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Abstract

Short Pitch-based carbon fiber-reinforced HfB, matrix composites containing 20 vol% SiC, with fiber volume fractions in the range of
20-50%, were manufactured by hot-press process. Highly dense composite compacts were obtained at 2100 °C and 20 MPa for 60 min.
The flexural strength of the composites was measured at room temperature and 1600 °C. The fracture toughness, thermal and electrical
conductivities of the composites were evaluated at room temperature. The effects of fiber volume fractions on these properties were
assessed. The flexural strength of the composites depended on the fiber volume fraction. In addition, the flexural strength was
significantly greater at 1600 °C than at room temperature. The fracture toughness was improved due to the incorporation of fibers.
The thermal and electrical conductivities decreased with the increase of fiber volume fraction, however.
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1. Introduction

Hafnium and zirconium diborides belong to the refrac-
tory transition metal deborides from the fourth to the sixth
group of the periodic table. Most of these diborides have
melting point above 3000 °C, making them potential
candidates for thermal protection structures for leading-
edge parts on hypersonic re-entry space vehicles at over
1800 °C [1-3]. In particular, hafnium diboride (HfB,) has
higher resistance to oxidation and thermal shock, higher
resistance to ablation, compared to zirconium diboride
(ZrB,). However, the use of HfB, ceramic materials, even
fully densified, in thermomechanical structural applications
is limited by their poor fracture resistance and high density
as well as degradation of strength at high-temperature.

One of the most promising solutions for improving
fracture resistance and lowered density is to apply continuous
ceramic fiber to monolithic ceramic for fabricating a fiber-
reinforced ceramic matrix composite [4]. Recently, studies
with short PAN-based carbon and/or SiC fibers-reinforced
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ZrB, matrix composites showed the improved fracture
toughness and lowered density [5-8], as a result of crack
bowing, and crack deflection or bridging and low density
of fiber. Unfortunately, neither PAN-based carbon fiber
nor SiC fiber is suitable for the thermomechanical struc-
tural applications above 1600 °C due to significant degra-
dation of the fibers. For comparison, Pitch-based carbon
fiber could remain a high strength up to 2000 °C or above
without its microstructural degradation. Thus, the Pitch-
based carbon fiber should be a suitable reinforcement for
the HfB,-matrix composites. However, the manufacture
process, mechanical and physical behaviors of the Pitch-
based carbon fiber-reinforced HfB, matrix composites are
little known.

In the present study, the short Pitch-based carbon fiber-
reinforced HfB,-20 vol% SiC matrix composites, with
different fiber volume fractions between 20% and 50%,
were manufactured by the hot-press process. The flexural
strength of the resulting composites was measured at room
temperature and 1600 °C. The fracture toughness, thermal
and electrical conductivities of the composites were exam-
ined at room temperature. Also, the effects of fiber volume
fraction on these properties were discussed.
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2. Experimental procedure

The starting powders used in this study were HfB,
(Grade O, Japan New Metals, Osaka), average particle size
~ 4.07 um, o-SiC (UF — 15, H.C. Starck, Berlin, Germany),
average particle size ~ 0.5 um, and Pitch-based carbon fiber
(XNG-90, Nippon Graphite Fiber Corporation, Tokyo),
average fiber length ~ 0.5 mm. The HfB, and SiC powders
(20% in volume) containing 2 wt% B4C and 1wt% C
additives were mixed in ethanol using a silicon carbide
media for 24 h. Subsequently, the short carbon fibers were
added to the as-received HfB,—20 vol% SiC mixture slurry
and the slurry were further mixed to a homogeneous mass
using a planetary centrifugal mixer in ambient air for 3 min
(ARE-310, Thinky Corporation, Tokyo). The resulting
fiber-containing HfB,—20 vol% SiC slurry was then dried
in oven. To examine the effect of fiber volume fraction on
the mechanical and the physical behaviors, four composi-
tions of 20, 30, 40 and 50 vol% short Pitch-based carbon
fibers-reinforced HfB>—20vol% SiC matrix composites
(G¢/HfB,—SiC) were prepared in this study. Hereafter, the
four composition G/HfB,—SiC composites are denoted as
HSGF20, HSGF30, HSGF40, and HSGF50 (Table 1),
respectively.

