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Mixtures of Zr+B and Hf+B were shock compacted into bulk
samples possessing relative densities above 95.5% and were
subsequently converted to ZrB, and HfB, ceramic components
by a heat treatment. The conversion temperature was varied
between 1600° and 2000°C. The conversion temperature was
found to have no effect on the final density of the ceramics.
Theoretical densities of 72% and 62% were obtained for the
converted ZrB, and HfB, ceramics, respectively. Increasing the
heat-treatment temperature promoted grain growth rather than
densification for the ZrB, samples. The grain size increased
from 1.8+ 0.6 to 5.6 +-1.3 to 8.5+ 3.3 pm, for heat treatments at
1600°, 1800°, and 2000°C, respectively. No grain growth was
observed for the HfB, system, which exhibited a grain structure
of 5.0+1.6,3.3+1.5, and 4.4+2.2 pm for the same tempera-
ture range studied. Microhardness values for the ZrB, decreased
from 19.4+0.4 to 17.2+ 0.6 down to 13.7 0.6 GPa, while sim-
ilar hardness results of 19.1+0.8, 17.1+1.0, and 17.8+0.5
GPa were observed for the HfB, samples.

1. Introduction

HE melting temperatures of zirconium diboride (ZrB,) and
hafnium diboride (HfB,) above 3200° and 3500°C, respec-
tively, and the improvements in ceramic processing have revived
the interest in ultra high temperature ceramics (UHTCs) for
numerous severe applications. The highly covalent nature of these
ceramics results in superior mechanical properties (hardness and
four-point bending strength), and thermal shock and oxidation
resistance.'* These properties render these ceramic systems
potential candidates as thermal protection systems for hypersonic
flight and atmospheric reentry, and rocket propulsion.™
Several successful attempts at pressure-assisted densification
of UHTCs are reported in the literature. In particular, processes
such as hot pressing without*’ and with metallic®® or ceramic/
glass additives'®!" allowed the fabrication of fully dense mono-
lithic or composite ceramics. In these cases, the hot-pressing
parameters were typically temperatures of 1900°C and above
and applied pressures of 20-30 MPa or more. On the other
hand, advances in pressureless sintering are required to fabricate
near-net-shape components, which will drastically reduce sub-
sequent needs for diamond machining. By nature, the diborides
have low intrinsic sinterability, which is attributed to their highly
covalent bonds and low volume and grain boundary diffusion
rates.'? Despite this difficulty, significant advances were made
in the last few years in this field. Chamberlain et al.'* studied
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pressureless sintering of attrition-milled ZrB, and showed that a
high sintering temperature, i.e. 7>2150°C, with a prolonged
soaking time (> 540 min) were necessary to obtain a 98% dense
ZrB, ceramic from a green compact of 65% density. They also
associated densification with the presence of WC impurities
from milling. The properties obtained are slightly lower than
for the hot-pressed sample and were attributed to their larger
grain size. Mishra et al.'*!'® studied pressureless sintering of
ZrB, made from self-propagating high-temperature synthesis of
ZrB, powders (final purity of 95%) and obtained theoretical
densities of up to 94%. The high sinterability of the powder was
attributed to the presence of residual ZrO, on the particles,
which sinters at a lower temperature, as well as metallic con-
taminants such as Mg, Cr, and Fe, which cause liquid state
sintering. Unfortunately, the presence of this eutectic phase
lowers the maximum operating temperature and may render
this material useless in harsh environments.

Reactive sintering is another attractive alternative to
pressureless sintering of ZrB, powders that is readily applicable
to the ZrB, and HfB, ceramic systems. The formation of ZrB,
and HfB, ceramics from elemental powders is possible because
the conversion reactions are thermodynamically favorable, as
illustrated by Egs. (1) and (2).?

