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ZrB,-SiC composites were hot pressed at 2473 K (2200 °C) with graded amounts (5 to
20 wt pct) of SiC and the effect of the SiC addition on mechanical properties like hardness,
fracture toughness, scratch and wear resistances, and thermal conductivity were studied.
Addition of submicron-sized SiC particles in ZrB, matrices enhanced mechanical properties like
hardness (15.6 to 19.1 GPa at 1 kgf), fracture toughness (2 to 3.6 MPa(m)'/?) by second phase
dispersion toughening mechanism, and also improved scratch and wear resistances. Thermal
conductivity of ZrB,-SiC (5 wt pct) composite was higher [121 to 93 W/m K from 373 K to
1273 K (100 °C to 1000 °C)] and decreased slowly upto 1273 K (1000 °C) in comparison to
monolithic ZrB, providing better resistance to thermal fluctuation of the composite and im-
proved service life in UHTC applications. At higher loading of SiC (15 wt pct and above),
increased thermal barrier at the grain boundaries probably reduced the thermal conductivity of

the composite.
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I. INTRODUCTION

STRUCTURAL ceramics for use in ultra high
temperature environments are presently focused on
Zr- and Hf-borides, carbides and nitrides because of
their high melting point, high hardness and fracture
toughness, high thermal conductivity and good thermal
shock resistance, and chemical stability in severe condi-
tion.l' > In particular, many researchers recommended
use of monolithic ZrB, over carbides and nitrides of Zr
and Hf because of its lower cost and lighter weight
(theoretical density of ZrB, = 6.09 gm/cc) that makes it
a potential and promising material for structural,
aerospace, and other conventional fields like refractory
crucible, electrode, thermal plant etc!®°) However, the
use of monolithic ZrB, for real time UHTC applications
is limited because of its relatively low hardness and
fracture toughness and poor oxidation resistance spe-
cially above 1273 K (1000 °C) than its composites.
ZrB, is also very difficult to sinter because of its strong
covalent nature, low diffusion rates, and the presence of
oxygen on the particle surfaces.''""! More work is in
progress for further reduction of weight of ZrB, system
without compromising other desired structural proper-
ties to meet the future demands of strategic sectors and
thermal protection units.l'” Toward this goal, fabrica-
tions of ZrB, composites are being investigated by the
researchers to retain and/or improve the mechanical and
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thermal properties. Various approaches include the
addition of secondary phases (e.g., SiC, Carbon, MoSi,,
ZrC, WC, B4C, efc.) and sintering aids, changing
precursor material characteristics, processing parame-
ters like temperature, pressure, and processing tech-
niques viz., spark plasma sintering, hot pressing, hot
isostatic pressing, self-propagating high-temperature
synthesis (SHS), pressure-less sintering, microwave sin-
tering, laser sintering, etc.l"'* 2% Moreover, machining
and frictional behavior need to be evaluated to ascertain
the performance of a structural UHTC component like
ZrB,-SiC composite.?*! However, studies on tribological
properties that include coefficient of friction, wear
resistance, and wear rate under different load of ZrB,-
SiC composites are scarce. Therefore, it is necessary to
study the tribological behavior of ZrB,-SiC composites
for fabrication of next generation UHTC components.

In present study, the effect of the SiC loading on
mechanical properties like hardness, fracture toughness,
scratch resistance, wear resistance and thermal conduc-
tivity of a series of hot pressed ZrB,-SiC composites was
investigated and compared to those of monolithic ZrB,
ceramic.

II. EXPERIMENTAL
A. Materials

In the present work, phase pure zirconium diboride
(ZrB,-B Grade) and silicon carbide (SiC-UF25 Grade)
powders were procured from H.C Starck GmbH,
Goslar, Germany, as raw materials. As per technical
data provided by H.C Starck, oxygen content of
ZrB, powder is 1.5 wt pct, and other impurities are
carbon 0.2, nitrogen 0.25, Fe 0.1, and Hf 0.2, and in SiC
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powder impurities are oxygen 2.5, Al 0.04, Ca 0.01, and
Fe 0.05 (in wt pct). ZrB, and SiC powders are of
particle size (Dso) 3.22 and 0.45 um, respectively. ZrB,-
SiC mixed powders containing 5, 10, 15, and 20 wt pct
SiC were prepared. The stoichiometric amount of
component powders in each batch, i.e., ZrB, with 5 to
20 wt pct SiC was mixed in a mortar pestle in methyl
ethyl ketone medium for 1 hour each and then dried at
80 °C in an oven.

