (@) XRD patterns of MA 1, MA 3 and MA 5 ceramics. Inset represents the
thermally etched FESEM image of MA 5 discs. (b) Typical load (L)-depth (d) plots of MA
1 ceramics at different loading rates (1-1000 mN.s™). FESEM image of nanoindent is
clearly shown in the inset. Variations of (c¢) nanohardness (d) Young’s modulus with the
loading rates (dL/dt) for MA 1, MA 3 and MA 5 ceramics.

3.2 Loading Rate Influence on Micro-pop-in Events: The L-d plots of
MAL, ceramics conducted at 4 different loading rates (1, 10, 100 and 1000
mN.s™) are shown in Fig. 1(b). Similar load vs depth (L-d) plots were
obtained for the samples MA3 and MA 5 but are not shown here for the
sake of brevity. The FESEM image of nanoindent is presented in inset of
Fig. 1(b). The occurrence of serrations showing distinct transition from
elastic to plastic deformation at all loading rates (Fig. 1b) suggests the
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existence of micro-pop-in during nanoindentation. Similar serration events
were also noted to be present in the (L-d) plots of the MA3 and MA5
ceramics but are not included here for the sake of brevity only.

The existence of these micro-pop-in events provide evidence that
nanoscale plastic events are happening here. Similar observations are also
reported for alumina, alumina-based nanoceramic composites and metallic
glass samples®*®. Further, as can be seen from Fig. 1(c), with the increase in
loading rate from ~1 to 1000 mN.s*, the nanohardness (Hg,) Vvalues
increase to 14.17, 13.98 and 13.92 GPa from the values of 12.26, 11.88 and
11.33 GPa for MALl, MA3 and MAS5 ceramics, respectively. These
experimental results are in well agreement with the data reported in
literature'. Thus, with the increase in loading rate from ~1 t01000 mN.s?,
the improvement of Hgx value for MA 1, MA 3 and MA 5 ceramics is
found to be ~16%, 18% and 23%, respectively.

These increases are quite significant considering that these are
inherently brittle polycrystalline ceramics. However, the Young’s moduli
(Yex) values of the MA1, MA3 and MA5 ceramics show no significant
changes with the variations in loading rates (Fig. 1(d)). The average
magnitude of Yg, (i.e., 350-370 GPa) corroborates well with literature
data***®.

An appropriate part of the (L-d) plot of the MA1 ceramics is shown in
exploded view in Fig. 2(a) as a typical illustratve example. As shown in
Fig. 2(a), the presence of micro-pop-in is clearly observed at loading rate
(1000 mN.s™) for MA1 ceramics. The identification of first critical load

(Ly) and the corresponding critical depth (d) for the i nanoscale
plasticity event are illustrated in the inset of Fig. 2(a). Actually the critical
load refers to the ultra-small load at which nanoscale plasticity or micro-
pop-in events just initiate and the corresponding depth of penetration is

known as critical depth. In other words, (Lq.) represents intrinsic contact

deformation resistance against initiation of the j™ nanoscale plasticity
event. It means that at least the applied load in the nanoindentation

experiment must be greater than or equal to (Lcj) at or beyond which the

micro-pop-in events takes place on the surface of the mirror polished MA1
disc sample .It’s magnitude will of course vary from material to material.
Here we only present the variation of micro-pop-in parameters for MA 1
ceramics. The same parameters for the MA3 and MA 5 ceramics are not
shown here for the sake of brevity. The typical illustrative examples of
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difference between two critical load (A Lq.) and corresponding difference

between two critical depth (Adcj) for two consecutive (i.e., the j" and the

j+1™ nanoscale plasticity events to occur in the MAL ceramics are
depicted in Fig. 2(b). Similar observations are also reported by us and by
others in the case of alumina ceramics, alumina based nanoceramic
composites and metallic glass samples®*2.
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Figure 2. (a) The typical L—d plot at loading rate 1000 mN.s*for the MA 1 ceramics.
The inset shows the occurrences of (Lcj) and (dq-) (b) Exploded view of typical P—h

plot showing micro pop-in events, at loading rate 1000 mN.s™ for MA 1 ceramics.
Variations of (c) L; and (d) corresponding (dq—) on (dL/dt) for the MA 1 ceramics.

