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The microstructure of two pressureless-sintered ultra-high-tem-
perature ceramics, namely ZrC+20 vol% MoSi, and HfC+20
vol% MoSi,, was characterized by scanning and transmission
electron microscopy. With regard to the ZrC-MoSi, system,
Zr Si, compounds and SiC were detected. In the HFC—MoSi,
system, a mixed phase was detected at the triple points and
identified as (Mo,Hf)sSis3. For both the systems investigated, the
high wettability of the silicide-based phases on the matrix grains
suggests that sintering is assisted by a liquid phase. This con-
tribution reports for the first time on the sintering mechanisms of
early transition metal carbides doped with MoSi, as a sinter
additive, on the basis of the microstructural evolution observed
upon sintering and in the light of phase diagrams and thermo-
dynamical calculations.

I

IRcoNIUM and hafnium carbide (ZrC and HfC) are candi-
date materials for ultra-high-temperature structural appli-
cations due to their high melting point of 4173° and 3693°C,
respectively,! and their capability to withstand temperatures
exceeding 1600°C in an aggressive environment. They possess
interesting engineering properties, such as high hardness (ZrC:
~25.5 GPa; HfC: ~20.0 GPa),” high electrical conductivity, and
a high elastic modulus (ZrC: 400-440 GPa; HfC: 425 GPa).>*
ZrC is suitable for electronic applications, as thermoionic emit-
ters, and nuclear applications, as a diffusion barrier for fission
metals in the coatings of nuclear fuels. HfC is presently consid-
ered as a potential candidate material for aerospace applications
as well as for a variety of applications including cutting tools,
high-temperature shielding, field emitter tips, and arrays.*>
Despite possessing useful properties, the use of monolithic
carbides is strongly limited because of their poor sinterability
and high machining costs. Several attempts have been made in
order to decrease the sintering temperature, the applied pressure,
and the amount of secondary phase required to achieve full
density. Recently, it has been demonstrated that amounts of
MoSi, ranging from 5 to 20 vol% promote the sinterability of
TiB,.° ZrB,,”® HfB,,® ZrC.,” and HfC'® at temperatures in the
range 1800°-2000°C, even without the application of pressure.
However, the densification mechanisms are still unclear and
under debate.
Transmission electron microscopy (TEM) is a powerful tool
to explore microstructures on a small length scale to disclose the
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effective densification mechanisms. A thorough literature anal-
ysis revealed that neither detailed TEM work nor reports on
densification mechanisms are available for this class of materi-
als, which, however, are essential to optimize the sintering aids
utilized and the processing parameters applied.

In the present study, the microstructure development of ZrC-
MoSi, and HfFC-MoSi, composites was carefully analyzed in
order to gain an insight into the densification mechanisms oc-
curring during pressureless sintering.

1L

The compositions under investigation are indicated in Table 1.
Details on the powder processing and sintering conditions are
reported elsewhere.”!® For the sake of clarity, the impurities
present in the commercial powders are also reported in Table II.
To identify the crystalline phases formed, all samples were
examined using X-ray diffraction (Siemens D500, Karlsruhe,
Germany), with CuKa radiation, a stepsize of 0.04, and a 1 s
counting rate. The microstructures were analyzed on polished
and fractured surfaces by scanning electron microscopy (SEM,
Cambridge S360, Cambridge, U.K.) and energy-dispersive X-
ray spectroscopy (EDS, INCA Energy 300, Oxford instruments,
Tubney Woods, Abingdon, Oxfordshire, U.K.). In order to limit
lateral spreading of the electron beam, EDS analysis was carried
out at acceleration voltages <6 keV. TEM samples were pre-
pared by cutting 3 mm disks from the sintered pellets. These
were mechanically ground down to about 20 um and then fur-
ther ion beam thinned until small perforations were observed by
an optical microscope. The detailed phase analysis was per-
formed using TEM operating at 120 kV (FEI CM12 STEM,
Eindhoven, the Netherlands) equipped with an energy-disper-
sive detector system (EDAX Genesis 2000, Amtek GmbH,
Wiesbaden, Germany). Quantitative calculations of the micro-
structural parameters, like residual porosity and secondary
phase content, were carried out via image analysis with a com-
mercial software package (Image Pro-plus 4.5.1. Media Cyber-
netics, Silver Springs, MD).

