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bstract

he microstructure of hot pressed Hf- and Ta-carbides with 15 vol% of TaSi2 was characterized by X-ray diffraction, scanning and transmission
lectron microscopy in order to investigate the densification mechanisms.

The microstructure of the carbides was constituted by squared grains and subgrains were recognizable only by transmission electron microscopy:
he inner part was constituted by the original MC grain and the outer area by a (M,Ta)C solid solution which grew epitaxially on it. The compositional

isfit and the difference of the coefficients of thermal expansion between the two regions were accommodated by 45◦ grain boundaries and

islocations. At the triple junctions, Ta5Si3 and Ta4.8Si3C0.3, with Hf impurities were detected. The grain boundaries were observed to be clean.

The microstructure of the composites containing TaSi2 was subsequently compared to composites sintered with addition of the same amount of
oSi2.
2011 Elsevier Ltd. All rights reserved.
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. Introduction

Hafnium and tantalum carbide belong to the class of materi-
ls known as ultra-high temperature ceramics (UHTCs). These
aterials are of particular interest because of the unique combi-

ation of properties, such as high refractoriness, high electrical
onductivity and chemical inertness against molten metals or
on-basic slags.1–3 Applications that take advantage of these
roperties include refractory linings, electrodes, microelectron-
cs, and cutting tools. Potential applications of these transition

etals carbides also include aerospace manufacturing, for
xample, sharp leading edges of hypersonic atmospheric reen-
ry vehicles, rocket nozzles and scramjet components, where
he operating temperatures can exceed 3000 ◦C.1–3 The major
roblems afflicting these carbides are related to a difficult
ensification capability, a poor oxidation resistance in hyper-

1/2
onic environment and a low fracture toughness (3–5 MPa m ),
hich is traduced in a unreliable behavior under severe thermal

hock.
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In recent years, much effort has been devoted to improve the
ensification and obtain a fine and homogeneous microstructure
f these ultra refractory compounds. Hot pressing at temper-
tures in the range of 2200–3000 ◦C is generally required
or the densification of monolithic HfC or TaC.4–9 The tem-
erature needed for densification can be strongly reduced
1400–1800 ◦C) with small amounts of sintering additives, such
s Ni,10 B4C and C,11 MoSi2.12,13 These additives are believed
o favour the elimination of the surface oxides present on the
tarting powders, which are supposed to hinder the matter trans-
er among the particles. However, the introduction of secondary
hases often leads to grain coarsening, entrapped porosity and
oor strength at high temperature.

Previous studies have demonstrated that the addition of
ilicides of transition metals, such as MoSi2 and TaSi2,12–16

as positive effects on the densification and high temperature
echanical properties of borides and carbides. In addition,

ilicides, as silica-forming compounds, can offer significant
mprovement to the oxidation behavior.
Among the possible additives that can meet the requirements
mposed by ultra-high temperature regime, tantalum disilicides
s among the most suitable, thanks to its high melting point,
200 ◦C, to the formation of a high melting oxide, Ta2O5 (1880◦)

dx.doi.org/10.1016/j.jeurceramsoc.2011.07.003
mailto:laura.silvestroni@istec.cnr.it
dx.doi.org/10.1016/j.jeurceramsoc.2011.07.003
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nd because Ta can stuff vacancies in Hf-, Zr-oxide and increase
he immiscibility of the silica-based external glass, thus retarding
he oxygen diffusion inward the bulk.17 Furthermore, the avail-
bility of Si-species which can form a protective silica-based
ayer is desired upon oxidation.

So far, TaSi2 has been mainly employed in the field of elec-
ronics. The use of TaSi2 for UHTCs production is relatively
nexplored. Pastor and Meyer18 studied the effect of addition
f TaSi2 and other silicides on the densification and oxidation
esistance of ZrB2, assessing the formation of boride-silicide
olid solutions and improvement of oxidation resistance in air
p to 1200 ◦C. Talmy et al.19 have studied ceramics in the sys-
em ZrB2–Ta5Si3 and have reported a significant improvement in
he densification, which was fully accomplished at 1900 ◦C, and
f the oxidation resistance in comparison with pure zirconium
iboride. Opila et al.20 studied the influence of TaSi2 addition to
rB2–SiC compositions and found a significant improvement in

he oxidation resistance at 1627 ◦C in air. More recently, we stud-
ed the microstructure and properties of diborides and carbides
rocessed with TaSi216,21.