B. Hot Pressing

Mixed batch powders were hot pressed at 2473 K
(2200 °C) in argon atmosphere in a graphite element hot
press (HPW 315/400-2200-1000PS, FCT Systeme
GmbH, Germany) under a pressure of 50 MPa and
soaking time of 2 hour. To minimize reaction between
graphite die and precursor powders, inner wall of
graphite dies was lined with thin graphite paper
(0.25 mm thick) before powder was loaded. The heating
and cooling rates of the furnace were kept in the range
of 15 to 25 °C/min. Diameter and thickness of the
sintered compacts were around 75 and 6 mm, respec-
tively.

C. Characterization

The sintered samples were ground on both sides and
sliced into small pieces by precision surface grinder
(NKT6, ELB-Scliff, Germany) fitted with diamond
grinding wheel and saw. Bulk density (and pct of
relative density) of the sintered samples was measured
by Archimedes’ principle. The theoretical density of
each composite was calculated by the mixture rule. The
phase investigation of samples was done by X-ray
powder diffraction technique (X’Pert Pro MPD; Pan-
Analytical, The Netherlands) with CuK, radiation
(¢ = 1.54 A) at room temperature. The XRD data
were recorded with step size 0.05 deg (260) and step time
75 seconds from 20 to 90 deg for these samples. The
microstructure and also the elemental analysis (EDS) of
the ZrB,-SiC composites were done by Field Emission
Scanning Electron Microscope (FESEM) (AXIOS; Pan-
Analytical, The Netherlands). Micro-hardness tests at
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different loads (500 gmf and 1 kgf) were carried out
using Vickers Micro-hardness tester (402M VD, Wolpert
Wilson) with a 10 seconds dwell time and the indenta-
tion photographs were taken automatically by attached
the CCD camera (FM290223, Precidur). The reported
data are an average of four hardness measurements.
Fracture toughness values were calculated by direct
crack method (DCM). Scratch test was conducted using
a Scratch tester (TR-101, Ducom, India) at room
temperature (dry and un-lubricated conditions) at a
relative humidity level of 60 £ 5 pct. A Vickers type
diamond tip was used as a sliding contact on the
vibration free samples to measure the coefficient of
friction at two different normal loads (5 and 10 N).
Indenter velocity was kept fixed at 0.1 mm/s, and the
length of sliding was set in all cases 4 mm. The samples
for both hardness and scratch tests were mounted in
resin and polished by a surface polisher (Spectrum
System 1000, LECO Corporation) to achieve uniform
surface roughness (R,) in the range of 50 to 70 nm as
shown in Figure 1. The surface roughness of the
specimen was measure by non-contact type profilometer
(Contour GT-X, Bruker Corporation). Thermal con-
ductivity of the composites was measured by laser flash
technique (Flash Line 4010, Anter Corporation). The
instrument can automatically determine thermal con-
ductivity, heat capacity, and thermal diffusivity. In
thermal measurement, 10 & 0.5 mm square specimens
with carbon coating were used.

III. RESULTS AND DISCUSSION

A. Densification

The relative and bulk density of hot-pressed ZrB, and
SiC monolithics and ZrB,-SiC composites are shown in
Figure 2. Relative density of the ZrB,-SiC composites
decreases with higher amount of SiC addition (above
5 wt pct). The oxygen impurities of SiC power are
higher than ZrB,. Higher amount of surface oxygen in
SiC particles (depleted amount of surface oxygen) may
act as boundary phase at higher SiC loading that hinder
the lattice diffusion and hence, restrict the sintering of
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Fig. 1—2D surface topography of polished ZrB,-SiC composite.
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ZrB,-SiC composites.**?>! At high temperature consol-
idation, residual pores are mainly formed as closed
porosity, and reduction of porosity is governed by grain
boundary diffusion. The presence of submicron-sized
SiC grains in the ZrB, matrix prevents grain boundary
movement and hinder coarsening. M. Ikegami reported
that relative densities exceeding 98 pct were found for
ZrB,-SiC (10 to 30 vol pct) composites by spark plasma
sinrering at 2173 K (1900 °C) under 30 MPa. The
formation of intergranular liquid phase at grain bound-
aries played a key role for achieving high densifica-
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Fig. 2—Bulk density and pct relative density of ZrB,-SiC composites
hot pressed at 2473 K (2200 °C) for 2 h (Notation: SiC 5 = ZrB, +
SiC (5 wt pct) and others are equivalent).

