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Abstract

Low-load nanoindentation tests were carried out on a polycrystalline ZrB,-based ceramic. Pop-in phenomena were observed when indentation
marks were placed in the interior of the ZrB, grains. Both pop-in loads and pop-in extents were statistically distributed with a mutual strong
correlation. The critical shear stresses at pop-in were in good agreement with the theoretical shear strength of ZrB,. The experimental pop-in
extents were also compared to a simplified model developed for homogeneous dislocation nucleation. The influence of the grain orientation on the

indentation modulus was derived from the model of Delafargue and Ulm (2004)* and compared to the experimental results. Some results were
definitely influenced by the polycrystalline structure of the investigated ceramic.

© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Zirconium diboride (ZrB») is a refractory ceramic belong-
ing to the Ultra High Temperature Ceramics (UHTC) family
currently under study for aerospace applications.> To the
authors’ knowledge only one paper has been published on
the nanoindentation behaviour of this material.®> Nanoindenta-
tion tests are of paramount importance in order to characterize
the mechanical behaviour of a material on a very small scale
when only tiny portions of volume are stresses as it is the
case in applications involving wear or contact. During a series
of low-load nanoindentation tests on a ZrB, ceramic we have
recently observed that the load—displacement curves displayed
a sudden pop-in at the beginning of loading. This kind of phe-
nomenon has been noted in metals,* semi-conductors®10 and
ceramics.!!~1® Many studies have reported that before the pop-
in the unloading curve would superimpose to the loading curve
indicating that till that point no dissipative mechanisms, i.e. plas-
ticity, took place. After the pop-in, instead, hysteresis in the
loading—unloading cycle appeared. In an aluminium film, in situ
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TEM analysis has clearly shown the appearance of dislocations
in correspondence of the pop-in.!” The most widely accepted
explanation of pop-in is homogeneous dislocation nucleation.'
This is also supported by atomistic simulations of indentation
in perfect crystals.'®?’ There are however some experimen-
tal and theoretical evidences that this event can be triggered
by heterogeneous dislocation nucleation when the material sur-
face presents surface steps or ledges.?!?> Other experimental
results seem instead to indicate a stress-rate dependent mecha-
nisms. For a 4H SiC, a direct relationship was found between
the stress-rate and the pop-in load?>>* but the opposite was
observed on specific crystallographic planes for sapphire.?
However, experimental results have been presented in which
the load at pop-in was shown to be independent on the load-
ing rate in several metals and semi-conductors.®?® Finally,
non-dislocation driven explanations were recently proposed for
pop-in phenomena such as phase transformation in GaAs?’-?8
and twinning in sapphire.>>2° One of the main support to
the theory of homogeneous dislocation nucleation is that the
shear stress at which pop-in occurs is usually in very good
agreement with the theoretical shear strength of the indented
material. Though the form in which engineering materials are
most often employed is polycrystalline, the main part of stud-
ies on incipient plasticity was focused on monocrystals to avoid
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the complications deriving from grain size and grain bound-
aries.

In this study, pop-in phenomena in a polycrystalline ZrB,
ceramic are presented and discussed. It will be shown that the
experimental findings can support the theory of homogeneous
dislocation nucleation. Moreover, the indentation modulus will
be compared to bounds related to the different grains orientation.