In this study, the effect of TaSi2 addition on densification and
icrostructure evolution of HfC and TaC is studied by scanning

nd transmission electron microscopy.
An overview of the microstructure and the mechanical prop-

rties of the compositions under exam is reported in16 showing
hat these composites have appealing microstructural features
nd enhanced mechanical properties compared to the state of
he art. Hence, this work aims at updating the microstructural
haracterization at nanoscale level.

Transmission electron microscopy (TEM) is a powerful tool
o explore microstructures on a small length scale to disclose
he densification mechanisms. This technique allows acquiring a
ariety of information with respect to microstructure and compo-
ition with high spatial resolution.22 In order to tailor materials
o meet specific requirements such as high temperature perfor-

ance, the relationship between processing, microstructure, and
echanical behavior has to be known and deeper investigations

re mandatory. A thorough literature analysis revealed that very
ew detailed TEM works on densification mechanisms are avail-
ble for this class of materials,14,21,23–25 which however are
ssential to select the most suitable sintering aid and processing
onditions.

. Experimental procedure

The compositions under investigation are listed in Table 1.
he commercial powders utilized for the materials production
re reported in Table 2. The powder mixtures were ultrasoni-
ally treated in absolute ethanol for 20 min and ball milled for
4 h using zirconia milling media, subsequently dried in a rotary
vaporator and sieved to −60 mesh screen size.

Hot pressing was used to densify the TaSi2-contaning com-
osites. The sintering was conducted in low vacuum (∼100 Pa)

sing an induction-heated graphite die with a constant uniaxial
ressure of 30 MPa, heating rate 20 ◦C/min and free cooling. For
ach composition, the maximum sintering temperature was set
n the basis of the shrinkage curve, as indicated in Table 1.
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To identify the crystalline phases formed, all samples were
xamined using X-ray diffraction (Siemens D500, Karlsruhe,
ermany), with CuK� radiation, step size of 0.04 and 1 s count-

ng rate. In some cases, a Si standard was placed on the sample
urface in order to detect eventual peak shift.

The microstructures were analyzed on polished and fractured
urfaces by scanning electron microscopy (SEM, Cambridge
360, Cambridge, UK) and energy dispersive X-ray spec-

roscopy (EDS, INCA Energy 300, Oxford instruments, UK).
EM samples were prepared by cutting 3 mm discs from the bulk
f the sintered pellets. These were mechanically ground down
o about 20 �m and then further ion beam thinned until small
erforation were observed by optical microscope. Local phase
nalysis was performed using transmission electron microscopy
TEM) equipped with an energy-dispersive X-ray system (FEI,
M12, Eindhoven, The Netherlands; EDS, EDAX Genesis
000, Ametek GmbH; Wiesbaden, Germany) operating at a
ominal voltage of 120 keV. High-resolution investigations were
erformed using a FEI CM20 STEM operating at a nominal
oltage of 200 keV. Quantitative calculations of the microstruc-
ural parameters, like residual porosity and secondary phases
ontent, were carried out via image analysis with commercial
oftware package (Image Pro-plus 4.5.1. Media Cybernetics,
ilver Springs, MD, USA). Thermodynamic calculations were
erformed using commercial software HSC Chemistry for Win-
ows 5, (Outokumpu Research Oy, Pori, Finland).