tion.”) Asl showed that the sintering of hot-pressed
ZrB,-SiC (15 and 30 vol pct) composite at 2273 K
(2000 °C) mainly controlled by grain boundary diffu-
sion, whereas plastic deformation dominated densifica-
tion for monolithic ZrBz at relatively lower temperature
ie., 2123 K (1850 °C).*”! Hence, cumulative effects of
coarsening, evaporation/condensation, grain boundary,
and lattice diffusion processes are governing densifica-
tion mechanism.

B. XRD Study

Figures 3(a) through (d) show the XRD plots of
ZrB,-SiC composites sintered at 2473 K (2200 °C) for
2 hour. JCPDS files (a) 75 to 1050 & (b) 75 to 1541
reveal that both hexagonal ZrB, and hexagonal «-SiC
phases are distinctly present in all samples. The crystal-
lite sizes of ZrB, and SiC particles in ZrB,-SiC com-
posites calculated to be in the range of 60 to 90 nm from
the X-ray diffraction patterns (Figures 3(a) through (d))
using Scherrer formula:

D = 09//fcos0, [1]

where D is the average crystallite size, 4 = 1.54 A
[X-ray wavelength (CuKa)], and f being the width of the
diffraction peak at half maximum for the diffraction
angle 26.

C. Microstructure

Figures 4(a) through (d) show the FESEM micro-
structure images of monolithic ZrB, and ZrB,-SiC
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Fig. 3—XRD plots of ZrB,-SiC composites hot pressed at 2473 K (2200 °C) for 2 h soaking (a) ZrB,-SiC (5 wt pct), (b) ZrB,-SiC (10 wt pct),
(¢) ZrB,-SiC (15 wt pet), and (d) ZrB,-SiC (20 wt pct) (notation Z = ZrB,, S = «-SiC).
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Fig. 4 —FESEM microstructure and EDS mapping of (¢) monolithic ZrB,, (b) ZrB,-SiC (5 wt pct), (¢) ZrB,-SiC (10 wt pct), and (d) ZrB,-SiC
(20 wt pct) composites hot pressed at 2473 K (2200 °C)/2 h (bright phase is ZrB, and dark phase is SiC).

composites hot pressed at 2473 K (2200 °C) for 2 hour
after polishing and finally etching with diluted hydro-
fluoric acid. It is clearly stated from the micrographs
(Figures 4(b) through (d)) that SiC grains (dark phase)
are uniformly distributed in ZrB, matrix (bright phase)
that can macroscopically interpret the mechanical
strength of the composite. Elemental analysis by EDS
spectra also confirms that only Zr, Si, B, and C elements
composed of ZrB, and SiC phases are present in the
microstructures and support the above XRD results.

D. Mechanical and Tribological Properties Study

Vickers micro-hardness and fracture toughness data
of hot-pressed ZrB, and SiC monolithics and ZrB,-SiC
composites at different loads (500 gms and 1 kgs) are
summarized in Table I. ‘Anstis’ employed a simplified
two-dimensional fracture mechanics analysis by
DCMP®:

Kic = 0.016 (E/H)"*x F/C3?, 2]

where F'is load in Newton; C is crack length from the
center of the indent to the crack tip in meter; E is
Young’s modulus in GPa calculated by the rule-of-
mixture model (Ezz, = 520 GPa, Egic = 400 GPa); H
is Vickers hardness in GPa; and Kjc is fracture
toughness in MPa(m)"/%.

