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bstract

he influence of silicon carbide (SiC) particle size on the microstructure and mechanical properties of zirconium diboride–silicon carbide (ZrB2–SiC)
eramics was investigated. ZrB2-based ceramics containing 30 vol.% SiC particles were prepared from four different �-SiC precursor powders
ith average particle sizes ranging from 0.45 to 10 �m. Examination of the dense ceramics showed that smaller starting SiC particle sizes led
o improved densification, finer grain sizes, and higher strength. For example, ceramics prepared from SiC with the particle size of 10 �m had
strength of 389 MPa, but the strength increased to 909 MPa for ceramics prepared from SiC with a starting particle size of 0.45 �m. Analysis

ndicates that SiC particle size controls the strength of ZrB2–SiC.
2006 Elsevier Ltd. All rights reserved.
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. Introduction

Ultra-high temperature ceramics (UHTCs) include borides,
arbides, and nitrides with melting temperatures above
2700 ◦C.1 The UHTCs have been investigated for high tem-

erature applications including thermal protection systems for
ypersonic aerospace vehicles, high temperature electrodes, and
olten metal crucibles.2–5 Recently, zirconium diboride (ZrB2)

ased ceramics have been studied because of their unique com-
ination of low density, high melting temperature and thermal
hock resistance as well as excellent mechanical and chemical
tability at high temperatures.6–9

ZrB2–SiC ceramics, of suitable composition, are known
o have better strength and oxidation resistance than mono-
ithic ZrB2.10,11 A recent study of several ZrB2-based ceramics
emonstrated that ZrB2 with 30 vol.% SiC addition exhibited
he best combination of strength, fracture toughness, and oxida-
ion resistance.12 The addition of SiC particles enhances the

xidation resistance of ZrB2 by promoting the formation of
protective borosilicate glass layer.13 High strength has been

ttributed to maintaining a fine grain size and a uniform distribu-
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ion of the reinforcing phase.11 Monteverde and Bellosi reported
hat incorporation of ultra-fine SiC improved the sinterability
nd mechanical properties of ZrB2.14,15 Subsequently, Rezaie et
l. proposed that the strength limiting flaws in ZrB2–SiC were
he largest SiC particles observed in the microstructure.16 Based
n the combined evidence, it can be concluded that the size of the
iC particles plays a critical role in determining the microstruc-

ure and mechanical properties of ZrB2–SiC composites.
In this paper the microstructure and mechanical properties of

ot pressed ZrB2–SiC ceramics, prepared from a single grade
f ZrB2 powder, and four different SiC precursor powders, were
tudied. The sintered density, microstructure, and mechanical
roperties were evaluated and compared.

. Experimental procedure

.1. Materials and processing

Commercial ZrB2 and SiC powders were used in this study.
able 1 lists the characteristics of the powders based on
ata from the suppliers. All four SiC powders were predomi-

antly �-SiC. Prior to hot pressing, the as-received ZrB2 was
atched with one of the SiC powders in a 70:30 volume ratio
82:18 weight ratio) into a fluoropolymer-coated tank for attri-
ion milling (Model 01-HD, Union Process, Akron, OH). The

mailto:smzhu2005@hotmail.com
dx.doi.org/10.1016/j.jeurceramsoc.2006.07.003
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Table 1
Characteristics of raw materials

Material Grade Mean particle size (�m) Specific surface area (m2/g) Purity (%) Supplier

ZrB2 A 6 1 >99 H.C. Starck
SiC 600 grit ∼10 0.4 99.5 Universal Photonics
SiC UF05 1.4 5 98.5 H.C. Starck
S 10
S 25
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iC UF10 0.7
iC UF25 0.45

owders were milled in hexane at 600 rounds per minute (rpm)
or 2 h, using Co-bonded WC media and a Co-bonded WC spin-
le. For the 600 grit SiC, the powder was added into the milling
ank for only the last 15 min to minimize particle size reduction,
ut still provide adequate mixing. All of the powder mixtures
ere dried by rotary evaporation (Model Rotavapor R-124,
uchi, Flawil, Germany) at a temperature of 75 ◦C, a vacuum of
0 kPa, and a rotation speed of 150 rpm. Powder mixtures were
esignated by the letters ZS (for ZrB2 and SiC) along with the
nitial size of the SiC precursor powder. For example, the mate-
ial prepared from ZrB2 and 1.4 �m SiC was designated ZS1.4.