. Results and discussion

.1. HfC–TaSi2 composite

According to X-ray diffraction (Fig. 1), no reflections from
aSi2 were detected after sintering. Besides pure HfC (PDF# 39-
491) another phase is clearly visible on the right of the identified
eaks, this feature is more evident in the range 2θ = 85–120◦. The
nit cell parameter of this newly formed phase is a = 4.6202 Å,
.e. shorter than that of pure HfC (a = 4.6377 Å), which indicates
contraction of the unit cell. The presence of these additional

eflections was interpreted as due to the formation of a (Hf,Ta)C
olid solution. On the basis of the Vegard’s rule for the HfC–TaC
ystem and hypothesizing that only Ta can enter the HfC struc-
ure, it can be estimated that the amount of Ta incorporated into
fC grains was ∼10 at%, giving (Hf0.9Ta0.1)C as the composi-

ion of the solid solution.
The microstructure of this composite (Fig. 2a and b) is fine

nd homogenous and the mean grain size of the HfC phase is
round 0.8 �m (Table 1), which indicates that no grain coarsen-
ng occurred during sintering. By SEM-EDS analysis, tantalum
as confirmed to be present in most of the carbide grains

Fig. 2c). Secondary phases in Fig. 2b were less than 5 vol%
nd included unreacted TaSi2 and Ta–Si-based phases whose
toichiometry was difficult to define, due to the overlapping of
he strongest Ta and Si lines. Occasionally, Si–O–C and SiC

hases formed large pockets, as shown in Fig. 2d. From the
orphology of these areas, it is presumed that a partial or com-

lete carburization of silicon occurred, due to the carbon-rich
intering environment.
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Table 1
Composition, sintering parameters, temperature at which the shrinkage started, theoretical and experimental density, mean and maximum grain size of the TaSi2-doped
composites.

Sample Composition (vol%) Sintering (◦C/min) TON (◦C) Th. density (g/cm3) Exp. density (g/cm3) m.g.s. (�m) Max g.s. (�m)

HCT HfC–15 TaSi2 1760/10 1600 12.1 12.0 0.8 2.2
TCT TaC–15 TaSi2 1750/9 1400 13.7 13.3 2.5 5.9

Table 2
Characteristics of the commercial powders utilized for the production of the composites.

Powder Crystal structure Supplier m.g.s. (�m) Impurities (wt%)

TaSi2 Hexagonal ABCR, Gmbh & Co. Karlsrhue, Germany <45 Nb: <10−6

HfC Cubic Cerac Inc., Milwaukee, USA 0.80
U: 0.0002
Zr: <0.6

TaC Cubic Cerac Inc., Milwaukee, USA 0.85

Ca: 0.01
Cd: <0.0007
Cr: <0.0005
Fe: 0.02
Na: 0.03
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By TEM inspection, dislocation activity and subgrain struc-
ures were observed in HfC matrix (Fig. 3a), the inner part of
he grains was pure HfC and the outer part was a (Hf,Ta)C solid
olution, according to EDS analyses. The subgrain morphol-
gy, not evidenced by SEM analysis, was revealed by TEM
o be constituted by dislocations at the edge between the pure
hase and the solid solution. Besides TaSi2 phase, recognizable
s a bright phase with irregular shape accommodated among the
fC grains, mixed (Hf,Ta)5Si3 and (Hf,Ta)4.8Si3C0.5 hexagonal
hases were identified by electron diffraction at the triple points
ith bright contrast (Fig. 3b and c), about 50 nm big. The just
entioned phases without hafnium are well known compounds
ith the space group P63/mcm and with lattice parameters

f a = 7.4700 and c = 5.2260 Å for Ta5Si3 and a = 7.4940 and
= 5.2420 Å for Ta4.8Si3C0.5.26 These phases derive from the
ure tetragonal Ta5Si3, which is stabilized to the hexagonal one

t
w
f

ig. 1. X-ray diffraction pattern for the HCT composite. In the inset: a magnification o
Nb: 0.03
Ti: 0.04

y carbon impurities. Electron diffraction technique resolution
s not precise enough to detect a lattice distortion in Ta5Si3 due
o Hf substitution, considering that the two metals have very
lose atomic number. However, a rough estimation of Hf/Ta
atio around 10 at% can be calculated by considering the EDS
eaks in the range 7.5–8.5 keV. In contrast, Si amount cannot be
uantified due to its strong dependence on the thickness of the
pecimen.