This classification is applicable for cracks in brittle
ceramic materials with relatively low toughness and
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considered to follow half-penny model, where the crack
length is measured radially from the center of the
indentation. It is observed that all samples exhibit an
increase in the hardness with decreasing indentation
load (indentation size effect; ISE) that mainly arises due
to elastic recovery of the indentation after removal of
indenter load and is proportionately more prominent in
small indentation and also results in changin]g disloca-
tion density of coarse grain bulk materials.”” Indenta-
tion and micro-cracks profile (inset) are shown in
Figure 5. Fracture toughness values of monolithic
ZrB, and SiC systems are considerably low due to their
brittle nature, and it is found from Figure 5(a) that a
clear broad radial crack occurs at the corner of the
residual impression at the indentation of monolithic
ZrB, and on the other side in Figure 5(b), slight cracks
deflection occurs in ZrB,-SiC composite which leads to
mixed inter-transgranular fracture mode. In case of
fracture toughness value of ZrB,-SiC composite
(Table I), it is found that addition of hard SiC material
in the ZrB, system improves fracture toughness of the
composite by toughening mechanisms like crack deflec-
tion and stress relaxation near the crack tip after
addition of SiC as secondary phase, and all cracks are
shallow in nature.®'*! Liu er al. reported that addition
of nanosized SiC (D, = 0.7 um) in the ZrB, system
improved the fracture toughness (6.4 MPa m'?) and
flexural strength (925 MPa) than ZrB, composite with
microsized SiC particles.”*! Guo er al. showed that hot-
press ZrB,-SiC (20 vol pct)-Yb,O5 (3 vol pct) compos-
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Table I. Vickers Hardness and Fracture Toughness Values of Monolithic ZrB, and SiC and ZrB,-SiC Composites Hot Pressed at
2473 K (2200 °C)/2 h

Vickers Hardness (GPa)

Kic (MPa(m)'?) [¢/a ratio]

S1 No Composition 1 kgf 500 gf 1 kgf 500 gf

1 ZrB,B% 14.40 + 1.33 15.48 + 1.45 2.52 £ 0.13 [2.43] 276 £ 0.11 [2.52]
2 SiC 15.74 + 1.21 16.07 & 1.32 1.48 +0.23 [2.60] 1.82 + 0.23 /2.93]
3 ZrB, + SiC (5 wt pct) 19.05 + 1.42 21.97 + 1.51 3.63 £ 0.25 [2.32] 3.13 +£0.24 [2.19]
4 ZrB, + SiC (10 wt pct) 19.08 + 1.53 17.06 + 1.25 249 + 025 /2.81] 2.84 +0.23 [2.43]
5 ZrB, + SiC (15 wt pct) 17.87 £ 1.51 17.18 + 1.44 2.58 4+ 0.23 [2.94] 3.03 £ 025 [2.11]
6 ZrB, + SiC (20 wt pct) 15.62 + 1.62 15.81 & 1.61 1.97 £ 0.26 /3.25] 2.86 +0.24 [2.10]

Fig. 5—FESEM images of micro-indentation of (a) ZrB, monolithic and (b) ZrB,-SiC (10 wt pct) composite (nature of micro-cracks are shown

in the insets).

ite achieved high hardness (20.2 GPa) and toughness
(4.9 MPa m'?).P¥Y It is also observed from Table I that
the fracture toughness value reduces at higher loading of
SiC (20 wt pct). Low sintering density of ZrB,-SiC
(20 wt pct) composite can lower the fracture toughness
and hardness values. Anstis et al. reported that c/a
[i.e., (crack length from the indentation diagonal + half
diameter of indentation) /half diameter of indentation] is
basically assumed to be a proof of the type of crack
system.?® It is stated that if c/a > 2, the crack model is
considered as half-penny type or median crack, and if ¢/
a < 2, the crack model is considered as Palmqvist (half-
ellipse) model.*>*% 1t is found from Table I that all the
c/a values are greater than 2 and hence, the cracks are
followed to half-penny type model.