The obtained powder mixtures were hot-pressed (NEW-
HPS5, Nissin Giken Co. Ltd., Saitama, Japan) in the
graphite dies in tablets averaging 21 mm x 25 mm x 3.5
mm in size. The temperature of the sample was monitored
by a two-color optical pyrometer through a hole opened in
the die. To obtain highly dense samples, powder compacts
were heated to 2100 °C under a pressure of 20 MPa in a
flowing Ar atmosphere with a heating rate of ~20 °C/min.
After the hot press was held for 60 min, the load was
removed and the sample was cooled at ~15°C/min to
500 °C, and the electric powder was then shut off. The
changes in temperature and sintering displacement along
the pressure direction were recorded on a computer during
the entire sintering process to monitor the densification
behavior. After removing the surface of the hot-pressed
compacts to avoid contamination from the graphite die,
the bulk densities, p, of the composite were measured by
the Archimedes method with distilled water as the med-
ium. The theoretical densities of the composites were
calculated according to the rule of mixtures. Density values
of 11.2 g/em® for HfB,, 3.22 g/em® for SiC, 2.52 g/cm? for
B,C, 1.8 g/em® for C, and 2.12 g/em® for Pitch-based
carbon fiber are used in the calculation of theoretical
density of the composites. The microstructure of the
resulting composites was characterized by field emission
scanning electron microscopy (FE-SEM). The grain sizes,
d, of HfB, and SiC in the matrix were determined by
measuring the average linear intercept length, d,, of the
grains in FE-SEM images of the composites, according to
the relationship of d=1.56d,, [9].

The flexural strengths of the composites were measured on
specimens averaging 25 mm x 2.5 mm x 2 mm in size using
four-point flexure (inner span 10 mm, outer span 20 mm) at

Table 1

The compositions, densities, average grain diameter, fracture toughness, thermal and electrical conductivities of short Pitch-based carbon fiber-reinforced HfB,-20 vol% SiC matrix composites

consolidated by hot-pressing.
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room temperature and 1600 °C, in flowing Ar atmosphere.
The bend test was performed using an Instron testing system
(Model-4505, Instron Co., Ltd., Canton, MA, USA) with a
crosshead speed of 0.5 mm/min. At least five specimens were
used for each measurement. After the bending test, the
fracture surface of specimens was examined using scanning
electron microscopy (SEM). In addition, the fracture tough-
ness of the composites was determined on the same four-point
bending test at room temperature using a single edge notched
beam (SENB) specimen with a notch of ~0.8 mm in depth
and 0.15 mm in thickness [10].

The thermal conductivity of the composites, &, is
determined from the thermal diffusivity, «, heat capacity,
C,, and density, p, according to the following equation [11]:

k= pCpa (1)

The thermal diffusivity was measured on a disk-shaped
specimen with a diameter of 10 mm and a thickness of
~2mm using the nanoflash technique (LFA447/2-4N,
Nanoflash, NETZSCH-Geratebau GmbH, Postfach,
Germany). Prior to the measurements, the samples were
coated with a colloidal graphite spray to enhance the absorp-
tion of the Xenon light pulse energy and the emission of IR
radiation to the temperature detector. The heat capacity was
determined with alumina as the reference material.

Moreover, the electrical conductivity measurements of
the composites were performed using the standard four-
point probe method at room temperature to reduce the
effects of contact resistance. A power supply (Model: 6220,
Keithley, Cleveland, Ohio, USA) and digital multimeter
(Model: 2182 Nanovoltmeter, Keithley) were used to mea-
sure the I~V characteristics of the samples. The detailed
measurement procedures for the thermal and electrical
conductivities had been reported elsewhere [12].

3. Results and discussion
3.1. Densification and microstructure

The typical shrinkage curves obtained during the hot
pressing cycle for the four composition composites are shown
in Fig. 1. It is found that the shrinkage behavior of the
composites was linked to fiber volume fraction.
The measurable shrinkage was initially observed at a tempera-
ture range between 1490 °C and 1820 °C for the four
composition composites, depending on fiber volume frac-
tion. The onset temperature of densification was determined
to be ~1490 °C for HSGF20, ~1510°C for HSGF30,
~1550 °C for HSGF40, and ~ 1820 °C for HSGF50. It is
evident that the onset temperature of densification was
raised with increase of fiber volume fraction. In particular,
for HSGF50 the onset temperature of densification was
significantly raised and it was ~270 °C higher than that of
HSGF40. This indicated that the densifying mechanism of
the HfB,-SiC matrix powder, such as grain boundary
diffusion and grain boundary migration, was inhibited due
to the presence of fiber. The activated temperature of the