Zr+ 2B — ZrB;

AGfﬁz()()()K = —279.61(]/11101 1)

2

The potential advantages of reactive sintering, when com-
pared with pressureless sintering, are lower processing temper-
atures, increased control over microstructural development and
properties, and the use of cheaper and more abundant precur-
sors.'® Among the controllable parameters, the initial density
of the compact plays an important role. Independent of the
sintering schedule, use of a green body with a porosity as low as
possible maximizes the chance of obtaining the highest final
density. Lee and Thadhani'” studied fabrication of a TiC
ceramic from a shock-compacted mixture of Ti and C powder,
followed by a solid-state reaction synthesis. The shock wave
parameters were adjusted to obtain densification of the Ti+C
mixture without initiation of the conversion reaction. The
shock-compacted samples had theoretical densities above 90%
and the converted TiC ceramic had an average grain size <6 pm
and hardness of approximately 2000 kg/mm~. The hardness
values of shock-consolidated/converted TiC are lower than
the reported hardness values for hot isostatic-pressed TiC
(2850 kg/mm?),'® and the difference is attributed to the pore
fraction (< 10%) remaining in the bulk ceramic.

Because diborides are well known to coarsen during sinte-
ring,'” the effect of the green density on pressureless solid-state
reaction sintering was minimized through the use of nearly fully
dense compacts. For the first time, ZrB, and HfB, ceramics
were fabricated from mixtures of fully dense elemental powders

Hf + 2B — HfB, AG“()()()K = 7324.51(]/11101
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obtained by dynamic consolidation. The particle size distribu-
tion of the raw materials and the consolidation parameters were
selected to avoid self-propagating high-temperature synthesis
(SHS) during consolidation. Advantageously, the shock consol-
idation process generates defects and other features that can
enhance the solidsolid diffusivity, such as dislocations, shorter
diffusion distances, subgrain size structures, and clean/fresh
interfaces,!” which could improve the densification behavior.
This analysis will show the possibility of fabricating UHTCs
using this new method. The competitive densification and coars-
ening mechanisms will be discussed in terms of the evolution of
the diboride microstructures and the properties of the ceramics
will be compared with values of ceramics produced using more
conventional processing methods.

II. Experimental Procedures

Elemental powders of zirconium (98.5%+2% Hf nominal,
—325 mesh, Alfa Aesar, Ward Hill, MA), hafnium (99.6% +2
—3.5% Zr nominal, —325 mesh, Alfa Aesar), and crystalline
boron (98%, —325 mesh, Alfa Aesar) were mixed in a molar
ratio of 1 Zr:2 B and 1 Hf:2 B using a mortar and pestle in an
isopropyl alcohol medium to obtain a homogeneous mixture.
The powder mixture was cold pressed in seamless-steel tubing
(12 mm diameter), under a pressure of 325 MPa, reaching
~65% of the theoretical density. The end plugs were welded
using the gas tungsten arc welding process. The shockwave
consolidation experiments were conducted at the Energetic
Materials Research Testing Center according to their standard
procedures.?® A thorough description of the shock consolidation
process can be found elsewhere.?! In this work, a single-tube
cylindrical-implosion system was used to consolidate the sam-
ples. The test tubes were centered in a 15 cm diameter cardboard
tube and subsequently filled with an ammonium nitrate/fuel oil
(ANFO) explosive (detonation velocity of 2.6 km/s). A sheet of
C3 was used as a booster to initiate the detonation. After the
compaction, the enclosed sample containers were recovered and
the consolidated samples were extracted by machining.

The cylindrical samples were sectioned to a thickness of
10 mm using a diamond blade cutoff saw. The samples were
then heat treated in a controlled atmosphere furnace (Centorr,
Nashua, NH) equipped with tungsten heating elements. The
heating rate was 20°C/min up to sintering temperatures of
1600°, 1800°, or 2000°C, held for 1 h, and cooled to room
temperature at 20°C/min. The heat treatment temperatures were
selected according to previous work carried out by the authors
showing that a minimum heat-treatment temperature of 1600°C
with a soaking time of 1 h were necessary to obtain full
conversion. Flowing argon (99.9% purity) was maintained
during the cycle.

