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bstract

nelastic deformation features induced in an ultra-high temperature ceramic composite, ZrB2–SiC, due to static indentation (rate of deformation of the
rder of 10−5 s−1), dynamic indentation (rate of deformation of the order of 103 s−1), and high-velocity scratch (500 mm/s) experiments are presented.
t was found that this ceramic composite has up to 30% higher dynamic hardness compared to static hardness. Dynamic indentations resulted

n extensive transgranular microcracking within the indented regions compared to static indentations. In addition, significant plastic deformation
eatures in terms of slip-line formation were observed within statically and dynamically indented regions. The high-velocity scratch studies revealed
xtensive transgranular microcracking perpendicular to the scratch direction and slip-lines in and around the scratch path. Preliminary transmission
lectron microscopy (TEM) observations from regions of slip-lines surrounding the scratch grooves revealed dislocation activity in the composite.
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. Introduction

Ultra-high temperature materials (UHTMs) are central to
he development of structural components (e.g., external heat
hields, nose cones, leading edges) for future high perfor-
ance aircrafts, hypersonic vehicles, kinetic energy interceptors

nd reusable space planes owing to their light weight, high
elting temperature, strength retention at elevated tempera-

ures, and superior oxidation resistance.1,2 These UHTMs are
ntended to operate in severe reactive environments with tem-
eratures well above the melting points of traditional materials.

promising candidate in this class of materials is zirconium
iboride–silicon carbide (ZrB2–SiC) composite which has low
ensity (5.84 g/cm3), high melting temperature (>3000 ◦C) and
mproved oxidation resistance above 1500 ◦C.1,2 While in ser-
ice (e.g., during take off, landing, or reentry in to atmosphere)
he aforementioned structural components are prone to impact

y meteorites and atmospheric debris particles at very high
elocities. Evolution of damage and fundamental inelastic defor-
ation mechanisms should be fully understood to evaluate the
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uitability of ZrB2–SiC for the above applications. Although
hese composites are intended to be used at high temperatures,
nvestigation of quasistatic and dynamic responses at room tem-
erature constitutes the first step towards a better understanding
f their inelastic behavior in service.

Indentation and scratch testing methods have been popularly
sed on numerous engineering materials to reveal fundamental
eformation mechanisms that are operative during wear, abra-
ion, impact and machining processes.3–7 Typically, indentation
nd scratch studies are conducted at extremely low velocities,
esulting in deformation strain rate on the order of 0.001 s−1.
uring several engineering applications such as high-speed
rinding, projectile impact, atmospheric particle impact on the
rotective tiles of an aerospace vehicle, material deforms within
few hundreds of microseconds or milliseconds resulting in

train rate of deformation about 103 s−1 or higher. Thus, the
raditional static indentations and the low-velocity scratches do
ot fully capture the inherent material strain rate effects that are
perative under service conditions. For example, many mate-
ials exhibit increased yield strength.8–10 fracture strength10,11
nd fracture toughness12,13 under dynamic loads.
In this manuscript we will focus on deformation mechanisms

volved during static and dynamic indentations, and during high-
elocity scratch processes in ZrB2–SiC composite. Recently, the

mailto:subhash@ufl.edu
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ig. 1. Schematic of the experimental setup for dynamic indentation hardness
easurements.

uthors have reported some preliminary results of indentation
tudy in this composite.14 In the current manuscript new results
n static and dynamic indentation behavior of the ZrB2–SiC
omposite are presented. The authors have also previously
onducted detailed experimental and analytical investigations
f low-load and low-velocity scratch behavior of ZrB2–SiC
omposite,15 and these results will briefly be presented here to
ompare with the high-velocity scratch studies.

. Experimental

.1. Material and specimen preparation

In the current work, a ZrB2–5 wt% SiC composite tile of
imensions 75 mm × 52 mm × 8 mm processed using plasma
ressure compaction method.15 The composite had a 96% the-
retical density (5.84 g/cm3). The average grain sizes of the
rB2 phase and SiC phase, estimated from fragmented surfaces
f the composite, were 5 �m and less than 1 �m, respectively.
or indentation and scratch experiments, specimens of dimen-
ions 6 mm × 3 mm × 3 mm were cut from the composite tile
nd one of the rectangular surfaces was ground and polished
sing standard metallographic techniques.