Some features of the matrix grains, such as Moiré fringes par-
llel to the operating reflection, dislocations and �-boundaries,
re marked in Fig. 3d. The same defective structures were
lready observed in Si3N4 and SiAlONs upon microstructural
e-assessment.27 As previously reported by Hwang et al., these

ypes of dislocation networks and Moiré fringes usually form
hen there is a rotational misfit between core and shell.27–29 The

ormation of the dislocations in the present case could be thus

f the dotted area; below the spectrum of pure HfC according to PDF# 39-1491.
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ig. 2. HfC–TaSi2 composite: (a) fracture and (b) polished sections, (c) typica
iC pocket.

xplained by a rotational core/shell misfit, that probably resulted
rom the different thermal expansion coefficient, in turn related
o compositional differences.

High resolution analyses revealed clean grain boundary both
t the interface (Hf,Ta)C/TaSi2 and (Hf,Ta)C/(Hf,Ta)C (Fig. 4).

.2. TaC–TaSi2 composite

The X-ray diffraction pattern of this composite is reported in
ig. 5; a Si standard was placed on the top of the specimen in
rder to detect any peak shift. In the whole 2-Theta range, TaC
nd TaSi2 were the only crystalline phases detected after sinter-
ng. The lattice cell of TaC was found to be smaller 4.4564 Å,
han that of the pure phase, 4.4602 Å (PDF#65-0282), which
orresponds to a TaC0.98 composition. Carbon loss, inducing
attice shrinkage, is very probable in these carbides, owing to
he wide stability region of the fcc TaCx phase.30 It can also be
bserved that all the peaks showed asymmetry on the left side,
hich generally indicates the presence of lattice defects, such

s solid solutions. However, different from the HCT composite
o clear peak splitting was observed.

The microstructures displayed in Fig. 6 put in evidence little
r no residual porosity, Fig. 6a. The micrographs of the pol-
shed surface, Fig. 6b, showed that the mean grain size of the

arbide phase was 2.5 �m, but coalescence of grains led to the
ormation of larger grains, up to 6–7 �m. The TaSi2 grains are
ecognizable as grey phase in a brighter matrix and tended to
orm large pockets as wide as 3–8 �m (Fig. 6b). Moreover, it

s
p
H

-EDS spectra collected on HfC grains revealing the presence of Ta, (d) large

an be noticed that TaSi2 phase has very low dihedral angles
t the interface with the matrix, showing very ductile behavior.
aSi2 is known to a have a brittle to ductile transition around
000 ◦C, similar to MoSi2,31 thus the high concavity displayed
y the silicide could also be due to local liquid phase forma-
ion. Dark contrasting features were identified by SEM-EDS as
iC, Si–C–O and SiO2 (Fig. 6c and d). These dark phases were
bserved to be adjacent to TaSi2, indicating that they formed
onsuming TaSi2. According to image analysis, the volumetric
mount of TaSi2 in the final microstructure was around 10 vol%,
.e. slightly lower than the initial composition, 15%.

By TEM inspections, 45◦ grain boundaries were observed in
he matrix (Fig. 7a and b). Epitaxy between inner and the exter-
al part and the corrugate feature of the sub-grain boundary
ight indicate lattice misfit. However, the exact stoichiome-

ries of TaCx phases constituting core and shell could not be
ssessed, being carbon signal strongly dependent on the spec-
men thickness. Limiting our speculation to the presence of
xygen peak in the spectrum relative to the outer shell, we can
ust argue that this phase could be originated from a Ta–Si–C–O
iquid phase (Fig. 7a). The possibility to have non stoichiomet-
ic TaCx in the shell is strengthened by the contrasts observed
n Fig. 7c, which could be due to vacancies in the lattice. The
right phase surrounded by stress contrast in Fig. 7d is SiC
ontaining low amounts of oxygen. Occasionally, amorphous

ilica droplets were observed adjacent to SiC grains. At the triple
oint junctions, Ta5Si3 and Ta4.8Si3C0.3 were detected (Fig. 7e).
igh resolution mode revealed non wetted TaC/TaC interfaces,
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ig. 3. Bright field TEM images showing (a) dislocation activity between HfC
a5Si3 phase with the corresponding diffraction pattern in the inset and (d) an
olution. The inset in (d) shows the EDS spectra collected on HfC and (Hf,Ta)C

nalogously to the previous system; an example is reported in
ig. 7f.