Densities were measured using the Archimedes method in
water. The phase analysis was carried out on solid samples in a
Philips PW1710 diffractometer (CuKu radiation) between 20°
and 80° at 0.05°/step for a 1-s dwell time. X-ray photoelectron
spectroscopy (XPS) analysis was performed using Kratos Ultra
XPS (Chestnut Ridge, NY), equipped with a monochromatic Al
K-a X-ray source (1486.6 eV). Oxygen 1s, boron 1s, and zirco-
nium 3d binding energies were analyzed for phase identification.
Cross sections of selected samples were mounted and polished
down to 0.25 um using an automatic polishing machine (Buehler
Ecomet 3", Lake Bluff, IL). The final polishing (0.02 pm
colloidal silica) was performed on a Vibromet 2 (Buehler,
Lake Bluff, IL) for 2 h. The microstructures were examined
with a JEOL-840 (Tokyo, Japan) scanning electron microscope
coupled with an EDAX (Mahwah, NJ) energy-dispersive spec-
trometer (EDS). The microstructures were revealed by thermal
etching and the samples were coated with gold-palladium before
SEM examination. Grain size measurement was performed using
a Clemex Vision system (Longueuil, Canada) on a minimum of
200 grains/sample taken randomly at the surface of the samples.
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Vickers microhardness was determined using a Clark CEM
microhardness indenter (Crystal Lake, IL) with a load of 25 g.
Reported values are an average of 10 indents.

III. Results and Discussion

(1) Powder Characterization

Figure 1 depicts the morphologies of the starting powders,
respectively, (a) zirconium, (b) hafnium, and (c) boron. As
depicted by the micrographs, the Zr and Hf powders exhibit
irregular shapes, while the B particles have an angular morphol-
ogy. Figure 1(d) depicts the particle size distribution for the
elemental powders. The average particle size for Zr, B, and Hf is
19, 18, and 22 pm, respectively. The similarity in particle size
distribution will favor a packing closer to the ideal and random
packing and consequently having a homogeneous void volume
within the green compact, resulting in better control over the
compaction process.>

(2) Shock Consolidated Samples

The relative densities of the compacts after shockwave consol-
idation, measured using the Archimedes method, were assessed
and a summary of the theoretical, measured, and relative
densities are presented in Table 1. As depicted, all samples for
both systems had relative densities of 95.5% and above. Figure
2(a) shows a picture of a bulk Hf-B rod after compaction and
removal from the tube enclosures. The final dimensions of the
bulk samples were approximately 11 mm diameter and 30 mm
length. Figure 2(b) presents a representative SEM micrograph of
the postconsolidated Hf-B sample. As can be seen, no signifi-
cant pores were observed in the compact, which is attributed to
plastic deformation of the metallic phase filling the initial pores
of the green compact. Cracks through some B particles are pres-
ent and arise from the consolidation step. Both Hf (light gray
phase) and B (dark phase) are clearly distinct from one another.
EDS analysis shows that there was no interdiffusion of Hf and
B, which demonstrates that the shockwave pressure was suffi-
cient to consolidate the sample but insufficient to initiate the
self-propagating synthesis. The XRD diffraction spectrum of
the postconsolidated Hf-B mixture shown in Fig. 3(b) supports
this statement as no change in phase is present and the
same positions were observed before and after the consolida-
tion. The larger peak broadening observed represents the resid-
ual lattice strain left in the compact after dynamic consolidation.
Similar results were obtained for the Zr—B samples.

(3) Characterization of Ceramic Samples After Reaction
Conversion

Figure 3(a) shows the XRD patterns for the Zr+B mixture after
consolidation and ZrB, after heat treatment at 1600°C for 1 h.
The diffraction pattern for the mixture corresponds solely to Zr
(JCPDS # 05-0665), due to weak X-ray scattering from B and
high absorption by Zr, while the spectrum for the ZrB, ceramic
corresponds to the reference pattern JCPDS # 06-0610. Figure
3(b) presents the diffraction patterns for the Hf system heat
treated at 1600°C. Similarly, the pattern for the mixture corre-
sponds solely to Hf (JCPDS # 05-0670), and for the same reason
as for ZrB, the reference pattern for the HfB, ceramic corre-
sponds to the pattern JCPDS # 06-0638. As depicted for both
systems, complete transformation was achieved after the heat
treatment. Similar results were obtained for the higher heat
treatment temperature, which could be observed for the Zr-B
system in Fig. 3(c).