2. Experimental

Starting from commercial ZrB, (grade B, H.C. Starck, Ger-
many) and SiC (grade UF25, H.C. Starck, Germany) powders, a
mixture of ZrB; + 5 vol.% SiC was prepared. This mixture was
then sintered in fully dense form by hot-pressing at 1900 °C
for 25 min with a maximum applied pressure of 50 MPa. Final
density and mean grain size were 5.96g/cm’ and 4.5 um,
respectively. From the sintered pellet, a sample was cut and
machined. This sample was subsequently resin-mounted and
polished down to 0.25 pm with diamond-based pastes. The last
polishing step was performed with colloidal silica. The final
mean surface roughness, R,, was (31 &= 2) nm, as measured with
a contact-stylus profilometer (Talysurf Plus, Rank Taylor, UK).
The polished sample was then removed from the resin block
and glued to an aluminum cylinder for the nanoindentation tests
which were carried out on acommercial MTS nanoindenter mod.
XP (MTS, Oak Ridge, USA) fitted with a berkovich indenter.
The loading—unloading cycle consisted in a loading ramp up
to SmN in 10s, no holding time and an unloading ramp with
the same speed as the loading one. The peak load was chosen
so that the indentation mark could be well-confined inside sin-
gle grains but with a maximum penetration depth sufficiently
high to be interpreted using the area function for a berkovich
indenter. The indenter tip geometry was properly calibrated on
a standard fused silica sample as explained later. Hardness and
indentation modulus were calculated on the basis of the Oliver
ad Pharr (OP) model®” by the software TestWork ver. 4.06a.
This software automatically subtracts the machine compliance
and the thermal drift from the raw data. The indentations, a
total of 123, were organized in a matrix form (41 x 3) with a
vertical and horizontal distance of 2 wm between each indent.
The indents grid was observed under SEM (Cambridge S360,
Cambridge, U.K.). Some indents were also scanned by AFM
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Fig. 2. SEM micrograph of a selected area of the indentation grid. The dark
gray particles are SiC while the matrix is ZrB,. Some ZrB, grains can be easily
distinguished due to their different orientation.

(Scanning Probe Microscope Vista-100, Burleigh Instruments
Inc., USA).

3. Results and discussion
3.1. Pop-in analysis

Two typical examples of loading—unloading cycle in the
investigated material are shown in Fig. 1. As can be seen, in the
first case an evident pop-in occurred at about 2.6 mN, Fig. la.
In the second case, such a pop-in was not observed, Fig. 1b.
With the aid of the indentation grid map, an example of which
is shown in Fig. 2, it was possible to establish a correspon-
dence between the loading—unloading curves and the indentation
marks. It was thus observed that the loading—unloading cycle
shown in Fig. 1b were in correspondence of indentation marks
placed into the SiC phase, SiC/ZrB; or ZrB,/ZrB, boundaries.
When the indentation marks were clearly placed into the inte-
rior of the ZrB, grains, the majority of the loading—unloading
cycles was mainly of the type shown in Fig. la. Out of 90
indentations into the interior of ZrB, grains, 88 were of the
type shown in Fig. la and only two were of the type shown
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Fig. 1. Examples of loading—unloading curves in the ZrB;—5 vol.% SiC material and (a) loading curve with pop-in indicated by the arrow and (b) smooth curve.
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Fig. 3. AFM image of a 5-mN indent in a ZrB, grain which exhibited pop-in.
No evidence of microcrack can be observed.

in Fig. 1b. These latter curves were placed into the interior
of two different grains. At first sight, it could be surpris-
ing that a polished surface as that of our sample exhibits
pop-in phenomena as these are usually observed only in flat
monocrystals or chemically polished surfaces. The mechanical
polishing procedure is in fact thought to introduce a high dis-
location density at the surface so that during loading a smooth
transition between the elastic and plastic behaviour occurs.’!
However, the appearance of pop-in was previously observed also
in other ceramics whose surface was prepared by mechanical
polishing.!#32

The rationale of the detected pop-in excursions will be in
the following presented at the light of dislocation activity. The
occurrence of pop-in due to an eventual phase transformation
cannot be of course excluded but at the moment it is out of our
investigation capabilities. The stress-rate dependence of pop-in
is instead demanded to a future work. As can be seen in Fig. 3,
the AFM inspection of some indents characterized by pop-in
excluded the presence of microcracks or linear surface fea-
tures (LSF) such those observed around indentations in sapphire
which are the effects of twinning.?>?%3> When some indenta-
tion tests were carried out in the ZrB, phase at a peak load
of 1 mN in most cases no hysteresis in the loading—unloading
cycles was observed indicating a totally elastic behaviour. To
further support the fact that the observed pop-in is very likely
due to dislocation activity, a comparison of the experimental
loading curves with the elastic Hertz theory was carried out. In
order to make use of the Hertz theory, the geometry of the tip
indenter for small penetrations, i.e. the tip radius R, had to be
evaluated. This was accomplished by performing 10 uN load
tests on a standard fused silica specimen. In these fully elastic
tests, the load P is related to the displacement 4 through the

reduced Young’s modulus E* as follows>*:

4
P= gE"\/EhW2 (1)

where the reduced Young’s modulus E* is given by the combi-
nation of the elastic constants of the tested material, E,, and v,,,
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Fig. 4. Comparison between the loading—unloading cycle (empty circles) with
Hertz theory (continuous line). Note the very good agreement up to the pop-in.

and tip material, E; and v;,
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For silica and diamond, Young’s modulus and Poisson ratio were
taken as 72 and 1141 GPa, and 0.17 and 0.07, respectively. The
tip radius estimate was (221 & 54) nm as averaged on ten tests.
In Fig. 4, it is shown an example of the comparison between a
loading—unloading cycle which was characterized by the pres-
ence of pop-in and Eq. (1). In this case, the reduced Young’s
modulus was the combination of the diamond elastic constants
and those of ZrB,. The ZrB, indentation modulus was calculated
on the unloading curve according to the OP model, while for the
Poisson ratio a value of 0.11 was considered.3®> As can be seen,
the match between the loading curve before pop-in and Hertz
theory is very good confirming that the pop-in events marked
the departure from a fully elastic to an elasto-plastic behaviour.

Hertz theory can be further exploited to compare the shear
stress at pop-in with the theoretical shear strength of ZrB,.
According to the previous tip radius estimation, the indenter tip
can be assumed to behave like a spherical-tip up to a maximum
contact depth Ay of 29 nm, 3¢ see Fig. 5. The apex angle o was
calculated from the first constant of our berkovich area func-
tion and resulted to be 69.2°. To properly calculate the shear

/

o hs=2R(1-sinw)
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Fig. 5. Idealized geometry of the berkovich indenter tip. See text for the defini-
tion of the symbols.
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Fig. 6. Experimental shear stress vs. test no. The gray region represents the area
between the lower and upper limit of ZrB, theoretical shear strength.

stresses according to Hertz theory, in the following only tests
whose elastic part of the loading curve, i.e. that before pop-in,
was less than 58 nm will be considered. This comes from the
fact that in an elastic contact the contact depth is half the total
penetration.>* For total penetrations deeper than 58 nm, the con-
tact geometry cannot be longer considered that of a sphere into
a half-space and this complicates the governing formulas.?” In
an elastic contact, a load P on a spherical-tip pressed into a flat

surface generates a shear stress whose maximum value is,38
Tmax = 0.31pg 3)
where
6PE*\ /3
= | —— 4
Po <n3 72 ) “)

with the usual meaning of the symbols. Therefore, consider-
ing the loads in correspondence of the pop-in excursions, the
maximum shear stress can be calculated and compared with
the theoretical value of ZrB, shear strength which is given
by G/27.3° Since ZrB, is an hexagonal crystal, two engineer-
ing shear moduli have to be considered, the shear modulus
parallel to the hexagonal axis, which is given by Ca4, and
that one perpendicular to the hexagonal axis, which is given
by (1/2)(C11 — Clz).40 For ZrB,, the following elastic con-
stants were considered, Cj1 = Cy; =567.8 GPa, C1, =56.9 GPa,
C44=247.5GPa, C33=436.1 GPaand C3 = 120.5 GPa.*! From
these values, the theoretical shear strength in the two perpendic-
ular directions resulted to be about 39 and 41 GPa, respectively.
These values are shown as horizontal lines in Fig. 6 where they
are compared with the experimental values of shear stress cal-
culated at pop-in. As can be seen, there is a good agreement
between the theoretical and the experimental values even though
a part of the experimental points fall just below these two limits.
This was very likely due to the presence of surface defects in
our specimen as steps or roughness which can lower the yield
point at which pop-in occurs.*?> Moreover, it has been shown
that at low penetration depths a spherical-tip assumption for a
berkovich tip could underestimate of about 17% the real shear
stress due to tip imperfections.*3