. Discussion

.1. Densification mechanism

As far as densification is concerned, different mechanisms are
hought to occur for the materials under investigation; however,
n order to rebuild the active processes during sintering of the
arbides of Hf and Ta with addition of TaSi2, it is useful to
ummarize the main findings.
The final microstructure of the two composites is characterized
by the formation of Ta-containing solid solutions, which grew
epitaxially on the matrix grain. The misfit between the core and
the shell was accommodated by corrugated grain boundaries.

4

d

and (Hf,Ta)C-shell, (b) an example of agglomerate at the triple point, (c) the
ple of microstructure showing the Ta5Si3 phase and Moiré fringes in the solid
solution.

These features suggest a solubility of Ta in HfC and confirm
the wide range of fcc TaCx stability.
Investigations of the triple points revealed the formation of
further silicides, such as Ta5Si3 or Ta4.8Si3C0.3, which con-
tained Hf impurities. This aspect reveals a mutual solubility
of Hf in Ta–Si-based phases.
High resolution TEM evidenced clean grain boundaries in the
carbide matrix.

Several aspects of the densification process will be taken
n exam to figure out the path sequence leading to the final

icrostructure.
.1.1. Reactive environment
Let’s first investigate the possible origin of the volatile species

eveloped in the early stage of sintering.
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Fig. 4. BF-TEM images evidencing (a) dislocations pile-up between HfC and (Hf,Ta)C, (b) clean grain boundary of the squared box in (a) between the solid solution
a

c
g
i
c
b
s
a

W

p
i
a
c
p
o
F

F
m

nd TaSi2 and between two adjacent solid solution grains in (c).

During hot pressing, the pressure increased in the vacuum
hamber between 1200 and 1600 ◦C, due to development of
aseous species after interaction of TaSi2 with CO generated
nside the graphite-rich environment of the furnace. Sources of
arbon are easy to identify in the compositions investigated. Car-
ides are C donors and further contamination may occur during
intering, which is conducted in a graphite-rich environment (die

nd rams).

Using a commercial software package (HSC Chemistry for
indows 5, Outokumpu Research Oy, Pori, Finland), some

t
S

ig. 5. X-ray diffraction pattern for the TCT composite carried out with a Si stan
agnification of the dotted area showing peaks asymmetry; below the peaks position
otential reactions between TaSi2 and CO were analyzed
n the range 1200–1900 ◦C under a pressure of 100 Pa, i.e.
pproximately the vacuum level inside the hot-press chamber,
onsidering pure phases with the activity equal to one. For sim-
licity, the molar ratio between the phases was taken equal to
ne. Molar products resulting from TaSi2 + CO are displayed in
ig. 8.
According to this thermodynamic analysis, it can be read
hat: CO promotes TaSi2 decomposition with the formation of
iO gas at T ≥ 1200 ◦C and Si(g) at T ≥ 1600 ◦C. The formation

dard: indexes refer to TaC phase, minor peaks refer to TaSi2. In the inset: a
of pure TaC, TaSi2 and Si according to the PDF files.
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Fig. 6. SEM images of the TaC–TaSi2 composite: (a) fracture and (b, d) p

f TaC is expected above 1200 ◦C, whilst the formation of SiC
eems to become unfavorable with increasing temperature. In
he range 1450–1850 ◦C, the formation of liquid Si is predicted.
he change in the Gibbs free energy varies from −0.9 × 103 kJ
t 1200 ◦C to −1.3 × 103 kJ at 1900 ◦C.

The above thermodynamic predictions are in partial agree-
ent with the microstructural observations and suggest that
and/or CO play a key role in the chemistry of these

ystems. TaSi2 decomposition and consequent SiO volatiliza-
ion was confirmed by the pressure increase in the furnace
hamber and microstructural analyses which revealed lower
mounts of TaSi2 compared to the initial content for the two
omposites.