Table II and III present summaries of the measured density,
relative density, grain size, and hardness as a function of the
heat-treatment temperature for both the ZrB, and the HfB,
samples. As shown, increasing the heat-treatment temperature
does not have any effect on the final density of either ceramic.
The ZrB, samples reached a relative density of 72%, while the
HfB, samples possessed relative densities of 62%. For the
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Fig.1. Scanning electron micrographs of as-received (a) zirconium, (b) hafnium, (c) boron, and (d) particle size distribution of the three elemental

powders.

same sintering temperatures, ranging between 0.5- and 0.6-T}y,,
the relative densities obtained in this work are 7% higher than
for the samples produced by pressureless sintering of attrition-
milled ZrB, powders, soaked for 360 min at 2000°C.'® This lack
of densification for the temperature studied is attributed to the
covalent character of the bonding as well as the low-volume and
grain boundary diffusion rates in the diborides.'*> No work on
pressureless sintering of HfB, was found in the literature and,
therefore, no comparison can be made.

Figure 4 presents the evolution of the microstructure for the
ceramic samples as a function of the heat-treatment tempera-
ture. Figure 4(a—c) correspond to the ZrB, system heat treated at
1600°, 1800°, and 2000°C, respectively, while Fig. 4(d—f) corre-
spond to the HfB, system heat treated at 1600°, 1800°, and
2000°C. The morphology of the larger pores (~ 20 pm) seems to
correspond to the original location of B particles viewed along
their larger cross section. The smaller pores are believed to also
correspond to original B particle locations, but are cross sections
that do not intersect a major diameter. The pore disappearance
is in agreement with the reaction mechanism proposed by
Fahrenholtz'® for the formation of ZrB, by reactive hot press-
ing of Zr and B mixtures. Their studies concluded that the B
diffuses into the Zr phase to form the ZrB, phase. Increasing the
conversion temperature from 1600° to 2000°C resulted in

Table I. Measurement of Relative Density After Shock
Compaction Without Reaction

Theoretical density of
M+2B (g/em?)

Zr 4.88 4.69 96.1
Hf 8.81 8.41 95.5

Measured density of shock Relative
compacted M+2B (g/em®) density (%)

progressively rounder pores in the ZrB, ceramics. However,
the temperature range studied here seems to be too low to effect
any change in the pore morphology in the HfB, system because
angular pores are still observed after the heat treatment
at 2000°C. Note that the grain structure can be observed inside
the larger pores due to the thermal etching occurring during
the heating cycle.

Figure 5 shows a representative micrograph of the etched
grain structure of a ZrB, ceramic sample heat treated at 2000°C
and used for the measurement of grain size distribution. The
average grain size as a function of heat-treatment temperature is
presented in Table II. For the temperature range studied, the
average grain size of the ZrB, increased from 1.8+0.6 to
5.6+1.3 to 8.5+3.3 um, for heat-treatment temperatures of
1600°, 1800°, and 2000°C. Figure 6(a) shows the grain size
distribution as a function of the heat-treatment temperature
for the ZrB, system. The grain size distribution is narrow for the
low heat treatment temperature but becomes wider as the
temperature is increased. The results obtained on the densifica-
tion behavior and the grain growth show that the structure of
the ZrB, coarsens at the expense of densification. This suggests
that a nondensifying vapor phase transport mechanism may be
dominant for the temperature range studied here.'> A higher
temperature may be necessary to obtain significant densification.
Examination of the etched microstructures for the samples
converted at 1600° and 1800°C revealed that the pores are
located solely at the grain boundaries. As depicted in Fig. 5
for the samples converted at 2000°C, most of the pores are still
located at the grain boundaries but some are present within the
grains. The presence of pores at grain boundaries is believed to
minimize grain coarsening. - However, results in other systems
have shown that if pores are observed within the grains, grain
coarsening is well underway and will not be affected by the re-
sidual pores at grain boundaries.'? For comparison, hot-pressed
ZrB, had an average grain size of 4.0+ 1.2 pm.
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Fig.2. (a) Picture of a bulk Hf-B sample after dynamic compaction
and (b) scanning electron micrograph of the microstructure of the com-
pact shown in (a).