0.8 32100
07 : oroer ]
7 g 2000
0.6 } ! i ]
£ Heating 11900 s
£ 05 1 o
= J1800 £
g2 04 ] £
g 11700 &
S 03 ] £
2 Isoth | Heati ] @
8 oo sothermal Heating 11600 o
0.1 —o— =20% —=— f=40% 11500
¥ e f=30% —— f£=50% |
;4:“;'-4—' ! 1
¢ 1400
0 20 40 60 80 100

Time (min)

Fig. 1. Typical shrinking curves obtained during the hot-pressing cycle
for the short Pitch-based carbon fiber-reinforced HfB,—20 vol% SiC
matrix composites.

densification mechanism shifted to a higher temperature with
increase of fiber volume fraction. During the subsequent
densification, although the densification mechanism of the
matrix was activated, only a slow shrinkage was observed for
the composites until ~1900 °C. Then, a rapid shrinkage
occurred with a further increase of temperature. In the rapid
shrinkage stage, the shrinkage rate depended on the fiber
volume fraction and it decreased with the increase of fiber
volume fraction. This indicated that the presence of fiber
hindered the densification progress of the matrix. In addi-
tion, the observed rapid shrinkage region was very narrow.
For HSGF20, the rapid shrinkage almost ended when the
temperature approached to 2100 °C. For the other composi-
tion composites, the rapid shrinkage ended after the holding
time of ~ 5 min at 2100 °C.

Moreover, the densification of the four composition
composites was not completed during the heating and
the densification carried out continuously during the
subsequent isothermal heating. For HSGF20, the main
part of densification occurred during heating. The notice-
able shrinkage was observed only within ~10 min
followed by the isothermal heating, and then a plateau was
observed in the curve. For the other composites, however, the
shrinkage proceeded during the isothermal heating until the
end of sintering, without the plateau in the curve. The
measured densities of the four composition composites con-
solidated by the hot-press process are summarized in Table 1.
Relative density exceeding 98% was obtained for the four
composition composites at 2100 °C for 60 min. This indicated
that highly dense composite compacts could be manufactured,
by using the hot press process.

Fig. 2 showed typical examples of FE-SEM images of the
microstructures for the four composition composites.
It is found that the short fibers were randomly and uniformly
dispersed in the matrix without the clumps of fibers (Fig. 2(a)
and (b)) in all the resulting composites. The absence of the
fiber clumps suggests that the short fibers were homogeneously
dispersed in the matrix slurry after the mixing. This indicated
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that the mixing method used in this study is very effective for
homogeneously dispersing short fibers in ceramic slurry
although the mixing time was very short (only 3 min). This
short mixing time may reduce the damage of fibers due to
mixing, therefore improved mechanical properties. In addition,
the defects such as pores and cracks were not observed,
showing highly dense composites, which agrees with the
measured high densities (Table 1). Under high-magnification
(Fig. 2(c)), it is found that the matrix showed a homogeneous
and fine grain microstructure and it consisted of the equiaxed
HfB, (brighter contrast) and SiC (dark contrast) grains. The
measured grain sizes of HfB, and SiC in the composites were
summarized in Table 1. It is found that the average grain
diameter of HfB, in the composites was almost the same
(Table 1), regardless of fiber volume fraction. The average
grain diameter of HfB, is ~2.6 um, which is substantially
smaller than that of the starting powder (~4.1 um). Appar-
ently, the mixing process is effective in reducing the size of
HfB, particles. For comparison, the SiC grain in the compo-
sites coarsened with increasing fiber volume fraction, with
particles size range of 1.3-1.6 pm which is larger than that of
the starting powder (~ 0.5 pm). This suggests that the addition
of fiber hindered from breaking apart the agglomeration of
SiC particles during the mixing process. As a result, clusters of
SiC particles were fused together during hot pressing to form
larger SiC particles. Furthermore, the hindered effect is
enhanced with increasing fiber volume fraction.

Fig. 3 shows typical examples of FE-SEM micrographs near
the boundary between the fiber and the matrix for a long-
itudinal fiber and transverse fiber in the composites.
In the cross-section (Fig. 3(a)), the surface of fiber exhibits
an inherent saw-toothed front shape. A noticeable interface
reaction layer was not showed between the fiber and the
matrix, however. This indicated that Pitch-based carbon fiber
is chemically stable and no significant reaction occurred during
the hot-press at 2100 °C. For comparison, an earlier study in a
PAN-based carbon fiber-reinforced ZrB,—SiC composite con-
solidated by hot-press at 2000 °C showed the presence of the
interfacial reaction layer between the fiber and matrix [5]. In
the plan-section (Fig. 3(b)), the fibers appear to be uniform in
structure. This suggests that there is little difference in
microstructure across the fiber section. In addition, a lot of
thin layers were observed on the longitudinal section of the
fiber, showing that microstructure of the fiber consisted of
layers. An early study in the microstructures of Pitch-based
fibers showed that the fibers have a sheet-like microstructure
[13], and the crystallite sheets were well-defined and less
curved, as a result of its high modulus (£,=880 GPa).
Additionally, there are gaps between the crystallite sheets,
which led to pull out of the sheets at failure.