It can be seen from Table II that coefficient of kinetic
friction (COF, gy ) values of all the composites lies in
the range of 0.49 to 0.72 and clearly seen a initial low-
friction (low-wear) region and finally a high-friction
(high-wear) region after traveling through a sharp
transition region as shown in Figure 6. However, the
transition region occurred at a relatively higher sliding
distance at high load (10 N). High friction during sliding
of indenter generates tensile stresses in the track plane of
the sliding surface that initiates cracks and gradually
propagates along grain boundaries at very high load
that acquires more time to stabilize the COF data at
high-friction region. The fluctuations of the COF values

METALLURGICAL AND MATERIALS TRANSACTIONS A

at high-friction region are often due to sliding of the
indenter on the hard and polished composite surface,
and this behavior is more prominent at high load that
required more frictional force to move the stylus into the
hard track.

Hardness and wear resistance coeflicients were calcu-
lated by the standard formuli.’” 3" To calculate the
wear volume, a number of 2-D surface profiles across
the worn surface were acquired using a non-contact
surface profilometer (Contour GT-X, Bruker).

A commonlg used equation to calculate the wear rate
(or factor) is*”!

Vi:kiXFXS, [3]

where F is the normal load on contact, s the sliding
distance, V; the wear volume, and k; the specific wear
rate coefficient. Index i identifies the surface considered.
The k-value is given in mm?®/Nm.

Both wear resistance coefficient and wear rate values
were found to be very low for all composites those are
needed for engineering applications (Table III).

E. Thermal Properties Study

In hypersonic vehicles, the most significant thermal
properties of UHTC materials exhibit thermal conduc-
tivity and specific heat that emerge as first-order terms in
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Table II. Coefficient of Friction Values of ZrB,-SiC Composites Hot Pressed at 2473 K (2200 °C)/2 h Under Different Loads
Coefficient of Friction (uy)
Sample 5N 10 N
ZrB, + SiC (5 wt pct) 0.713 0.723
ZrB, + SiC (10 wt pct) 0.699 0.691
ZrB, + SiC (15 wt pct) 0.576 0.681
ZrB, + SiC (20 wt pct) 0.489 0.552
1.0 1.0
5N load 10N load
05 Transition region High friction region 08 - Trnsition region g High friction region —_—
s §
5 0.6 B
£ E
9 0.4 7]
o o
© © ——sic5
4 ——sic 10
0.2 02 sic15
Low friction region ——Sic20
0.0 T T T T
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Fig. 6—Coefficient of friction plots with different loads [(a) 5N and (b) 10 N] of ZrB,-SiC composites (Notation: SiC 5 = ZrB, + SiC

(5 wt pct) and others are equivalent).

Table III. Wear Parameters of ZrB,-SiC Composites Hot Pressed at 2473 K (2200 °C)/2 h Under Different Load

Fracture Toughness Normal Hardness Wear Volume Wear Resistance Wear Rate

Sample (MPa(m)'’?) Load (N) (GPa) (um®) Coefficient (mm?/Nm)
ZrB, + SiC (5 wt pct) 3.131 5 21.97 1.872 x 10° 0.664 9.36 x 1073
3.650 10 19.05 3.892 x 10° 0.443 9.73 x 1073
ZrB, + SiC (10 wt pct) 2.841 5 17.06 0.787 x 10° 0.216 3.93 x 1072
2.485 10 16.47 4.767 x 10° 0.302 11.92 x 1073
ZrB, + SiC (15 wt pct) 3.525 5 17.18 1.698 x 10° 0.625 8.49 x 107°
2.580 10 17.86 6.445 x 10° 0.447 16.11 x 1073
ZrB, + SiC (20 wt pct) 3.162 5 15.81 0.861 x 10° 0.262 431 x 1073
1.965 10 15.62 1.44 x 10° 0.065 4.60 x 1073