.2. Static and dynamic indentations experiments

Static indentations (15 s duration) were conducted on the
olished surfaces of the composite at loads of 300, 500, 1000
nd 2000 g using a conventional Vickers microhardness tester.
ynamic hardness measurements of 100 �s duration were con-
ucted in the similar load range employing a dynamic Vickers
ndentation hardness tester.13 This method, developed by Sub-
ash, is based on elastic stress wave propagation phenomena
n a slender rod.13 The hardness tester assembly consists of a
lender rod, a momentum trap (MT), a striker bar, an indenter
ousing, and a high frequency (200 kHz) Kistler load cell as
hown in Fig. 1. The slender rod (also called ‘incident bar’)
ouses a Vickers indenter at one end and a momentum trap
MT) assembly at the other end. The MT assembly consists of a
ange, a sleeve and a rigid mass. The specimen is sandwiched
etween the indenter and the load cell which is mounted on a
igid base.13 Upon impact of the indenter on to the MT-end of
he incident bar, the generated stress waves will ensure that a

ingle compressive stress pulse reaches the indenter-end. This
ulse causes the indenter move forward and creates indentation
n the specimen. The rest of the stress wave causes the inden-
er to retract. The dynamic hardness is calculated based on the
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a
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easured indentation diagonal size on the specimen and the load
easured by the load cell. This method has been successfully

tilized to determine the dynamic Vickers indentation hardness
f several metallic and ceramic materials,13 and negative strain
ate sensitivity of hardness in bulk metallic glasses as well as
ariation in shear band spacing.17

.3. Low- and high-velocity scratch experiments

Previously, low-velocity (5 × 10−3 mm/s) constant load
cratch experiments of 200 �m scratch length were conducted
n a MTS nanoindenter® XPS system using a Berkovich
anoindenter.15 Scratch loads were varied in the range of
0–250 mN. The high-velocity (∼500 mm/s) scratch experi-
ents were conducted in a custom-built instrumented scratch

ester.16 The specimen was held on top of a high frequency
200 kHz) load cell which was housed in a rigid steel block. The
oad cell measures the normal force (thrust) during the scratch
rocess. The indenter tool (a diamond conical indenter with 90◦
ncluded angle) was held in a pendulum holder that was sup-
orted by two high-precision ball-bearing bushings housed in
rigid steel frame. A pneumatically driven piston was used to

wing the pendulum and cause the diamond tip to transverse a
ath of circular arc, and create a scratch of variable depth on the
pecimen surface. Total scratch length and maximum depth-of-
ut of each scratch can be varied by changing the length of the
ool in the pendulum holder.

.4. Characterization

A field emission gun (FEG) scanning electron microscope
SEM) (JEOL 6335F) was used to investigate the indentation-
nd scratch-induced deformation and fracture characteristics in
he ZrB2–SiC composite. For identification of deformation fea-
ures at a finer scale, transmission electron microscopy (TEM)
as conducted. A site specific cross-sectional FIB (FEI Strata
B235) technique19 was employed to prepare TEM speci-
ens from the scratch groves. The FIB technique employs a

ocused galium ion (Ga+) beam to prepare a thin TEM speci-
en of less than 200 nm thickness (of approximate dimensions

