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Abstract

Tag gHfy »,C ceramic has the highest melting point among the known materials (4000 °C). However, this high melting point makes the
ceramic difficult to be sintered at temperatures lower than 2300 °C, pressurelessly.

The purpose of this study is to consolidate Tag gHfy,C UHTC by pressureless sintering at 2000 °C using MoSi, as sintering aid. In
this regard, effect of different amounts of MoSi, on sintering behavior of TaygHfy, UHTC was investigated.

It was observed that condensation of the UHTC after sintering at 2000 °C was enhanced by increasing MoSi, content and the highest
relative density of 95% was obtained in the presence of 24 vol.% MoSi,. XRD pattern of the sintered UHTC confirmed the formation
of single phase TaC-HfC solid solution. SEM micrographs revealed the presence of MoSi, as a residual phase. Oxidation test of
Tag gHfy»C/24 vol.% MoSi, sample by oxidized flame at 3000 °C showed the formation of double protective oxide layers on the surface
of UHTC.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Tantalum and hafnium carbides are refractory transition
metal carbides from the fifth and fourth groups of the
periodic table [1]. They possess interesting engineering
properties, such as high melting point (TaC: 3983 °C;
HfC: 3693 °C), high hardness (TaC: ~19 GPa; HfC:~20.0
GPa), high elastic modulus (TaC: 537 GPa; HfC: 425 GPa)
and high electrical conductivity. So they’re capable to
withstand temperatures above 1600 °C in an aggressive
environment [1-3]. Within this solid solution region,
Tag gHf, »C has been reported to have the highest melting
point among the ever known refractory substances
(T,,,=3940 °C) [4-6]. However, monolithic TaC or HfC
are difficult to be traditionally sintered due to their high
covalent bonds and low self-diffusion coefficients. There-
fore, hot pressing has been typically used to enhance the
densification of TaC or HfC [1,7,8]. Sciti et al. [1] hot
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pressed TaC bodies containing 15 vol% MoSi, or TaSi, at
temperatures in the range of 1750-1850 °C and achieved a
high relative density of about 97%. Hackett et al. [9]
prepared TaC ceramic with a relative density of 97.1% by
hot pressing at 1800 °C. Also, Zhang et al. [3] fabricated a
near theoretical density TaC ceramic by hot pressing.

Due to unavailability of hot press, pressureless sintering
of ceramic bodies is more favorable. Kislyi et al. [10]
pressurelessly sintered TaC powders containing 2.4 wt.%
Fe at 2400-2700 °C, but still 11% porosity was left in the
best condition. Moreover, Liu et al. [11] prepared TaC
ceramics with a relative density of 97.5% by pressureless
sintering at 2300 °C without sintering aids. Silvestroni
et al. [12] also pressurelessly consolidated TaC and HfC
ceramics up to 98.4 and 99.1% (respectively) at 2000 °C
using MoSi, additive.

It was also observed that 10 vol.% MoSi, was enough to
reach high density for single phase carbides at 2000 °C [13].
In this research, fabrication of TaggHfy,C UHTC has
been studied by pressureless sintering in the presence of
different amounts of MoSi, as sintering aid.
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2. Experimental procedures

To fabricate high density Tag gHf, »C ceramic, commer-
cial powders of TaC (Treibacher, <5 pum, 99%), HfC
(Treibacher, <S5pum, 99%) and MoSi, (Treibacher,
<5 pm, 99%) were used as starting materials. To investi-
gate effect of sintering aid content, various amounts of
MoSi, (4, 8, 12, 24 and 30 vol.%, based on Ta,gHf,,C)
were added. To see effect of HfC content in TaC-HfC
system, various volume fraction of HfC (0.05, 0,1, 0.15,
0.2) were added to TaC in the presence of fixed 12 vol.%
MoSi,. The powder mixtures were milled for 24 h in
absolute ethanol using SiC milling media, dried in a rotary
evaporator, pressed in 15 mm-diameter discs and cold
isostatically pressed under a 500 MPa pressure. Then, the
formed discs were pressurelessly sintered in a resistance-
heated graphite furnace under a flowing argon atmosphere
(~1 atm) at 2000 °C for 1 h.