The above analysis was based on linear elasticity, as it is
usually found in most of the literature. However, it should be
kept present that ab initio calculations indicate an evident non-
linearity in the stress—strain curve close to the yield point.**
Ignoring this non-linearity can overestimate the experimental
shear strength in a way that depends on the indentation strain.
From Fig. 3b of Ref. 44 we could estimate an overestimation
of our experimental results of about 8%. All the above consid-
ered, the agreement between the experimental shear strengths
and the theoretical expectations can be considered satisfacto-
rily.

The pop-in absence when an indentation was placed across a
ZrB,/ZrB; grain boundary rules out that the mechanism respon-
sible of the observed pop-in was a dislocations burst across grain
boundaries*®® as well as the attainment of a critical condition, i.e.
the availability of mobile dislocations.*®

To further test the hypothesis that pop-in was due to homo-
geneous dislocation nucleation, a comparison between the
observed and the expected pop-in extents was attempted using
the theory presented by Gouldstone et al.® According to this
theory, the pop-in extents can be estimated by considering an
overall energy balance between the elastic energy, the disloca-
tions interaction energy and the dislocations self-energy,

W, =W + W! )

where W, is the total elastic energy which can be calculated as
the area under the loading curve up to the pop-in

hp 4
W, — /0 S PR dx )

where hj, is the displacement at pop-in and all the other symbols
have the usual meaning. By invoking some simplifying assump-
tions, Gouldstone et al.® expressed the interaction energy of the
dislocation loops created by the indentation, Wf, as,

Gh? N—-1 $R, N—1 N—1
t . . .
W= R X (™) - ORI B

where G is the shear modulus, b is the burger vector, 0.3 nm
for ZrB;,3% Ry is the dislocation loop radius at pop-in and p is
the dislocation loop spacing. In the original paper, which dealt
with thin films, p was calculated as #/N where #; was the film
thickness® and N the total number of dislocation loops created
at pop-in. In our case, for #r we considered half the mean grain
size. The total self-energy term W! was given as

Gb? 8Ry
Wi =N——"Ry;[In— —1 8
; 2(1—v>d<np > ®

Differently from Gouldstone et al.,® who estimated the dislo-
cation loop radius p introducing a numerical value for N and
compared that estimate to the indentation contact radius at
pop-in a, we used a commercial mathematical software (MATH-
EMATICA 6, Wolfram Research Inc., IL, USA) to calculate N,
and hence the pop-in extent Nb, by inserting the known inden-
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Fig. 7. Histograms of pop-in load (above) and pop-in extent (below). Note the

almost bi-modal distribution in both group of data.

tation contact radius a, given by,38

3PR\'/?
a= (4E) ©)

in place of the dislocation loop radius p in Eqs. (7) and (8). For
G, the average between the value along the hexagonal axis and
that perpendicular to the hexagonal axis was used, 251 GPa. The
expected pop-in extent calculated according to the above theory
turned out to be an almost constant value of about 20 nm, which
has to be compared to the experimental average pop-in extent
of 11.8 nm. Considering all the simplifying assumptions impli-
cated in the model and the presence of surface defects which
lower the shear stress at pop-in, the agreement can be considered
good. This strengthens the hypothesis that the observed pop-in
excursions were due to homogeneous dislocation nucleation.