3.2. Mechanical and physical behaviors

Fig. 4 shows plots of the four-point flexural strengths as
a function of fiber volume fraction for the composites
tested at room temperature and 1600 °C. It is found that
the room temperature flexural strength of the composites
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Fig. 2. Typical examples of FE-SEM micrographs of the microstructures
for the composites; (a, ¢) HSGF20, and (b) HSGF40.
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Fig. 3. High-magnification FE-SEM micrographs of the interface between
the fiber and the matrix for the composite (HSGF20), (a) cross-section,
and (b) plan-section.

was lower than that reported previously for the monolithic
HfB,—20 vol% SiC ceramic. Gasch et al. [14] showed that
the four-point flexural strength at room temperature was
~450 MPa for the monolithic HfB,—20 vol% SiC ceramic
consolidated by hot pressing at 2200 °C for 1 h, with grain
size range of 10-20 um for HfB, and 2—-10 pm for SiC. It is
evidence that the average grain sizes of HfB, and SiC are
larger in the monolithic ceramic than in the composites
investigated in the present study (Table 1). Apparently,
although the grain sizes of HfB, and SiC in the composites
investigated in this study were smaller those reported in the
monolithic HfB>,—20vol% SiC ceramic, the flexural
strength of the composite was lower that of monolithic
ceramic. An early study in the monolithic ZrB,—30 vol%
SiC ceramics showed that the flexural strength increased
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Fig. 4. Plots of the four-point flexural strengths as a function of fiber
volume fraction for the composites tested at room temperature and 1600 °C.

with reduction of ZrB, and/or SiC grain size [15]. Hence,
presumably, the reduction in the strength of the compo-
sites due to addition of fiber was associated with the
presence of the thermal residual stress by thermal expan-
sion misfit between the fiber and the matrix. Increasing
fiber volume fraction from 20% to 30% led to a significant
reduction of the flexural strength. However, further
increase of fiber volume fraction led to a slight reduction
of the strength. In particular, for the fiber volume fraction
greater than 40 vol%, the flexural strength remains almost
constant, independent on the fiber volume fraction. Similar
dependency of the flexural strengths on fiber volume
fraction was also observed for the samples fractured at
1600 °C. Presumably, the reduction in the strength of the
composite with fiber volume fraction is attributed to the
increase of SiC grain size (Table 1) because smaller SiC
grain size would result in even higher strength for HfB,—
SiC [15]. The flexural strengths of the composites were
significantly higher at 1600 °C than at room temperature,
however. For comparison, an earlier study in monolithic
HfB,—15 vol% SiC ceramics showed a significant drop in
flexural strength above 1000 °C [16], as a result of soft-
ening of a grain boundary phase at high temperatures.

It is well-known that the flexural strength of the compo-
sites depended on fibers, interface and internal residual
stress. In the present study, the Pitch-based carbon fiber
used has stable physical and chemical properties during the
hot pressing process of 2100 °C. Neither significant strength
drop of fiber nor serious interface reaction between the fiber
and the matrix could be expected after hot-press. However, a
huge internal residual tensile stress could be expected in the
composites, resulting from the difference of thermal expan-
sion coefficients between the fiber and the matrix. It is
known that the thermal expansion coefficient is approxi-
mately equal to zero for the Pitch-based carbon fiber and is
7.0 x 107°K =" at 1600 °C for the matrix [14]. This suggests
that the large residual tensile stress were produced in the
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matrix upon cooling from the processing temperature to
room temperature. The residual tensile stress is roughly
calculated by the following equation [17]:

6, =fE/ATAx (2)

where Ejis Young’s modulus of fiber (E;=880 GPa), AT
and Ao are the temperature difference and the thermal
expansion difference, respectively. At room temperature, the
residual tensile stress in the matrix yielded the range of
2.6-6.4 GPa, and it increased with the increase of fiber volume
fraction. The presence of the tensile stress led to the decreased
strength. At 1600 °C, however, the residual tensile stress are
significantly relaxed, therefore the increased strength.