5 �m × 6 �m) from the target material through sputtering
ction. Here a “lift-out” technique18 was used where an elec-
ron transparent thin specimen is cut-out from the bulk material
nd analyzed directly in TEM. First the area of interest (i.e., the
egion within a scratch groove containing large number of slip-
ines) was protected from any potential damage from the Ga+

on beam by depositing a thin layer of platinum (Pt). Then, pro-
ressively deeper trenches were cut on either side to form a thin
pecimen as shown in Fig. 2 illustrating a FIB-cut transverse
ross-sectional sample within a constant load scratch groove
f 250 mN. The specimen was then cut through the depth on
wo ends (where the specimen is attached to the bulk of the

aterial) so as to relax the residual stress (without cracking)

hich had developed as a result of elastic–plastic deformation
uring the scratch process. The beam current was then reduced
nd milling was performed on both sides of the sample until
hinned down to thickness of about 200 nm. The specimen was
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ig. 2. FIB-cut TEM specimen within a constant load (250 mN) scratch groove.

et free from the scratch groove and analyzed in a TEM (JEOL
00CX).

. Results

.1. Static and dynamic indentations

A comparison of the measured static hardness and dynamic
ardness vs. indentation load is shown in Fig. 3(a). The static
ardness values were obtained at selected fixed loads where as
he dynamic hardness values were measured over a range of
oads by changing the velocity of the striker. The load depen-
ency of static hardness, known as indentation size effect (ISE),
an be seen in Fig. 3(a), i.e., a decrease in hardness value with
ncreasing load. The dynamic hardness values, measured in
he load range of 300–2000 g, were consistently greater than
he static values at similar load levels. These measurements
evealed large scatter, which is common for brittle materials
nder dynamic loads.13 In contrast to static hardness, dynamic
ardness measurements did not reveal any ISE. It is possible that
he considerable amount of scatter in the dynamic hardness val-
es probably masked load dependency of dynamic hardness. The
rend in dynamic hardness response for ZrB2–SiC composite is
ypical of many strain rate sensitive ceramic materials where
ardness13 and fracture strength10,11,13 increase with strain rate.
his behavior is expected due to the increased resistance of mate-

ial against penetration under dynamic loads as will be discussed
ater in Section 4.

To evaluate the trend in these measurements, the dynamic
ardness values were normalized by the static hardness values
t the same load level and plotted with respect to the strain rate
ε̇) in Fig. 3(b). Recall that the strain rate is not constant during
n indentation test, rather varies temporally and spatially within
he influence zone of indentation. At the beginning, the material
irectly beneath the indenter-tip experiences a higher strain rate
ue to higher indenter velocity as the sharp tip penetrates into

small region. With increasing depth of penetration, the con-

act area of the indenter increases (and hence the resistance to
enetration) which results in a reduced indenter velocity result-
ng in a decrease in the strain rate. Therefore, the strain rate

h
r
F
h

ig. 3. (a) Comparison of static and dynamic hardness vs. indentation load and
b) plot of normalized dynamic hardness vs. strain rate.

s non-uniform throughout the influence region of indentation.
ubhash13 defined an average strain rate as the ratio of aver-
ge indenter velocity and average indentation diagonal length.
ince in the current work, average indenter velocity was not
easured, it was approximated in the following way: from the
easured diagonal lengths of dynamic indents and using the

nown geometry of the Vickers indenter, the depth of penetration
as calculated (elastic recovery was neglected). A ratio of calcu-

ated penetration depth and total loading duration (known from
oad cell measurements) yielded the average indenter velocity.
t can be seen from Fig. 3(b) that the calculated strain rate val-
es fall in the range of 850–1350 s−1 which is consistent with
he previously reported values on other structural ceramics.13 To
alculate static hardness values at the measured dynamic loads,
trend-line was fit through the static hardness values in the plot

hown in Fig. 3(a). Then a ratio of dynamic hardness to static

ardness at similar load level was calculated and plotted with
espect to the strain rate of dynamic indentation experiments.
ig. 3(b) clearly revealed that most of the normalized dynamic
ardness values were above unity indicating the increase in hard-
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Fig. 5. Radial microcracks (indicated by small white arrows) originating from
the interphases of ZrB2 and SiC within a statically indented region.
ig. 4. SEM micrographs of (a) static and (b) dynamic indentations on the
rB2–SiC composite revealing greater brittle fracture under dynamic loading at

ower load compared to static load.

ess under dynamic loading. The dynamic hardness value can
e as high as 1.3 times the static value at any given load.