Table III shows the average grain size and Fig. 6(b) depicts
the grain size distribution as a function of heat-treatment
temperature for the HfB, system. For the temperature range
studied, the average grain size of the HfB, remains statistically
constant even when the conversion temperature is increased.
The average grain size measured was 5.0+ 1.6 pm for treatment
at 1600°C, 3.3+1.5 um for treatment at 1800°C, and 4.4+
2.2 um for treatment at 2000°C. As shown in Fig. 6(b), the grain
size distribution is similar, whether the heat treatment occurred
at 1600°, 1800°, or 2000°C. This result shows that grain growth
mechanisms are not active, even at 2000°C. Independent of the
heat-treatment temperature used, the pores are located at the
grain boundaries.

Combining the densification and microstructure results, a
conversion sequence for reactive processing is proposed. Tables
I-III present the results for the theoretical and measured den-
sities of shock-compacted ZrB, and HfB,, both before and after
heat treatment. If reaction is complete and all porosity is elim-
inated during formation of ZrB, and HfB, ceramics from their
respective elemental powders, an increase in density of ~24%
should be observed for the ZrB, system, whereas the density
should increase by ~26% for HfB,. With conservation of mass,
a significant volume decrease should be observed for the reacting
mixtures due to the large reduction in atomic volumes during
conversion for both systems, as presented in Table IV. However,
instead of increasing, the densities of both ZrB, and HfB, are
lower than their compacted, unreacted mixtures. This means
that not only was there no pore removal during reactive sinte-
ring, but that additional porosity was created. The resulting
microstructures suggest that the heat-treatment temperatures
used in this work are too low to promote densification because
no increase in relative density was observed (no significant vol-
ume change). Vapor transport is one possible nondensifying
mechanism'® but there is nothing in the observed microstruc-
tures to suggest such an effect. Therefore, the pores observed
after conversion arise from either holes left from the diffusion of

Vol. 91, No. 9

(a) .
Shock consolidated 0 zr

IV A . =

© After
conversion

Counts

0B,

O

@) Oo o ©)
| | .? lH L |
20 30 40 50 60 70 80
20

— O

b
(®) A Shock consolidated A Hf

A A AA
S W W, W
<

After o HfB,

conversion

Counts

&

o
—O
0
_==-—<>
20

20 30 40 50 60 70 80

ZrB, @ 2000°C

@)

(@) jj) o
o L e I

ZrB, @ 1600°C

O 0o o}
| | 2 1 S 1
20 30 40 50 60 70 80
26

Counts
— O
—Q ~——O

Fig.3. XRD patterns of powder mixture/ceramic systems after trans-
formation for (a) ZrB, and (b) HfB,, and (c¢) comparison of phases
present after transformation of ZrB, at 1600° and 2000°C.

B into the metallic phase, as proposed by Fahrenholtz,'® by the
formation of new pores due to the shrinkage during conversion,
or by the persistence of original pores after the shock consoli-
dation. The large changes in density during the conversion
should cause an estimated linear shrinkage of ~8.7% for
ZrB, and ~9.5% for HfB, to form fully dense ceramics.
Comparing the increase in average grain size and observed
lack of densification, it is apparent that under our conditions,

Table II. Summary of Measured Density, Relative Density,
Grain Size and Hardness of Shock-Compacted ZrB,
Samples After Conversion Heat Treatment
(Theoretical Density 6.09 g/cm’)

Heat treatment Measured Relative Grain Vickers

temperature (°C)  density (g/em®) density (%)  size (um)  hardness (GPa)
1600 4.34 71.3 1.840.6 19.4+04
1800 4.37 71.9 56+13 17.2+0.6
2000 4.33 71.1 8.5+33 13.74+0.6
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Table IIIl. Summary of Measured Density, Relative Density,
Grain Size and Hardness of Shock-Compacted HfB,
Samples After Conversion Heat Treatment
(Theoretical Density 11.1 g/cm®)

Heat treatment Measured Relative Grain size Vickers
temperature (°C)  density (gz/cm®) density (%) (nm) hardness (GPa)
1600 6.89 62 50+1.6 19.1+0.8
1800 6.84 61.6 33+15 17.1+1.0
2000 6.81 61.3 44+22 17.840.5

ZrB, coarsens without significant densification. Previous works
on pressureless sintering of TiB, and B4C have shown the detri-
mental influence of oxygen contamination on the densification
behavior, where reduced densification rate and large grain