The powder mixtures were hot pressed (Model HP-3060,
hermal Technology, Santa Rosa, CA) in a 44-mm-diameter
raphite die lined with BN coated graphite foil. The tempera-
ure of the graphite die was monitored with an infrared pyrometer
Model OS 3708, Omega Engineering, Stamford, CT). At tem-
eratures below 1650 ◦C, the furnace was heated under ∼20 Pa
acuum. Above 1650 ◦C, the atmosphere was switched to flow-
ng argon gas. A heating rate of ∼20 ◦C/min was used between
oom temperature and 1900 ◦C. When the furnace reached a tem-
erature of 1900 ◦C, a uniaxial pressure of 32 MPa was applied.
he furnace was held at this temperature for 45 min. At the end
f the hold, the furnace was cooled at a rate of ∼20 ◦C/min. The
oad was removed at ∼1750 ◦C.

.2. Characterization

The specific surface areas of the powder mixtures after
ttrition milling were characterized using nitrogen adsorption
NOVA 1000, Quantachrome, Boynton Beach, FL) at 77 K and
ET (Brunnauer–Emmett–Teller) analysis. The particle sizes
f the milled powders and grain sizes of the densified ceram-
cs were determined from scanning electron microscopy images
SEM; Model S4700 Hitachi, Tokyo, Japan) using an image
nalysis software package (ImageJ, National Institute of Health,
ethesda, MD). A minimum of 100 measurements were per-

ormed for each average value reported. The bulk density of
ach hot pressed specimen was measured using the Archimedes’
ethod with water as the immersing medium. Specimens were

aturated by boiling for 2 h and then cooling to room tempera-
ure. The true density of each composition was measured using
elium pycnometry (Model 1305 Multivolume, Micromeritics
nstrument Corp., Norcross, GA) on hot pressed materials that

ere ground to −200 mesh (∼77 �m) to expose as much of the

losed porosity as possible. The amount of WC incorporated
nto each batch was estimated by comparing the measured true
ensity with the density predicted from the nominal ZrB2 to

e
i
r
m

98.5 H.C. Starck
98.5 H.C. Starck

iC ratio (5.2 g/cm3 for ZrB2 + 30 vol.% SiC). The microstruc-
ure of the hot pressed specimens was investigated by examining
racture surfaces and polished cross-sections in the SEM. Vick-
rs’ microhardness measurements (Model V-1000-A2, Leco, St.
oseph, MI) were performed at a test load of 0.2 kg (∼2 N)
nd a dwell time of 20 s. The low test load was used due to
racking problems at higher test loads in some specimens. An
verage of 10–12 indentations were taken for each reported
alue. Young’s modulus (E) and Poisson’s ratio (ν) were mea-
ured on 44-mm diameter disc-shaped specimens by impulse
xcitation of vibration (Model MK4-I Grindosonic, J.W. Lem-
ens, St. Louis, MO) according to ASTM standard C1259-01.
he fracture toughness was determined by fracturing specimens
fter indentation according to the indentation strength in bend-
ng method described by Chantikul et al.17 A load of 10 kg was
sed to produce radial-median cracks before fracturing the spec-
mens in four point bending. The equation used for calculating
racture toughness, KIc, was

Ic = 0.59

(
E

H

)1/8

(σmP1/3)
3/4

(1)

here E is Young’s modulus, H the Vickers’ microhardness,
m the measured four-point bend strength after indentation, and
is the indentation load. The fracture toughness data were

ased on an average of five measurements for each composi-
ion. The four-point bend strength was measured according to
STM standard C1161-02a. Type A specimens (dimensions of
.5 mm × 2 mm × 25 mm) were fractured in four-point bending
sing inner and outer spans of 10 and 20 mm, respectively, and
crosshead speed of 0.2 mm/min. Ten measurements were con-
ucted for each material to calculate the average strength and
he corresponding standard deviations.

. Results and discussion

.1. Powder characterization

The average particle sizes of both ZrB2 and SiC powders
ecreased substantially during milling (Fig. 1). For example, the
verage particle size of SiC decreased from 1.4 to 1.1 �m, and
hat of ZrB2 from 6.0 to 0.6 �m after milling the ZS1.4 material.
EM analysis revealed no SiC particles larger than 2 �m in the
illed powder mixture of the ZS0.45 material (Fig. 1d). How-
ver, some residual SiC particles larger than 2 �m were observed
n the other powder mixtures (Fig. 1a–c). The BET analysis
esults confirmed the difference in particle size of the attrition
illed powder mixtures. The specific surface area of powder
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ig. 1. Morphologies of the attrition milled powder mixtures: (a) ZS10; (b) ZS
hat the magnification varies among the images.

ixture ZS0.45 was 10.46 m2/g, but it was only 4.68 m2/g for
owder mixture ZS10. The specific surface areas of powder
ixtures ZS1.4 (6.90 m2/g) and ZS0.7 (6.94 m2/g) were approx-

mately the same, even though the starting SiC powders had
ifferent average particle sizes. To maintain as large of a parti-
le size as possible, the 10 �m SiC powder was added near the
nd of the milling process to retain larger SiC particles and to
void the chance of reducing its particle size to the same level
s the other batches.