Fig. 4 shows typical static and dynamic indentations on the
olished surfaces of the ZrB2–SiC composite. From microstruc-
ural investigations, it was observed that macrocracking from the
orners and sides of the indentation was limited when the load
as 300 g. As the load increased above 300 g, cracks emanated

rom the corners and sides of the imprints. The intensity of
racking increased with indentation load. Interestingly, most
f the cracks which emanated from the sides of indentation
mprints were originated from the SiC phase. Microstructural
nvestigations within the statically indented regions revealed
hat radial microcracks emanated from the ZrB2 and SiC inter-
aces and propagated within the ZrB2 matrix as shown in
ig. 5. Similar feature was also observed for dynamic indenta-

ions. However, the dynamic indentations resulted in extensive
ransgranular microcracking within the matrix phase inside the
ndented regions as shown in Fig. 6. Such a feature was not
een under static loads. Material removal by lateral crack forma-
ion was frequently observed under dynamic loading (Fig. 4(b)).

nother interesting feature of indentations was the formation
f slip-lines within the ZrB2–SiC composite. Fig. 7 reveals
tatic and dynamic indentation-induced slip-lines formed within
he indented regions. Slip-line formation was also observed in

Fig. 6. Transgranular microcracking within the ZrB2 matrix inside the dynam-
ically indented region.
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Fig. 7. Slip-line formation within the ZrB2 phase in the ZrB2–SiC composite
due to (a) static and (b) dynamic indentations.
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he regions slightly outside of the static and dynamic indents.
hese slip-lines were limited only to the ZrB2 phase. Occa-
ionally, transgranular microcracks were observed within these
lip-band regions (see Fig. 7(b)). It can be observed that the
lip-line patterns were similar across any given microcrack but
heir continuity was disturbed by transgranular microcracks, see
ig. 7(b). This observation indicated that slip-lines were formed
rst followed by the microcracking. The origin of transgranular
icrocracks within the ZrB2 phase and the slip bands as well

s microcracks at the ZrB2–SiC interfaces will be discussed in
ore detail in section 4. As can be seen in these figures, no

rack pattern was observed along the indentation, and there-
ore, it was not possible to calculate fracture toughness of the
omposite from indentation studies.

.2. Low- and high-velocity scratches

Microscopic investigations of the constant load scratch
rooves revealed that at low loads (<100 mN) smooth plas-
ically deformed grooves with limited microscopic damage
eatures were noted.15 With increasing load, damage features
ecame more prominent. High-resolution microscopy revealed
ainly two inelastic deformation mechanisms within the scratch

rooves: formation of multiple sets of slip-lines randomly ori-
nted with respect to the scratch direction at all load levels and
ransgranular microcracks orthogonal to the scratch direction at
igher scratch loads. Fig. 8(a) shows a residual scratch path at
constant load of 250 mN where as Fig. 8(b) reveals micro-

copic inelastic deformation features along the groove such
s slip-lines and transgranular microcracks orthogonal to the
cratch direction. At this load level, only limited lateral cracking
as observed and material removal from the grooves occurred
hrough transgranular fracture.
Fig. 9(a)–(c) reveal a high-velocity scratch path, formation

f transgranular microcracks orthogonal to the scratch direction
nd the corresponding normal force vs. scratch length profile,

ig. 8. (a) A constant load scratch path at 250 mN and (b) a higher magnification image of the region shown in (a) revealing slip-lines and microcracks within and
utside of the scratch groove (the thick arrows indicate the scratch direction).
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ig. 9. (a) A high-velocity scratch groove, (b) high magnification images of ex
orce vs. scratch length profile.