3.2. Influence of microstructure on pop-in

Both pop-in loads and pop-in extents showed a bi-modal
statistical distribution, Fig. 7. Besides the different grain ori-
entation, the scatter in pop-in load and pop-in extent could also
be due to surface defects,” grain boundary proximity>2 and grain
size.*’ Even though the employed analytical techniques did not
allow to determine the orientation of the ZrB, grains included
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Fig. 8. Pop-in load vs. pop-in extent. As can be seen, the pop-in load clearly
increases with the increasing of the pop-in extent.

in the indentation grid, we found a strong correlation between
pop-in loads and pop-in extents, see Fig. 8, as reported by several
authors in other materials. 04849

Due to the small grain size of the ZrB, matrix, not many
indents could be placed inside a single grain. When this was the
case, both pop-in loads and pop-in extents were similar, Fig. 9a.
The same was observed in a ZrO, ceramic material.’> How-
ever, when an indent was placed very close to a grain boundary,
both pop-in load and pop-in extent decreased, Fig. 9b, as it was
reported for a gold film.”

3.3. Comparison with expected indentation modulus

In this section, we will consider all the indentation modulus
values of the ZrB; phase as calculated by the OP model from the
unloading curve of the nanoindentation tests, without any regard
to the presence, or not, of the pop-in phenomenon. According
to the traditional OP analysis, hardness, which will not be dis-
cussed here, and indentation modulus of the ZrB; phase were
(32.24+3.0) and (563 £ 57) GPa, respectively. For these calcu-
lations, the berkovich area function was previously calibrated on
a standard fused silica specimen and checked before and after
the nanoindentation tests. For penetration depths comparable
to those recorded in the ZrB; phase, we observed a difference
between the silica reference Young’s modulus value of 72 GPa
and the silica experimental indentation modulus of about 1%,

» ] - N

1 pm

- ——

Fig. 9. (a) Four indents placed inside a single grain. Pop-in load and pop-in extent were the following: (1) 3.0 mN, 8 nm; (2) 3.4 mN, 11 nm; (3) 3.5 mN, 12 nm; (4)
3.0mN, 11 nm and (b) two indents inside a single grain but with indent 1 almost across a ZrB,/ZrB; grain boundary. Pop-in load and pop-in extent of indent 1 were

1.9 mN and 7 nm, respectively. For indent 2, 2.6 mN and 17 nm.
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Fig. 10. Engineering Young’s modulus as a function of the angle between the
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which can be taken as a rough estimate of the measurement
precision.

As can be seen in Fig. 2, most of the indentation marks
were well-confined inside single grains. The indentation modu-
lus values were therefore definitely influenced by the different
orientations of the grains even if some effects of the surround-
ing grains cannot be disregarded due to the long range of the
elastic field of an indentation.>® Just to give an indication of the
influence of the ZrB; crystal orientation on the Young’s modu-
lus measurement, Fig. 10 shows the variation of the engineering
Young’s modulus of a ZrB, monocrystal with the angle 6 that
the testing direction makes with respect to the axis of symmetry
which is perpendicular to the basal plane.*! This is the situ-
ation where the maximum variation is observed as ZrB, is a
transversely isotropic solid. As can be seen, the lowest value,
390 GPa, is found when ZrB, is tested along the axis of symme-
try (6 = 0°), the highest value, 560 GPa, is found when the testing
angle is about 60°. In direction perpendicular to the basal plane
(6=90°), the engineering Young’s modulus is 533 GPa. Due to
the three-dimensional stress field below the indenter, however,
the indentation modulus of a single crystal is a different com-
bination of the single crystals elastic constants with respect to
the engineering Young’s modulus. Some models have been pro-
posed in order to estimate the indentation modulus according to
the different orientation of an indented crystal as a function of
its elastic constants. Here, we compare our experimental results
to the model proposed by Delafargue and Ulm>® which is sim-
pler than the model proposed by Vlassak and Nix.>! The former
model provides formulas to easily estimate the indentation mod-
ulus M (in this section we will use the same notation of those
authors) of a transversely isotropic medium when indented by
a conical indenter along the axis of symmetry and perpendic-
ularly to it. M represents the reduced indentation modulus, i.e.
the combination of the indentation modulus and Poisson ratio

of the material (i) and indenter (i),
11— 1—?
M~ M, M;