In addition, the resulting composites showed the
improved fracture resistance (Table 1) due to the incor-
poration of fibers. The fracture toughness was in the range
of 5.7-6.1 MPam'? for fiber volume fractions between
20% and 50%. Compared with the monolithic HfB,—
20 vol% SiC ceramic (Kc=4 MPam'/? [14]), the corre-
sponding increase of the fracture toughness was ~40% for
HSGF20, ~43% for HSGF30, ~48% for HSGF40, and
~53% for HSGF50. It is evident that this improvement is
attributed to the crack deflection and/or bridging [5-8].
The fracture surfaces of the composites fractured at room
temperature and 1600 °C were examined under FE-SEM,
typical examples are shown in Fig. 5. The fracture surface
is jagged and stepped across the thickness, and there were
fibers pull-out. This fracture behavior was observed for all

the samples fractured at room temperature and at 1600 °C.
Increasing fiber volume fraction led to a more jagged and
stepped fracture surface (Fig. 5(c) and (d)). Under high-
magnification, it is seen that the fiber pull-out did not
occur at the interface, but between the sheets which
consisted of fiber adjacent to the interface (Fig. 6(a) and
(b)). In addition, the pull-out of the sheets was observed on
the fracture surface of the fibers (Fig. 6(a)). This suggests
that the interfacial bond is stronger than the bond between
the sheets of fiber due to the presence of gaps between the
sheets (Fig. 3(b)). It is evident that the interface between
the fiber and the matrix could effectively transfer load
from the matrix to the fiber. Furthermore, for the sample
fractured at 1600 °C, the fracture surface has more dimples
(Fig. 5(b) and (d)) because the intergranular fracture
was dominative for the matrix at 1600 °C (Fig. 6(d)).
For comparison, the intragranular fracture was governable
for the matrix at room temperature (Fig. 6(c)).

The measured thermal and electrical conductivities of the
composites are summarized in Table 1. The composites
showed a good thermal conductivity, with thermal conductiv-
ities in the range of 54.4-93.8 W/m K, dependent on the fiber
volume fraction. The thermal conductivity of the composites
is higher than that of the monolithic HfB,-20 vol% SiC
ceramic consolidated with commercially available HfB, and
SiC powders by hot-press [14] although which is composed
of the larger equiaxed HfB, (diameter: 10-20 pum) and SiC
(diameter: 2-10 um) grains. In the studied composites, the

Fig. 5. Typical examples of FE-SEM micrographs of the fracture surfaces for the composites tested at room temperature (a, c) and 1600 °C (b, d); (a, b)

HSGF20, and (c, d) HSGFA40.
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Fig. 6. High-magnification FE-SEM micrographs of the fracture surfaces for the composite (HSGF20) tested at room temperature and 1600 °C, showing

the fracture fashions of the fiber and the matrix.

increase in thermal conductivity due to the addition of fiber is
believed to be attributed to the high thermal conductivity of
fiber (500 W/m K). However, increasing fiber volume fraction
led to a significant decrease in the thermal conductivity, as a
result of the presence of interfacial thermal resistance at the
fiber/matrix interface. An early study in carbon nanotube
(CNT)-reinforced SiO, matrix composites [18] showed that the
decreased thermal conductivity with CNT could be due to a
high interface thermal resistance across the interfaces. It is
evident that the interfacial thermal resistance increased with
fiber volume fraction, therefore decreased thermal conductiv-
ity. In addition, the electrical conductivities of the composites
decreased with the increase of fiber volume fraction. However,
the conductivities observed were in the range of conductor
materials, showing a good electrical conductivity.

4. Conclusions

In summaries, highly dense short Pitch-based carbon fiber-
reinforced HfB,—20 vol% SiC matrix composites were pre-
pared by hot-press process at 2100 °C and 20 MPa for
60 min. The composite microstructure exhibited that the
short fibers were randomly and uniformly embedded in
a homogeneous equiaxed grains matrix microstructure.
The significant interface reaction layer was absent between
the fiber and the matrix. The flexural strength at room
temperature and at 1600 °C decreased as the fiber volume
fraction increased from 20% to 40%; however, the strength

remained nearly the constant as the fiber volume fraction was
greater than 40%. Furthermore, the flexural strength was
greater at 1600 °C than at room temperature. This should be
attributed to the relaxation of the large residual tensile stress
in the matrix at 1600 °C. The fracture toughness was
significantly improved due to the addition of fibers. The
thermal conductivity decreased with the increase of fiber
volume fraction, with the range 54.4-93.8 W(mK)~'. In
addition, the electrical conductivity decreased with the
increase of fiber volume fraction, with the range
0.67 x 10*-1.76 x 10* (Q cm)~ ..
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