espectively. At the beginning of the scratch path, the load is
mall and hence the depth of the scratch groove is small which
esulted in a smooth plastically deformed groove without any
ignificant brittle damage. As the load increased, severe macro-
copic brittle fracture features such as extended lateral cracking
nd material removal occurred in the middle of the scratch
roove where the load was maximum. A closer view of the
cratch groove revealed orthogonal transgranular microcrack-
ng and flattened debris, see Fig. 9(b). In high-velocity and
igh-load scratch experiments, the intensity of microcracking
as significantly higher compared to previous scratch studies.
icrostructural analysis of the regions containing lateral cracks

lso revealed the predominance of transgranular fracture in the
omposite. Similar to the indentation experiments, microplas-
icity in terms of slip-line formation was also observed in these
igh-velocity scratch grooves within the ZrB2 phase. However,
majority of the regions containing slip-lines were probably

emoved due to extensive lateral cracking and the associated
aterial removal. Thus, these studies revealed that during high-

elocity scratch process, extensive transgranular microcracking
nd lateral cracking caused significant damage and material

emoval in the composite. The force profile (Fig. 9(c)) reveals
hat the load is minimum at the beginning and reaches maxi-
um at the center of the scratches, and then again falls down

o zero towards the exit end. Similarly, the scratch width is also

s
m
c
i

e transgranular microcracks orthogonal to the scratch direction and (c) normal

inimum at both ends and maximum in the middle. The fluctu-
tions in the force vs. distance profile are attributed to the brittle
racking and the associated material removal during the scratch
rocess.

.3. TEM investigations

The above indentation and scratch studies revealed that
rB2–SiC composite can exhibit considerable ductility in the

orm of slip-line formation within ZrB2 matrix. Except a recent
tudy on low-load scratch studies in this composite by the
uthors,15 this mode of plastic deformation has not been reported
n any polycrystalline UHTC in literature. However, in 1971,
aggerty and Lee19 reported similar slip-line patterns in a sin-
le crystal ZrB2 subjected to room temperature microindentation
nd high temperature compression tests. They identified dis-
ocation motion and the associated slip systems through TEM
tudies. In the current investigation, TEM studies were initiated
o identify the deformation-induced defect structure. The region
f slip-line patterns in the indentation experiments were small
nd contained significant amount of cracking, and thus TEM

pecimens could not be prepared from indented regions. As
entioned before, high-velocity scratch grooves were heavily

racked followed by extensive lateral cracking in the surround-
ng areas. On the other hand, previously conducted low-load
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Fig. 10. (a) Bright-field image of a TEM specimen and (b) a higher magnification
image of the region shown in (a) revealing activation of multiple slip systems.
(c) A SEM micrograph of a constant load (250 mN) low-velocity scratch groove
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tiple crack growth and extensive microcracking. Thus it was
evealing multiple sets of slip-lines intersecting with each other within a single
rB2 grain.

cratch grooves were mostly crack free (see Fig. 8) and con-
ained large areas of slip-lines. Therefore, these low-load scratch
rooves were chosen for TEM specimen preparation. Here some
reliminary results are presented. More detailed investigations
re in progress and will be available at a later time. A low mag-
ification bright-field image of the TEM specimen is shown
n Fig. 10(a) where as Fig. 10(b) presents a high magnifica-
ion bright-field TEM image of a selected area from Fig. 10(a)
evealing highly deformed region beneath the scratch groove.
he image shows at least three different sets of dislocations in
ifferent orientations, suggesting the possibility of multiple slip
ystem activation within the ZrB2 phase as a result of the scratch
rocess. This dislocation activity is assumed to have manifested
acroscopically in terms of multiple sets of slip-lines intersect-

ng with each other with in a single ZrB2 grain as observed in
ig. 10(c). Thus, these preliminary TEM studies confirmed that

islocations were indeed activated in ZrB2 under indentation
nd scratch loads, and resulted in the observed multiple slip-
ine patterns within the deformed regions. In-depth analysis of

i
t
h
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dentification of active slip systems is under progress and will
e reported elsewhere.