3.2.1 Micro-pop-in Related Parameters: The variations of micro-pop-in
related parameters i.e. L, d;, AL;, Ad; as a function of loading rate are

respectively shown in Fig. 2(c, d) and Fig. 3(a, b) for the MA1 ceramics. It
is found that all these parameters (i.e., L;, d;, AL;, Ad;) enhance with the

loading rates. As L; enhances with the loading rate that means MA
ceramics have intrinsic ability to increase their own resistance against

cj !

cj !
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contact induced deformation at the nanoscale range. In other words it has
the interesting ability to adjust to the change in energy transfer rate from
the loading train and accordingly also enhance its own intrinsic resistance
against contact induced deformation at the nanoscale.
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Figure 3. Variations of (a) AL, and (b) Ady on (dL/dt) for the MA 1 ceramics (c)
Variations of o, on loading rates for MA 1, MA 3 and MA 5 ceramics. (d) The

variations of critical load (Lq-) with the amount of MgO as a sintering aid in alumina

ceramics for the applied loading rate of 1000 mN.s™.

3.3 The Role of Shear Stress in Micro-pop-in: From the loading rate
dependent micro-pop-in parameters in MA ceramics, the magnitudes of
o, (~15-80 GPa for MA1 (Fig. 3c), 15-75 GPa for MA3 (Fig. 3c) and 13-
75 GPa for MA5 ceramics (Fig. 3c)) are found to be much higher than the
corresponding theoretical shear strength of MA ceramics (o theo ma) Of ~
2.82, 2.96 and 3.11 GPa, respectively. o e ma IS evaluated through the
usage of the rule of mixtures where o theo Al203 @Nd o theo Mgo are assumed as
~2.75" and 10 GPa®, respectively. Therefore, as o sm iS » o eo ma for all
the MA ceramics, so probability of more dislocation nucleation inside the
nanoindentation cavity is very much enhanced. These considerations
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suggest that shear stress induced highly localized deformation is connected
to the genesis of micro-pop-in events and hence, nanoscale plasticity events
in the MA1, MA 3 and MA5 ceramics®"®*,

3.4 The Role of Sintering Aid: The critical loads (L) required to initiate

nanoscale plasticity events in the MA1, MA3 and MA5 ceramics also
increase with the increase in the magnitude of loading rate, Fig. 3(c). This
information conveys that all these MgO doped alumina ceramics can
enhance their nanoscale contact deformation resistance as the rate of
externally supplied energy is enhanced.

Further, for a particular loading rate of e.g., 1000 mN.s™, the magnitude
of critical loads (Lq.), required to initiate nanoscale plasticity events,

increases with the increase in the amount of the sintering aid. It may be
recalled in this connection that the amount of MgO sintering aid is varied
from 1wt.% in MAL to 3 wt.% in MA3 to 5 wt.% in MA5 ceramics (Fig.
3d). Similar experimental data were also recorded for lower loading rates.
However, the variations of L, with sintering aid at low loading rates are

not shown here for the sake of brevity. It reveals that the trend of
enhancement of L; with the increase in sintering aid is valid in the whole

experimental regime of applied loading rate. It is quite likely that MgO
sintering aid may go into solid solution during the sintering process
forming the spinel phase, Fig. 1(a). Thus, there would be more of the spinel
phase formation as the amount of MgO used as sintering aid is enhanced.
The more is the amount of spinel phase the higher is the amount of lattice
strain as the crystallite size goes down from about 130 nm in the MAL to
about 80 nm in the MA 5 ceramics®.

4. Conclusions

The major conclusions of the present research are:

(i) The present work achieves the very first systematic study of the roles of
MgO as sintering aid and nanoscale plasticity i.e., micro-pop-in in
pressureless sintered alumina ceramics i.e., the MA ceramics (e.g.,
MA1, MA3 and MAGS sintered with respectively 1, 3 and 5 wt.% of
MgO used as sintering aid).

(if) The nanohardness (Hex) of MA ceramics shows an increasing trend
with the loading rate .

(iii) The maximum shear stress plays a significant role in micro-pop-in in

loading rate (1-1000 mN.s™) controlled nanoindentation experiments
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of the MA ceramics.
(iv) Intrinsic contact deformation resistance increases with the amount of
sintering aids in MA ceramics.
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