(10)

The equations to obtain the indentation modulus in the axis of
symmetry, M3 in their notation, and the indentation modulus in
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Fig. 11. Indentation modulus vs. test no. The gray region represents the area
between the lower and upper limit as calculated from the elastic constant of the
ZrB, hexagonal crystal.

the plane perpendicular to this, M, are,

c2 —C% /1 2 -1
Ms =2 3113<+> (11)
\/ Ci Cy  C31+Ci3

My =/ MipyM3 (12)
where  C31 = +/C11C33 > Ci3, My = /(C11/C33)M3

and M3 = (C%l — C%Z/Cu). The ZrB; elastic constants to
be introduced in the above equations have been presented
in Section 1. The calculated values of M3 and M| were 475
and 552 GPa, respectively. Fig. 11 shows the comparison
of our experimental values with these limiting values. Just
for comparison purposes, the Hashin—Shtrikman lower and
upper bounds of the engineering Young’s modulus calculated
according to Ref. 52 with the elastic constant reported in Section
2 are 521 and 532 GPa, respectively. As can be seen from
Fig. 11, many experimental points fall inside the indentation
modulus limits, however a large number of points fall outside,
mainly above the upper value, with differences which were
higher than the measurement precision. This was unexpected
as microstructural effects coming from neighbouring grains,
material defects, grain boundaries or triple points should have
lowered the experimental values and not vice versa. A possible
partial explanation is that the highest value of ZrB; Young’s
modulus is in a direction which is not perpendicular to the axis
of symmetry but at an angle of about 60°, see Fig. 10, so that the
upper limit in Fig. 11 should be located higher than the actual
position, of about 4% if the ratio between the values of Fig. 10
hold true. Another possible explanation is that we are comparing
data obtained with indentation tests with limits calculated from
elastic constants measured by resonance.*! It is in fact known
that indentation tends to overestimated the Young’s modulus
of a material with respect to other techniques.”>™> As it was
for our case, for example, also some experimental values by
Hay et al.>® on B-SizNy grains are above the upper limit of the
indentation modulus which can be calculated starting from the
B-Si3Ny elastic constants measured by Brillouin scattering and
reported in Ref. 57.
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4. Conclusions

Nanoindentation tests with a peak load of 5 mN were carried
out on a polycrystalline ZrB,-5 vol.% SiC ceramic composite.
When the indentations were placed in the interior of the ZrB,
grains, pop-in excursion occurred most of the times. Pop-in was
not observed when the indents were placed in the SiC phase,
ZrB,/SiC boundary or ZrB,/ZrB; grain boundary. Besides the
experimental evidence that no microcracks or linear surface fea-
tures were observed around the indents, a comparison with Hertz
theory showed that pop-in could be due to dislocation activity.
Also the critical shear stresses at pop-in were in good agreement
with the theoretical shear strength of ZrB,. Pop-in loads and
pop-in extents were strongly correlated and both exhibited a bi-
modal statistical distribution. The fair agreement found between
the experimental pop-in extents and the pop-in extents estimated
by a simplified model further supports the conjecture that pop-
in in this ceramic material is due to homogeneous dislocation
nucleation. The experimental values of Young’s modulus were
compared with the indentation modulus prediction of Delafar-
gue and Ulm>°. While many experimental values were in good
agreement with the expected limits, part of the data was well
above the upper limit.

Note added in proof

It has come to the attention of the authors a recently published
paper on the room-temperature dislocation activity in ZrB2
polycrystalline ceramic which indicates that in this ceramic
dislocation slip occurs on multiple intersecting slip bands
[Ghosh D, Subhash G, Bourne GR. Room-temperature disloca-
tion activity during mechanical deformation in polycrystalline
ultra-high-temperature ceramics, Scripta Materialia 61 (2009)
1075-8]. This strengthens our hypothesis that pop-in was due to
homogeneous dislocation nucleation.
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