. Discussions

The above static and dynamic indentations and high-velocity
cratch studies revealed several inelastic deformation mecha-
isms in the ZrB2–SiC composite. The evolved features such
s transgranular microcracking, lateral cracking, and slip-line
ormation were limited only to the ZrB2 matrix. In indentation
tudies, dynamic loading (or higher rate of deformation) resulted
n considerable increase in the hardness compared to the static
ardness, see Fig. 3. This observed increases in the compos-
te could be a combined effect of strain rate sensitivities of the

atrix (ZrB2) and the SiC phases. However, dynamic mechan-
cal response of pure ZrB2 is not readily available in the open
iterature. SiC is known to exhibit increased hardness and frac-
ure strength under high strain rate loading.20 SiC also has high

odulus and strength compared to ZrB2, but as the volume frac-
ion of ZrB2 phase was significantly larger than the SiC content,
t is reasonable to infer that a major contribution to observed
ncrease in dynamic hardness of the composite arose from the
rB2 phase.

Although macrocracks were observed to emanate from the
orners and the edges of imprints in both types of indenta-
ions (Fig. 4), extensive grain level microcracking appeared
nly in dynamic indentations, see Fig. 6. This microcracking
eature is typical of ceramics when subjected to high-velocity
mpact21–23 and high strain rate compressive loading.24–26

ecently, Subhash et al. 14 presented a comprehensive review
f dynamic indentation- and high-velocity impact-induced dam-
ge in ceramics, and found similarities in the damage patterns.
ore specifically, the dynamic indentation-induced cracking

atterns were compared to those induced due to ball impact
esults reported by Normandia22 and Iyer.23 In high-velocity
ungsten carbide sphere impact experiments on SiC plates, Iyer23

orrelated the observed damage features in various regions
f the damaged specimen to the macroscopic triaxial stress
eld induced in the corresponding regions. In Iyer’s work,

he region directly beneath the impactor where a distributed
hree-dimensional network of grain boundary microcracks was
bserved is relevant to the current research.23 In this region, a
riaxial compressive stress state exists. Development of grain
evel microcracks was due to ‘wing crack’ growth from preex-
sting flaws in a ceramic subjected to compressive loads.24–26

nder quasistatic loading such microcrack network was not
bserved. This result is explained on the basis of differences in
amage growth characteristics under static and dynamic loads in
eramics.9,24 During quasistatic loading only one single crack,
ost favorably oriented to the applied stress state, is activated.
nder rapidly applied dynamic load, the inertia associated with

he crack tip opening delays the crack growth but the applied
tress rises rapidly to activate multiple cracks resulting in mul-
nferred that the observed severe transgranular microcracks in
he composite due to dynamic indentations originated due to
igh strain rate loading from the preexisting flaws and, there-
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ore, dynamic indentation resulted in additional fracture within
he ZrB2–SiC composite which was not so prominent in the
tatic indentation.

Microcracks observed within the slip-band regions may have
riginated as a result of severe plastic deformation within the
ndentation and scratch regions. Intensity of microcracks across
nd along the slip-lines was more prominent in dynamically
ndented regions compared to statically indented regions. Thus
hese microstructural observations indicated that apart from
re-existing flaws, deformation-induced regions can also act as
otential sources for cracking.

While the transgranular microcracks were associated with
rocessing-induced (pre-existing) and deformation-induced
slip-band) flaws, formation of radial microcracks from the
rB2–SiC interfaces (see Fig. 5) is associated with mismatch in
oefficient of thermal expansion (CTE, α) between the hexag-
nal ZrB2 (αavg ∼ 5.9 × 10−6 K−1) phase and the cubic SiC
α ∼ 3.5 × 10−6 K−1) phase.27 Upon cooling of the consolidated
ompact from sintering temperature to room temperature, CTE
ismatch causes residual tensile radial stress at the ZrB2–SiC

nterface in the as-processed composite.27 These interfaces may
lso act as potential sources for radial microcraking within the
rB2 phase during the indentation process.