.2. Density and microstructure

Each of the powder batches picked up a certain amount of
C during milling due to wear of the milling media and spin-

le. Because the Co-bonded WC used for the media and spindle
ad a significantly higher density (14.9 g/cm3) than the ZrB2
6.1 g/cm3) and SiC (3.2 g/cm3), its presence increased the true

ensity of the resulting powder mixtures. The bulk density deter-
ined by Archimedes’ method, the measured true density, the

elative density of the hot pressed billet, and the estimated WC
ontents are summarized in Table 2. The WC content was shown

m
d
a
o

able 2
ensity and WC content of hot pressed ZrB2–30 vol.% SiC samples

article size of SiC
recursor (�m)

Material designation Archimedes density (g/cm3)

10 ZS10 5.26
1.4 ZS1.4 5.37
0.7 ZS0.7 5.41
0.45 ZS0.45 5.57
c) ZS0.7; (d) ZS0.45. In these images ZrB2 is brighter and SiC is darker. Note

o increase from 1.88 to 3.82 vol.% as the size of the SiC precur-
or powder decreased. Presumably, the increase in WC content
ith the decrease in starting SiC particle size is related to the

fficiency of the milling process, which should decrease as the
verage particle size decreases. The presence of WC has been
eported to have beneficial effects on both the densification and
trengthening of ZrB2-based ceramics, but the mechanisms have
ot been fully investigated.9,11,18

All of the specimens exhibited a high relative density after
ot pressing. The relative density of ZS0.45 reached 99.8%. The
ther materials had slightly lower relative densities, but all were
reater than 97.4%. The finer SiC powders appeared to have a
eneficial effect on the densification of ZrB2–SiC ceramics since
elative density increased as starting particle size decreased.

The microstructures of the hot pressed composites are shown
n Fig. 2, and the measured grain sizes are summarized in
able 3. Some porosity was observed in the hot pressed ZS10

aterial (Fig. 2a), which is consistent with the lower relative

ensity measured for this material, which was 97.4%. The
verage grain sizes of both ZrB2 (3.0 �m) and SiC (6.3 �m)
f the ZS10 material were much larger than those of materials

True density (g/cm3) Relative density (%) WC content (vol.%)

5.40 97.4 1.88
5.43 98.9 2.20
5.48 98.7 2.74
5.58 99.8 3.82
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Fig. 2. Microstructure of ZrB2–SiC hot pressed from: (a) ZS10; (b) Z

repared from the finer starting SiC powders. By comparison,
ig. 2d shows that the ZS0.45 specimen had little porosity
>99% dense), and it had the finest average grain sizes of ZrB2
1.2 �m) and SiC (1.0 �m). Analysis by SEM confirmed that
he density of the specimens prepared from finer SiC starting
articles were hot pressed to higher relative density than mate-
ials prepared from larger particles. In addition, the use of finer
tarting particles led to finer ZrB2 and SiC grain sizes in the final
eramics.

Although the starting ZrB2 powder was the same for all of
he specimens in the present study, the average particle size of
he starting SiC powder played an important role in controlling
he final microstructure of the hot pressed composites, including
ontrolling the ZrB2 grain size. As shown in Table 3, the average
nd maximum grain sizes of ZrB2 are dependent on the size of
he starting SiC particles, and this means that smaller starting
iC particles can be used to produce finer microstructures in
ot pressed ZrB2–SiC ceramics. Previous research has revealed

hat SiC particles acted as grain-growth inhibitors in ZrB2 and
iB2 ceramics.11,19 The results of this study indicate that finer,
ell dispersed SiC particles are more effective at pinning grain
rowth in ZrB2–SiC than larger SiC particles.

d
N
a
w

able 3
easured grain sizes of the ZrB2–SiC materials

aterial Average ZrB2 grain size (�m) Maximum ZrB2 grain size (�m

S10 3.0 ± 1.3 6.8
S1.4 1.7 ± 0.7 3.9
S0.7 1.6 ± 0.6 3.8
S0.45 1.2 ± 0.4 2.5
(c) ZS0.7; (d) ZS0.45. In these images ZrB2 is gray and SiC is black.