Density of sintered samples was measured by Archi-
medes method. Identification of the crystalline phases was
carried out using X-ray diffractometer (Philips, Xpert,
TW1800), with CuKa radiation, a step size of 0.04 ° and
detecting time of 1 s. Microstructural and elemental ana-
lysis of the samples were investigated by an scanning
electron microscope (TESCAN-Vega II, equipped with
EDAX). Thermal wear at oxidation state was investigated
by a domestic apparatus in which oxyacetylene flame
attacked 10 x 10 mm? surface of the sample with
10,000 W/m? power. Temperature of the attacked surface
and the flame was measured by a pyrometer. Pore size
distribution of the oxidized sample was determined using
Clemex image analysis software.

3. Results and discussion
3.1. Microstructure and phase evolution

As illustrated in Fig. 1, final relative density of the
TaygHfy ,C samples was increased when MoSi, content
was raised. It secems that MoSi, addition above 24 vol.%
does not increase the final density, noticeably. Therefore, it
can be concluded that 24 vol.% is an optimum amount for
MoSi, as sintering aid.

According to the SEM images shown in Fig. 2, the
microstructure of TaggHfy,C sample containing 24 vol.%
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Fig. 1. Relative density of TaggHfy,C ceramic after sintering at 2000 °C
for 1 h versus MoSi, content.
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Fig. 2. SEM images of polished section of the Ta,gHf,,C/24 vol. %
MoSi, samples after firing at 2000 °C for 1 h in Ar atmosphere.

MoSi, consists of dark pockets (MoSi, phase) which are
distributed within a bright matrix as a single phase.
Morphology of the Tag gHf,, ,C grains with very low dihedral
angles suggests a liquid phase sintering behavior in the
presence of MoSi,-based melt. This microstructure reveals
that where the amount of MoSi, is more abundant, the
grains retain a round shape with a size of around 1 um,
while where the sintering additive is scarce, the grains grow
up to 10 um. This feature indicates that MoSi, can act as a
grain growth inhibitor for TaC-based composite if its
dispersion is improved. SEM image with higher resolution
in Fig. 2 showed that Ta—Hf-Mo-Si phase was also formed
in the boundary between Tag sHf, ,C and MoSi, phases, as it
was reported before [2]. Formation of these phases suggests
a mutual solubility between the two main phases. Moreover,
the grains shape, with very low dihedral angles, indicates
crystallization of mixed carbide from the liquid phase.

The crystalline phases in TagygHfy,C/24 vol.% MoSi,
sample after sintering were Ta Hf; _ C and MoSi,, as it
revealed in Fig. 3. Position of the carbide phase peaks was
between TaC and HfC standard peaks, demonstrating the
formation of Tag gHf, »C solid solution single phase.

Although 10 vol.% MoSi, is enough for near complete
densification of single carbides of TaC or HfC [13], this
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Fig. 3. X-ray diffraction pattern of TaygHf>C/24 vol.% MoSi, after sintering at 2000 °C for 1 h in Ar.
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Fig. 4. Variation of final relative density of TaC/HfC composite versus
carbides ratio, after sintering at 2000 °C for 1 h in Ar in the presence of
12 vol.% MoSi,.

amount was determined here to be at least 24 vol.% for
binary carbide of TaggHfy,C (Fig. 1).

Fig. 4 presents effect of HfC addition on densification of
TaC in the presence of a fixed MoSi, content (12 vol.%).
As it seems, the final relative density decreases down to
80% when HfC content increases up to 20 vol.%.

Densification of Hf and Ta carbides with MoSi, occurs
via liquid-phase sintering, which is constituted by transi-
tion metal silicides. MosSi; is likely to be the starting phase
for liquid phase sintering. On the other hand, substitution
mobility of transition metal carbides decreases from Hf to
Ta. Transition metal atoms must substitute Mo in MosSi3
to form a liquid phase based on Ta—Si or Hf-Si systems [2].