(a)
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growth were correlated with increased oxygen contamina-
tion.?>?* The presence of oxygen contributed to the formation
of a B,Oj3 surface film, which was associated with the premature
coarsening of the grain structure.!>*»** Thus, to better
understand the effect of oxygen on the densification of ZrB,
and to detect any oxygen present as a contaminant, the surfaces
of the as-received powders and samples heat treated at 2000°C
were analyzed by XPS and the results are presented in Fig. 7.
Figure 7(a) shows the binding energies for the as-received
Zr powders. The measured binding energies of the Zr 3d;)
and Zr 3ds), peaks were, respectively, 184.5 and 182.1 eV, which
are higher than the reference values for pure Zr (Zr 3ds»: 181 eV
and Zr 3dsp: 179 ¢V).® This shlft in binding energy corresponds
to the reference values for ZrO,? and thus indicates the pres-
ence of a native ZrQO, film at the surface of the as-received Zr
powder. Figure 7(b) shows the XPS spectrum for a sample

o

Fig.4. Evolution of microstructure and porosity of ZrB, ceramics heated at (a) 1600°C, (b) 1800°C, and (c) 2000°C and of HfB, ceramics heated at (d)

1600°C, (e) 1800°C, and (f) 2000°C.
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Fig.5. Grain structure of ZrB, ceramic after heat treatment at 2000°C
for 1 h.

heat treated at 2000°C. The spectrum depicts binding energies
corresponding to ZrB; (Zr 3ds,: 180.45 eV, Zr 3dsp: 179.08 eV,
and B 1s: 187.15 eV), to a ZrO, surface film (Zr 3d3,: 185.26 eV,
Zr 3dsp: 182.84 €V), and to B,O5 (B 1Is: 191.92 V). This analysis
suggests that B,O3; remains on the particle surfaces. Scarce lit-
erature is found regarding the boiling temperature of B,O;,
which is reported to range between 1860° and 2065°C.>* Because
the boiling point is the temperature where the vapor pressure
of the liquid equals the total pressure of the surrounding atmo-
sphere, the gas pressure in the furnace during sintering has
a strong influence on the boiling temperature. Chamberlain
et al."® reported the equilibrium vapor pressure of B,O; as a
function of temperature. From this relation, at atmospheric
pressure, which was the pressure used in this work (flowing ar-
gon), the calculated boiling temperature is 2136°C. Secondly,
assuming the current heat-treatment conditions and using the
Z1B, volatility diagram reported by Fahrenholtz,° the coexis-
tence of ZrO,(s) and B,Os(l) is predicted. Lee and Speyer®
suspected the presence of remaining B,Oj3 liquid up to 2010°C
during sintering of B4C under flowing He gas. Thus, all these
facts support the XPS observations of residual B,O; after sinte-
ring because the process was performed under flowing inert gas
rather than in a vacuum environment. B,O3 is suspected to
reduce the ceramic densification and favor grain coarsening,
which would explain the poor densification and strong grain
coarsening observed in ZrB, ceramics. Chamberlain er al.'?
reported that the presence of WC impurities from milling played
a vital role in the removal of the surface oxide film. Despite all
precautions taken to avoid contamination, oxygen present as
surface contamination of the starting Zr and, most probably, B
powders affected densification. Despite the fact that neither
densification nor grain growth was observed for the HfB,
ceramics, it is expected that similar grain coarsening may occur
because Hf has similar affinity for oxygen. Thus, the formation
of B,O3; would also be favored for HfB, but the grain coarsening
would occur at a higher temperature than for ZrB,. As demon-
strated by the XPS results, the major source of oxygen contam-
ination is the presence of surface oxide films at the surface of the
starting powders.

These results suggest that heat-treatment temperatures higher
than those used here will be required to produce denser ceramics
using conventional ceramic processing techniques and commer-
cially available starting powders that have a surface oxide
coating. These higher temperatures, of course, would result in
even more grain coarsening than was observed in this study. The
application of an external pressure during the conversion cycle,
for example by hot isostatic pressing, will help close the pores
formed from the phase changes. Such an approach has been
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Fig.6. (a) Grain size distribution as a function of heat-treatment tem-
perature of (a) ZrB, and (b) HfB, ceramics, respectively.

found to be useful in reactive sgnthesis of other ceramics and
ceramic matrix composites.'*>">