From these analyses it can be concluded that the most impor-
ant reaction occurring during sintering of the TaSi2-containing
omposites is:

aSi2 + CO(g) = TaC + 2Si(l) + SiO(g) (1)

Since carbides are C donor and sintering is conducted in a
-rich furnace, carbon is the dominant moving species, so we
an hypothesize the following reaction to occur:

i(l) + C = SiC (2)

The newly formed TaC from reaction (1) can enter in solid
olution with HfC, according to:
aC + HfC = (Hf, Ta)C (3)

The reduction of TaSi2 content after sintering confirms
he tendency to decomposition of this silicide in reducing

r
t
a
i

d sections. The inset in (d) shows the EDS spectra of Si–O–C and SiO2.

tmosphere. The formation of liquid silicon at relatively low
emperature (reaction (1)) is compatible with the enhanced sin-
ering activity of the HfC-TaSi2 compositions, with respect to
ther HfC-based ones. SiC phases deriving from carburization
f silicon (reaction (2)) are present in the microstructure of both
omposites (Figs. 2d and 6d). For the HCT composite, the for-
ation of TaC was not observed, but occurrence of reaction (3)
as verified by microstructural analyses and X-ray diffraction.

ndeed, it is well known that the solubility between carbides of
roup IV and monocarbides of Group V is complete and they

re expected to form solid solutions.32 In the TCT composite,
aC formation from reaction (1) is more difficult to track, as,
ith the EDS technique, it is tricky to detect the difference in

toichiometry between TaC-core and TaC-shell. However, also
or this composite, Si-based phases are present in the microstruc-
ure and the final content of TaSi2 is nearly halved as compared
o the starting composition.

.1.2. Liquid phase formation
From the previous paragraph, the main implication is that

intering is assisted by liquid phase. This hypothesis is further
trengthened by irregular shape displayed by the TaSi2 phase,
s well as by the microstructural coarsening of the composites,
s indicated in Table 3.

One evidence of the formation of liquid silicon, formed after

eaction (1), is the temperature at which TCT composite started
o shrink (TON in Table 1), which occurred indeed at 1400 ◦C. In
ddition, others can be the sources of liquid that will be examined
n relation to the available phase diagrams.
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ig. 7. TEM images showing (a, b) the interface between TaC-in and TaC-out w
acancies, (d) crystalline SiC among TaC matrix, (e) Ta5Si3 at the triple point a

In the Ta–Si phase diagram,33 TaSi2 and Ta5Si3 form a eutec-
ic at 1970 ◦C, but this temperature exceeds the sintering ones
1750–1760 ◦C), so it can be discarded.

Subsequently, in the temperatures range 1690–1700 ◦C
nother eutectic is predicted between the HfO2 and SiO2, which
over the starting particles.34 Since Hf traces were detected in
iO2 pockets by TEM-EDS, also this liquid cannot be ruled
ut. The corresponding Ta2O5–SiO2 phase diagram foresees a
utectic at 1887 ◦C,35 but this temperature is out of the sintering

◦
emperature range (1750–1760 C).
Besides these pseudo-binary systems, Ta–Si–C ternary sys-

em is also relevant.26,36 Unfortunately, the position of the w

able 3
omparison of the mean (m.g.s.) and Max (M.g.s.) grain sizes between hot pressed

tarting powder dimensions. The sintering cycles are reported too in order to underli

RT, σ1200: 4-pt flexural strength at room temperature and at 1200 ◦C in Ar flux. �σ:

ample Composition
(vol%)

Sintering
(◦C, min)

Matrix start.
powder (�m)

m.g.s.
(�m)

CT HfC + 15TaSi2 1760/10 0.8 0.8
CM HfC + 15MoSi2 1900/10 0.8 1.2
CT TaC + 15TaSi2 1750/9 0.9 2.5
CM TaC + 15MoSi2 1850/3 0.9 1.2
corresponding EDS spectra in the inset; (c) contrasts in a TaC grain suggesting
high resolution image showing a clean boundary at the TaC/TaC interface.

iquidus surfaces is not indicated, as only the isothermal sec-
ion is available to indicate the phases at equilibrium with one
nother. In addition, the same system including oxygen is not
ccessible in the literature.