.3. Mechanical properties

Young’s modulus, Poisson’s ratio, Vickers’ microhardness,
nd fracture toughness were measured for all of the specimens
Tables 4 and 5). The Young’s modulus appeared to increase
s the starting SiC particle size decreased. However, as dis-
ussed above, the density of the hot pressed materials showed a
mall, but measurable increase as the starting SiC particle size
ecreased. Therefore, the effect of porosity on the Young’s mod-
lus must also be considered. The relationship between porosity
nd Young’s modulus proposed by Nielsen is20:

= E0
(1 − P)2

1 + (1/ρ − 1)P
(2)

here E is the modulus of specimens at a porosity P, E0 the mod-
lus without porosity, and ρ is the Neilsen shape factor (0.4).
sing the measured porosity of 0.2% for ZS0.45 (99.8% dense)

nd a measured modulus of 520 GPa, E0, the modulus of the fully

ense material, would be 524 GPa according to Eq. (2). Further,
ielsen’s relationship can be used to predict modulus values

s a function of porosity. For example, a modulus of 478 GPa
as calculated for ZrB2–SiC with 2.6% porosity. The calculated

) Average SiC grain size (�m) Maximum SiC grain size (�m)

6.3 ± 2.9 14.5
2.1 ± 0.7 4.0
1.6 ± 0.7 3.6
1.0 ± 0.4 1.9
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Table 4
Young’s modulus (E) as a function of porosity for ZrB2–SiC ceramics

Material Relative density (%) Porosity (%) Measured E (GPa) Calculated E (GPa)

ZS10 97.4 2.6 479 ± 5 478
ZS1.4 98.9 1.1 509 ± 3 504
Z 515 ± 7 501
Z 520 ± 7 520
Z – 524
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ZS0.7 materials were found to be 805 and 837 MPa, respectively.
Strength increased significantly as the size of the SiC precursor
powders decreased. In Fig. 4, the strength values are plotted as
S0.7 98.7 1.3
S0.45 99.8 0.2
rB2–SiC 100 0.0

esult is in excellent agreement with the value of 479 GPa mea-
ured experimentally for the ZS10 (97.4% dense). In fact, the
easured moduli agree with the trend predicted using Nielsen’s

elationship and the measured density values as summarized in
able 4. The conclusion that can be drawn is that elastic mod-
lus was not affected by the size of the ZrB2 or SiC particles,
s expected for an inherent material property. Similarly, Pois-
on’s ratio did not vary significantly for any of the specimens
Table 5).

The Vickers’ microhardness data are summarized in Table 5.
he ZS0.45 material had the highest value at 20.7 GPa, and

he ZS10 material had the lowest microhardness of 17.5 GPa.
he microhardness decreased as the initial SiC particle size

ncreased. Both grain size and relative density could affect the
icrohardness. Part of the increase in microhardness observed

or a decreasing SiC particle size could be explained through a
rain size effect. As shown in Table 3, the grain sizes of both SiC
nd ZrB2 decreased as the starting particle size of the SiC pow-
er decreased. Smaller grain sizes increase the frequency with
hich dislocations encounter grain boundaries, thus requiring

arger stresses for deformation to occur.21 In addition to the
ffect of grain size, relative density also influences microhard-
ess. The pores in ceramics have no resistance to applied stress,
o materials with more porosity have lower apparent microhard-
ess values than the dense counterparts. Given that the materials
repared for this study showed a decrease in grain size and an
ncrease in density as the size of starting SiC particles decreased,
he trend observed in the microhardness measurements appears
o be reasonable.

The fracture toughness values for the four different ZrB2–SiC
omposites ranged from ∼4.2 to ∼4.6 MPa m1/2 (Table 5). Con-
idering the standard deviation of the data, the results were sta-
istically identical to each other. However, the fracture toughness
or the ZrB2–SiC composites is substantially higher than that of

he monolithic ZrB2, which is reported to be ∼3.5 MPa m1/2.11

probable explanation is the presence of SiC grains in the
icrostructure of the composites. Fig. 3 is a SEM image of a

rack path on the polished surface of a ZS0.45 material, showing

able 5
oisson’s ratio (ν), Vickers microhardness (HV0.2), fracture toughness (KIc),
nd four-point bend strength (σ) for ZrB2–SiC

aterial � HV0.2 (GPa) KIc (MPa m1/2) σ (MPa)

S10 0.16 17.5 ± 0.4 4.5 ± 0.1 389 ± 45
S1.4 0.15 19.1 ± 1.0 4.3 ± 0.3 805 ± 71
S0.7 0.15 19.3 ± 0.6 4.2 ± 0.2 837 ± 116
S0.45 0.16 20.7 ± 1.0 4.6 ± 0.1 909 ± 136 F

t

ig. 3. SEM image showing possible crack deflection and crack bridging near
iC particles in the ZS0.45 material.