There is a competition between metallic atoms to
substitute in TaC-—HfC—MoSi, system. As it was reported
before, transition metal carbides, such as TaC and HfC,
can be completely dissolved in each other. When HfC
dissolves in TaC, lattice parameter increases [14]. Compar-
ing XRD results of TaygHf, ,C in Fig. 3 with the standard
XRD pattern of TaC reveals an increase in the unit cell
parameter from 4.459 for TaC to 4.473 nm for Tay gHf »C.

On the other hand, both Ta and Hf atoms must
substitute in MosSi; to form enough liquid phases for

sintering. Regarding reverse effect of HfC addition on
densification of TaC during sintering at constant amount
of MoSi, (Fig. 4), it can be concluded that the formation
of TaC-HfC solid solution is more considerable in com-
parison with (Ta,Mo)sSi; or (Hf,Mo0)sSi; formation. In
fact, some parts of MoSi, can dissolve inside Ta Hf;_ .C,
with much open structure, in comparison with TaC. So, it
is necessary to increase the amount of MoSi, content to
form enough liquid phase for sintering of Taq gHf»C.

3.2. Thermal behavior

Oxidation rate of the TaggHfy-,C/24 vol.% MoSi,
UHTC in direct contact of oxyacetylene flame for 30s
was 0.14 mmy/s. Cross section image of the attacked sample
in Fig. 5 demonstrates the formation of two different
protective layers on the top surface of sample after the
flame test, an outer porous layer with 50 um thickness and
an inner layer with 10-30 pm thickness.

The outer layer consists of a mixed oxide of Ta and Hf,
while the inner layer is a diffusion barrier based on Ta—Hf-
Mo oxycarbide. As reported before, the formed oxycarbide
layer is more resistant to oxidation rather than transition
metal oxide layer [15-18]. Sciti et al. [1] reported that Mo
and Si from the oxycarbide phases escape as a gaseous state
during thermal oxidation. The porous morphology of outer
layer and high amount of Mo and Si in the inner layer
confirm that the origin of porosity in outer layer comes
from evaporation of Mo and Si from the inner layer.

The SEM image of outer layer in Fig. 5 also shows a good
adherence between outer layer, inner layer and original body.
Moreover, this image reveals that the outer layer is smooth,
crack free and partially melted during oxidation test. It has
also been reported that Ta,Os can be formed on the surface
of TaC during the oxidation test [19]. The elemental analysis
of the outer layer in this study confirmed that Ta,Os phase,
which contains Hf as substitutional atom, is formed on the
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Fig. 5. Point and line scan elemental analyze of the TaygHf,,C/24 vol.% MoSi, sample after attacking by oxidized flame for 30 s.

surface. Formation of Ta,HfsO;9 was also confirmed by
Courtright et al. [15,20].

Although oxygen was absorbed during flame test,
density of samples did not change sensibly after oxidation.
In addition, as Fig. 6 shows, the pore size distribution of
Tag gHf »,C/24 vol.% MoSi, sample broadened after oxi-
dized flame test, due to the volatilization of carbides.

Formation mechanism of the double layer can be
explained as follows:

o At the beginning of flame attack, TaygHf;,C begins to
catch oxygen from the atmosphere. Carbon, by escaping
from the carbide structure in the form of CO gas,

expands the carbide structure and enhances diffusion of
Mo and Si atoms from the matrix to the oxycarbide
layer.

o Mixed oxide of Ta and Hf forms on the surface of
oxycarbide inner layer by escaping Ta, Hf, Mo and Si
atoms from the origin TaygHfy>C body to the outer
layer [20].

4. Conclusion
Tag sHfy ,C UHTC was consolidated up to 94% relative

density by using 24 vol.% MoSi, as sintering aid at
2000 °C. It was declared that HfC addition had a reverse
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Fig. 6. Pore size distribution of TaggHfy>C/24 vol.% MoSi, sample
before and after attacking by oxidized flame for 30 s.

effect on densification progress of TaC. Thermal oxidation
test of Tag gHf-,C/24 vol.% MoSi, showed the formation
of crack free and smooth double protective layer during
flame attack.
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