Hence we can just deduce from microstructural features what
as the composition of the liquid phase. The crystallized triple
oints were Ta5Si3 and Ta4.8Si3C0.3 with Hf impurities. More-
ver in the solid solution region, oxygen traces were detected,
hat means this liquid dragged oxygen-bearing species present
n the particles surface.
It can be therefore concluded that a Ta–Si–C–O based liquid,
here Hf (and Ta) were soluble in, formed during densification.

ceramics with addition of 15 vol% of TaSi2 or MoSi2.16 �% is referred to the
ne the grain coarsening. For all the composites the same pressure was applied.
strength decrease from room temperature to 1200 ◦C.

�m.g.s.
(%)

M.g.s.
(�m)

�M.g.s.
(%)

σRT (MPa) σ1200 (MPa) �σ (%)

0 2.2 175 464 ± 95 394 ± 27 15
50 2.3 188 417 ± 38 294 ± 39 29

194 5.9 594 679 ± 18 429 ± 35 37
41 3.7 335 900 ± 33 537 ± 45 40
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Fig. 8. Molar content of the products deriving from the reactions 1 mol
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For both sintering additives, the presence of Mo/Ta-silico-
aSi2 + 1 mol CO(g), as a function of the temperature at constant pressure of
00 Pa.

.1.3. Formation of solid solutions
The nature of bonding in the carbides is known to be a mix-

ure of covalent and metallic bonding with little ionic tendency. If
olid solutions were formed, Ta from TaSi2 substituted the tran-
ition metal atoms in the carbide lattice. This may occur either
y cations diffusion or by solution-precipitation. Given the low
iffusion coefficient of this class of materials, it is presumed that
attice diffusion can occur only at very high temperature. Indeed,
olution re-precipitation seems to be the dominant mechanism,
n light of the sintering behavior characterized by a relatively
ow TON, 1400–1600 ◦C (Table 2). The well defined boundary
etween core and shell also puts forward a re-precipitation from
iquid phase over a diffusion process.

The mechanism which led to the formation of final
icrostructure is sketched in Fig. 9 and can be summarized
s follows. The MC grains were initially surrounded by TaSi2,
hich was ductile at temperature above 1000 ◦C. At temperature

bove 1200 ◦C and in presence of CO, TaSi2 started to decom-

c
p
h

Fig. 9. Sketch of the possible densification mechanisms oc
n Ceramic Society 31 (2011) 3033–3043 3041

ose into Ta and Si/SiO/SiO2 forming a liquid phase where the
arbides partially dissolved in. When the solubility limit was
eached, M–C precipitated on the original MC seed dragging
a and O from the liquid phase. At the same time, crystalline
a–Si–C phases precipitated from the liquid and were confined

o the triple junctions, leaving clean boundaries.
Because of the compositional differences and the coefficients

f thermal expansion misfit between the original MC core and
he Ta-containing MC shell, dislocation networks formed in the
egion of non coherency, i.e. at the grain boundary between core
nd shell, as illustrated for example in Figs. 4a and 7a, b.

Keeping in mind the mean grain size of HfC and TaC starting
owder, both around 0.8 �m, it can be noticed that the final mean
rain size of the composites was markedly different, despite very
imilar sintering temperatures (Table 1). The coarsest grains in
CT were 2.2 �m, whilst 5.9 �m in TCT. This feature can be

elated to the nature of the guest cation. We can expect indeed
hat Ta from TaSi2 is more easily hosted by TaC than by HfC.

.2. Comparison with UHTCs containing MoSi2

In this section the microstructures above presented will be
ompared to the microstructures of previously analyzed materi-
ls containing MoSi2 as sintering additive.16 Table 3 summarizes
he most important densification and microstructural features of
he composites.

The decomposition of TaSi2 and formation of liquid Si at rela-
ively low temperatures can be considered the key event inducing
he earlier densification of TaSi2-containing composites com-
ared to MoSi2-containing ones (1750 ◦C vs 1850–1900 ◦C for
oSi2 additions). The reducing environment strongly favors

aSi2 decomposition, which is traduced in quicker formation
f liquid phase and in lower sintering temperatures.
arbides with the 5:3 stoichiometry was observed at the triple
oints containing Hf impurities. It seems proved that this phase
as a higher tendency to host interstitial cations, more than the

curring during sintering of HfC and TaC with TaSi2.
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ilicides with 1:2 stoichiometry. To note that, these 5:3 silicides
enerally have higher melting points and lower creep rate than
he 1:2,37 hence the formation of these refractory phases at the
riple points can be beneficial for high temperature properties,
s they can pin the microstructure and hinder the sliding of the
rain boundaries, increasing the structural resistance of these
eramics.