The low- and high-velocity scratch studies also revealed
imilar microcracking features within the ZrB2 phase
Figs. 8(b) and 9(b)). However, these cracks were perpendicular
o the scratch path. The scratches at high-velocity and high-load
evealed extensive microcracking compared to those at low-
elocity and low-load. Using the combined elastic stress field
olutions of Boussinesq and Cerruti provided in Johnson,28 it
as been shown previously15 that the maximum principal stress
σ1) is tensile in the wake of the indenter and is oriented parallel
o the scratch direction. Thus with increase in scratch load the

agnitude of this stress increases and leads to the formation of
rthogonal transgranular microcracks.

Apart from microcracking, the high-velocity scratch exper-
ments caused lateral crack evolution and significant material
emoval in the composite which was almost absent in low-
elocity scratches, see Figs. 8(a) and 9(a). It is known from
umerous experimental and theoretical investigations that the
oading phase of scratch process causes elastic–plastic defor-

ation within a brittle material.7 Therefore, upon unloading
esidual stress is generated within the material. It has been
ell-known that scratch-induced residual stress component per-
endicular to the scratch surface causes lateral cracking.7 In
ig. 2, subsurface lateral crack growth within a constant load
cratch groove at 250 mN can be observed. However, due to
he low-load level used in these experiments, extension of the
ateral crack up to the top surface was limited. During high-
elocity scratches, the applied scratch load was significantly
igher and resulted in extensive lateral cracking as seen in
ig. 9(a).

One interesting deformation feature evolved during the

ndentation and the scratch experiments in the composite was
he slip-line formation within the ZrB2 matrix. This feature
uggested dislocation activity and was confirmed from prelimi-
ary TEM studies (Fig. 10). Although the specific slip-systems

h
C
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ctivated during indentation and scratch experiments were not
dentified in the current work, random orientation of the slip-
ines along the scratch length was attributed to the random
rientation of ZrB2 grains with respect to the scratch direc-
ion. Plasticity in ceramics, in general, is limited due to small
umber of slip systems and low dislocation mobility.29 With
n increase in load, fracture stress is achieved well before
lasticity can initiate and hence the material fails in brittle
ashion. However, plasticity can initiate in ceramics under con-
ned conditions such as in indentation and scratch experiments
here the material directly beneath the tool experiences large

ompressive and shear stresses. Once plasticity is initiated,
ue to low dislocation mobility stress concentration occurs
t dislocation pile-ups which can lead to microcracking to
elieve the applied stress.29 Therefore, while the formation of
lip-lines is clear evidence of dislocation activity, microcrack
ormation in these regions is further evidence of stress con-
entrations associated with limited dislocation mobility, see
ig. 7.

Clearly, the macroscopic manifestation of dislocation activ-
ty into slip-lines in the ZrB2–SiC composite indicates that
his composite may have higher fracture toughness compared
o the traditional brittle ceramics under static and dynamic
oads. Our future research will focus on room temperature
nd elevated temperature quasistatic and dynamic compres-
ion and fracture toughness determination. These studies are
xpected to provide more insight in to the ductile behavior of the
omposite.

. Conclusions

Static indentation, dynamic indentation, and high-velocity
cratch investigations revealed several inelastic deformation fea-
ures such as grain-level transgranular microcracking, lateral
racking and slip-line formation in an ultra-high temperature
rB2–SiC composite. Microcracking and slip-line formation
ere limited to the ZrB2 phase only.
In indentation studies, the composite exhibited higher

ynamic hardness compared to the static hardness. Signifi-
ant transgranular microcracking within the ZrB2 matrix was
bserved in the dynamically indented regions where as such
eatures were absent in static indentations.

In high-velocity scratch experiments, extensive transgranu-
ar lateral cracking caused severe brittle damage and material
emoval in the composite.

Slip-line formation in all the above studies indicated dislo-
ation activity within the ZrB2 phase. Preliminary TEM studies
f the scratch-induced deformation regions confirmed disloca-
ion activity and activation of multiple slip-systems in the ZrB2

atrix.
The electron microscopy equipment used in this study is
oused and maintained in the Major Analytical Instrumentation
enter at the University of Florida.
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