ossible crack deflection and crack bridging near SiC particles.
hese mechanisms cause energy dissipation during the fracture
f ceramics and have been associated with enhanced fracture
oughness.22,23

Four-point bend strengths are shown in Table 5 and Fig. 4. The
trength increased as the starting SiC particle size decreased. The
trength was 389 MPa for the ZS10 material, but increased to a
alue of 909 MPa for ZS0.45. The strength values for ZS1.4 and
ig. 4. Four-point bend strength of the hot pressed ZrB2–SiC as a function of
he SiC grain size.
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Table 6
Comparison between the strength (σ) ratios and grain size ratios for hot pressed samples

Ratio relation Strength (σ) ratio 1/
√

c ratio

Average ZrB2 grain size Maximum ZrB2 grain size Average SiC grain size Maximum SiC grain size

ZS1.4/ZS10 2.07 1.33 1.32 1.73 1.90
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S0.7/ZS10 2.15 1.37 1.34
S0.45/ZS10 2.34 1.58 1.65

function of the average SiC grain size and compared to values
btained by Rezaie et al.16 The present results support the earlier
esults that the SiC grain size controls the strength of ZrB2–SiC
eramics. This work not only verifies the earlier results, but also
xtends them to higher (>6 �m) and lower (∼1 �m) SiC grain
izes. However, this comparison does not directly relate strength
o ZrB2 or SiC grain sizes, which requires more detailed analysis.

Fracture strength of brittle materials is a function of the crit-
cal flaw size as described by the Griffith equation24:

fracture = KIc

Y
√

c
(3)

here σfracture is the fracture strength, KIc the fracture toughness,
a constant related to the fracture origin, and c is the critical

aw size in the material. As discussed above, fracture toughness
alues for the four ZrB2–SiC materials in the present study are
tatistically identical to each other. Assuming that Y is also a
onstant for all the specimens, the strength is then inversely
roportional to the square root of the critical flaw size, and the
ollowing relation can be derived:

fracture ∝ 1√
c

(4)

Based on the SEM observations of as-polished and fractured
urfaces of at least five bend bars, no macroscopic flaws were
dentified as probable fracture origins. In cases, where no other
arger defects can be identified, the critical flaw size is often taken
s the characteristic grain size.25 The measured grain sizes for all
he four materials are summarized in Table 3. The ZS10 material
ad the lowest strength and the largest average grain sizes of SiC
6.3 �m) and ZrB2 (3.0 �m). As shown in Table 3, the ZS1.4 and
S0.7 materials had similar SiC (2.1 and 1.6 �m) and ZrB2 (1.7
nd 1.6 �m) grain sizes, and exhibit similar strength values (805
nd 837 MPa). The ZS0.45 material had the highest strength
909 MPa), which can be attributed to the fact that it had the
mallest average grain sizes for both ZrB2 (1.2 �m) and SiC
1.0 �m).

To correlate strength and grain size, the ratios of strengths and
rain sizes among different materials were calculated (Table 6).
rom the calculated results, both the average and maximum grain

izes of SiC are shown to have better correlations with strength
alues than the average and maximum ZrB2 grain sizes. The con-
lusion that can be drawn from these results is that the SiC grain
ize (average, maximum, or both) has a much stronger influence
n the strength of ZrB2–SiC than ZrB2 grain size despite the
act that ZrB2 is the major phase.
1.98 2.01
2.51 2.76

. Conclusion

The effect of the starting SiC particle size on the microstruc-
ure and mechanical properties of hot pressed ZrB2–SiC ceram-
cs was investigated. Decreasing the average size of starting
iC particles enhanced the densification of ZrB2–SiC, produc-

ng relative densities that increased from 97.4 to 99.8%, as
he size of the SiC particles decreased from 10 to 0.45 �m.
nalysis by SEM revealed that both the ZrB2 and SiC grain

izes in dense, hot pressed ceramics decreased as the size of
he SiC decreased, indicating that finer SiC particles may be

ore effective at pinning grain growth during densification.
he Young’s modulus value was sensitive to the porosity of

he ceramics, but showed no direct relationship with the grain
ize. Vickers microhardness increased from 17.5 GPa for the
S10 material to 20.7 GPa for the ZS0.45 counterpart. Four-
oint bend strength was a strong function of SiC grain size,
ncreasing from ∼400 MPa when the average SiC grain size
as ∼6 �m to over 900 MPa when the average SiC grain size
as ∼1 �m. Based on this research, it can be concluded that

he SiC grain size has a strong influence on the strength of
rB2–SiC ceramics for average SiC grain sizes ranging from
to 6 �m.
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