the leading conversion of energy equation. High thermal
conductivity allows more heat to conduct away from
sharp leading edges and specific heat can have a
potential influence on the transient thermal response
during heating or cooling. On the other hand, thermal
diffusivity () of a composite elucidates in combination
of electronic and phonon contributions and depends on
compositions, porosity, dislocation, cracks, impurities,
contact resistance between grains, grain size, sintering
schedule ere.*"*? It is seen from Figure 7 that ZrB,-SiC
(5 wt pct) composite shows higher thermal conductivity
than monolithic ZrB, and occurs due to the high
sintered density of ZrB,-SiC (5 wt pct) composite that
improves by reducing interfacial thermal resistance,
ensuing in high thermal conductivity.***% It is also
observed that thermal conductivity and diffusivity of
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ZrB,-SiC composites decrease slowly with increasing
temperature than monolithic ZrB, that means the ther-
mal properties of ZrB,-SiC composites are relatively
more stable above 873 K (600 °C). It is reported that the
Debye temperature for ZrB, and SiC are 750 K and
1080 K (447 °C and 807 °C), respectively,*”*¥! and
electron contribution is more prominent for monolithic
ZrB,, whereas addition of SiC increases the phonon
contribution in the composite.”*” Therefore, the phonon
contribution for thermal conductivity kept constant
upto Debye temperature that gives more stable thermal
parameters of ZrB,-SiC composite than monolithic
ZrB,. M. Patel et al. reported that hot-pressed ZrB,-
B4C (1 wt pct)-SiC (10 to 30 wt pct) composites showed
high thermal conductivity in the range of 85 to
92 W/m.K.P Kim et al. showed that addition of
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Fig. 7—Thermal properties of (a) monolithic ZrB,, (b) ZrB,-SiC (5 wt pct), (¢) ZrB,-SiC (15 wt pct), and (d) ZrB,-SiC (20 wt pct) composites.

Table IV. Interfacial Resistance Values of Monolithic
ZrB; and ZrB,-SiC Composites Hot Pressed at 2473 K
(2200 °C)/2 h

Measured R

int

Compositions (m> K W
7ZrB, 3.893 x 1078
ZrB, + SiC (5 wt pet) 3.448 x 1078
ZrB, + SiC (10 wt pct) 5.631 x 1078
ZrB, + SiC (20 wt pct) 5.476 x 1078

nanosized SiC in ZrB, matrix increased the thermal
conductivity (~80 to 100 W/m K), and value was about
twice as large as those of coarse SiC.>! The dependency
of thermal diffusivity on SiC loading is similar to that of
thermal conductivity. The variations of specific heat of
different specimens with temperature are also shown in
Figure 7. The heat capacity of all ZrB,-SiC composites
is higher than monolithic ZrB,, since the specific heat of
pure material is in the following order C, (SiC) > C,
(ZrB,). At higher loading of SiC (>5 wt pct), the
presence of more interfaces and porosity between
ZrB, and SiC grains (Figures 4(c) through (d)) could
form high interfacial thermal grain boundary resistance
(or Kapitza resistance, Rj,) and hence reduce the
thermal conductivity with respect to monolithic
ZrB,"! An analysis of the Kapitza resistance of
monolithic ZrB, and ZrB,-SiC composites is listed in
Table IV for better understanding of the above state-
ment. The measurements are recorded from 373 K to
1273 K (100 °C to 1000 °C) temperature range, and the
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data points in the ~! vs T (in K) plot can be fitted to a
straight line correlating with Eq. [4]°%):

Jooty = aT + ny/IR;,,, [4]
where «, the slope of the plot is constant and inherent to
the phonon—phonon scattering within the grains, which
is independent to grain size; n; the number of grain
boundaries in distance /; RI  the grain boundary

int
thermal resistance for unit area.

IV. CONCLUSIONS

In this work, ZrB,-SiC composites were prepared by
hot pressing at 2473 K (2200 °C) for 2 hour soaking
under 50 MPa pressure with varying amount of SiC (5
to 20 wt pct) and studied the effect of the SiC loading on
bulk density, phase composition and microstructure,
mechanical properties like hardness, fracture toughness,
scratch resistance, wear resistance, and thermal conduc-
tivity of ZrB,-SiC composites and compared with
similar characteristics of monolithic ZrB,. Addition of
micron-sized SiC in ZrB, system showed better mechan-
ical properties like Vickers hardness, fracture toughness,
scratch resistance, and wear resistance. It was also
observed that thermal conductivity of ZrB,-SiC com-
posite showed higher value at the addition of SiC
(5 wt pct) and decreased slowly with increasing temper-
ature than ZrB, monolithic especially between 873 K
and 1273 K (600 °C and 1000 °C) that means the ZrB,-
SiC composites can withstand better thermal fluctua-
tions at higher temperature. At higher loading of SiC
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(15 wt pct and above), interfacial thermal grain bound-
ary resistance can play the key role and reduces the
thermal conductivity of the composite.
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