(4) Mechanical Properties

As presented in Table II, the microhardness values for the
shock-compacted ZrB, samples decrease from 19.4+0.4 to
17.240.6 down to 13.7+0.6 GPa with increasing heat-treat-
ment temperature. The hardness results presented here are
similar to the values obtained when pressureless sintering of
ZrB, for material with a similar grain size (14.5 GPa for 9.1 um
grain size),'® but are higher for the samples with a smaller grain
size. However, the microhardness is lower than the values
obtained for hot-pressed samples (23+0.9 GPa).* The inverse
relation between hardness and grain size is due to the effect of
grain boundaries in reducing plastic deformation, cohesion be-
tween grains, and the association of smaller pores with smaller
grains. In addition, in the ZrB, system, it is expected that the
level of internal stress from the conversion transformation in-
creases with grain size due to the increase in thermal mismatch
along the two crystallographic directions (o, =5.61x 107¢;
o = 6.74 x 107%)*° because the dimensions of the indent are of
a similar magnitude to the grains. The hardness values obtained

Table IV. Lattice Parameters for the Elemental Powders and
Converted Ceramics and Respective Unit Cell Volumes

a (A) c(A) Unit cell volume (A%) JCPDS
Zr 3.232 5.147 139.685 05-0665
7rB, 3.169 3.530 92.102 06-0610
Hf 3.196 5.057 134.202 05-0670
HfB, 3.141 3.470 88.944 06-0638
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Fig.7. XPS spectra of (a) starting Zr powders and (b) ZrB mixture
shock consolidated, followed by conversion at 2000°C.

for the HfB, samples with different heat treatments, presented in
Table III, are the same, within statistical error: 19.140.8,
17.1+1.0, and 17.84+0.5 GPa.

The results of this work suggest a few avenues for increasing
the densities of the UHTCs produced by dynamic compaction of
elemental powders, followed by ceramic conversion. First,
because it is known that the B diffuses into the Zr, smaller B
particles will result in smaller pores after conversion, which will
have a higher driving force for disappearance caused by their
increased radius of curvature. However, the faster densification
of smaller particles will be opposed by their higher concentra-
tions of deleterious surface impurities. Also, finer particles will
modify the packing of the green compacts and their densities
and packing, which could make control of the shockwave com-
paction process without initiating the self-propagating high-tem-
perature reaction more difficult. Another research route might
be to combine processing in vacuum to facilitate vaporizing of
any B,Oj3 liquid film with a faster heating rate, which would
minimize the coarsening effect. This improvement in densificat-
ion behavior was observed previously in pressureless sintering of
B.C ceramics.>*

IV. Summary and Conclusions

ZrB, and HfB, ceramics were processed in a two-step route: first,
the respective elemental powder mixtures were compacted using
a dynamic process to density >95% TD and then conversion
to ceramic was performed by heat treatment at temperatures
between 1600° and 2000°C. The shock energy was optimized to
obtain compaction while avoiding an SHS reaction.

A relative density of 72% was obtained for the ZrB, and this
was found to be independent of the heat-treatment temperature.
The grain size analysis shows grain growth as the heat-treatment
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temperature is increased from 1600° to 2000°C, increasing from
1.84+0.6 to 5.6+ 1.3 to 8.54+3.3 um. The XPS analyses have re-
vealed the presence of oxygen impurities, in the form of ZrO,
and B,O3, which are believed to cause the coarsening of the mi-
crostructure rather than its densification. The major source of
oxygen impurity arises from the native oxides on the starting
powders. The SEM observations of the rounding of the pores
are in agreement with the proposed coarsening mechanism. The
microhardness values for the ceramics heat treated at 1600° and
1800°C are similar to those for pressureless-sintered specimens.

Similar results were obtained for the HfB, system, where a
theoretical density of 62% was obtained, independent of the
heat-treatment temperature. Neither grain growth nor change in
microhardness was observed for the tested temperature. It is
believed that the grains will coarsen in this system similar to
the ZrB,, but the effect is expected at higher heat-treatment
temperatures. Similarly, the coarsening would be caused by the
oxygen impurity present at the surface of the precursor elemen-
tal powders. For both systems, the use of heat-treatment con-
ditions, such as a vacuum environment and a faster heating rate,
could yield an improvement in densification.
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