The liquid phase at the sintering temperature was presumably
onstituted by Mo/Ta–Si–C–O, and non-wetted interfaces were
ound when either MoSi2 or TaSi2 were added to either HfC or
aC. It can be hypothesized that the liquid formed in the carbides
t around 1400 ◦C had high viscosity and tended not to com-
letely flow through the grains leaving clean grain boundaries.
n the contrary, borides of Zr and Hf sintered with addition
f MoSi223 or TaSi221 displayed wetted interfaces, owing to
he presence of boron in the liquid phase, which lowered the
iscosity.38

Finally, another striking difference is the formation of dislo-
ations at the core-shell interface in the TaSi2-doped composites
hat has never been observed in MoSi2-doped ones. This can be
xplained in terms of higher content of Ta in the solid solu-
ion, i.e. ∼10 at% in HCT. As a matter of fact, (Mo,M)C was
arely detected in a ZrC–MoSi2 composite,14 confirming a neg-
igible solid solubility of Mo in transition metals carbides. On
he contrary, (Ta,M)C were confirmed by XRD, SEM and TEM
nalysis. The higher content of Ta in the solid solution led to
more pronounced difference of lattice parameters and coeffi-

ients of thermal expansion between core and shell, resulting in
5◦ grain boundaries and dislocations.

A direct consequence of the presence of dislocations and
ub-grains is the enhancement of impurity or cations diffusion
hrough the dislocation core, which might continue to happen
ven in the last stage of sintering. Diffusion through these dis-
ontinuous paths is 106 times faster than in the bulk.39 This
henomenon might have enhanced the mass transfer as well
nd hence the densification of TaSi2-containing ceramics over
oSi2-containing materials.

. Conclusions

The microstructure of hot pressed Hf and Ta carbides with
ddition of 15 vol% TaSi2 was studied through X-ray diffraction,
canning and transmission electron microscopy.

TaSi2 played an essential role in the densification through dif-
erent mechanisms. In reducing environment (C/CO-rich), TaSi2
artially dissociated into Ta and Si/SiO/SiO2 phases, which
avoured the formation of liquid phases where the matrices were
artially soluble in. The liquid was constituted by Ta–Si–C–O
nd, upon cooling, it crystallized at the triple points in form of
a5Si3 and Ta4.8Si3C0.5, leaving clean grain boundaries. Traces
f oxygen in the phases at the triple junctions confirmed that the
iquid was effective in removing the oxide layer covering the
tarting powders, which is well known to hinder the densification

f non-oxide ceramics.

All the composites presented a core/shell morphology type,
here the core was constituted by the original grain, MC, and

he shell was a (M,Ta)C solid solution. At the core/shell inter-
n Ceramic Society 31 (2011) 3033–3043

ace 45◦ grain boundaries or dislocations were observed and,
enerally, many lattice defects were present in the solid solu-
ion. The internal corrugate sub-boundary presumably formed
o accommodate the lattice mismatch and the different coeffi-
ients of thermal expansion between the original core and the
a-containing shell. The core/shell had the same orientation,
uggesting that epitaxial growth started from the undissolved
atrix and then eventually resulted in the core/shell structure.
Compared to MoSi2, TaSi2 showed to be more effective in

nhancing the densification, thanks to its capability to form liq-
id phases at lower temperature and its higher mutual solubility
owards the matrices.

Therefore, TaSi2 performed multiple beneficial functions on
ransition metal carbides:

it allowed the densification of HfC and TaC at lower temper-
ature than conventional (1750 vs 2000 ◦C),
it formed higher melting point compounds, 5:3 Ta-silicides,
which are very probably helpful for the high temperature prop-
erties,
it provided silica, which is useful to improve the oxidation
resistance of the bulk.
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