Experimental Procedure

1.

In Fig. 1, the fractured surfaces of pure ZrC and HfC materials
are presented for comparison. The monoliths of undoped ZrC
and HfC were pressureless sintered under identical sintering
conditions as composites prepared with the addition of MoSi,;
however, their density retained values of approximately 70% of
the theoretical density.

Results

(1) ZrC- 20 vol% MoSi,

This material showed good sinterability and the final density
was 6.22 g/em®. The crystalline phases detected after sintering
were cubic ZrC, tetragonal MoSi,, and traces of B-SiC
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Table I. Composition, Sintering Parameters, Theoretical and
Experimental Density, Weight Loss of the Two Carbide

Composites
Theoretical Experimental
Sintering  density density Weight
Sample Composition (vol%) (°C/min)  (g/cm?) (g/em®)  loss (%)

7ZC20 ZrC+20 MoSi, 1950/60  6.57 6.22 2.3
HC20 HfC+20 MoSi, 1950/60 11.40 11.00 1.2

(Fig. 2(a)). For this composite, a weight loss of 2.3% was cal-
culated, which was ascribed to the vaporization of volatile spe-
cies (CO, SiO, and MoO;)'"!? and to the formation of SiC,
which has a considerably lower density (3.2 g/cm®) than the
constituent phases.'> An example of the fractured surfaces is
shown in the SEM image of Fig. 3(a). The bright phase corre-
sponds to ZrC grains, which have a mean grain size of 6 um and
a square shape; the gray phase with an irregular shape is MoSi,.
The dark agglomerates within the MoSi, phase are SiC particles;
their amount was calculated to be about 1% by image analysis.
The formation of SiC was attributed to the reaction between
MoSi, and residual carbon present as an impurity in the starting
ZrC powder (1.5 wt%). At the ZrC-MoSi,—SiC interface (see
Fig. 3(b)), zirconium silicides with different stoichiometries and
oxygen impurities were detected by EDS, which showed very
low dihedral angles, suggesting that these silicide-based phases
were liquid at the sintering temperature.

Further details on the microstructure were evidenced by TEM
analyses. The bright-field image of the composite in Fig. 4 shows
a ZrC grain and a bright SiC platelet embedded in the Zr,Si
phase. The substructure visible in the ZrC grains consists of a
network of dislocations. In MoSi, grains, the formation of
nanoprecipitates was observed to give rise to a necklace of dis-
locations. In Fig. 5, a mixture of reaction products is shown.
TEM-EDS analyses confirmed the presence of ZrSi and ZrSi,
phases with sharp boundaries. The presence of MoSi, in this
area suggests that this was the original phase in which the re-
action products formed. It should be noted that, going from
MoSi, toward ZrC, zirconium silicides with a decreasing
amount of silicon in their stoichiometry formed, suggesting a
diffusion process as the underlying formation mechanism.

EDS spectra recorded from ZrC grains were superimposed
onto the theoretical ZrC spectrum and, as can be seen in
Fig. 6(a), the fit is not perfect. However, when Mo is included
in the simulation (Fig. 6(b)), the calculated profile matches the
experimental spectrum well. According to quantitative analyses,
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Fig. 1. Fractured surfaces of (a) ZrC and (b) HfC monoliths, which
were pressureless sintered at 1950°C, 60 min.

detected in the MoSi, EDX spectra, indicating a mutual inter-
diffusion of Zr and Mo into the adjacent phases.

(2) HfC-MoSi,

Similar to the ZrC-based composite, this material showed good
sinterability. The final relative density was 11.00 g/cm® and SEM
analysis confirmed that the residual porosity was 4%. During
sintering, a weight loss of about 1.2% occurred and it was
shown during previous experiments to be linear with increasing
additive amount.

The XRD pattern acquired from the HfC-based composite
revealed the presence of cubic HfC and tetragonal MoSi,
(Fig. 2(b)). Despite collecting the pattern at a slower accumu-
lation time, no trace of other phases was detected within the
detection limit of XRD.

A characteristic example of the microstructure is shown in
Fig. 7(a): HfC grains appear bright with a faceted shape homo-
geneously distributed with the dark MoSi, phase. This micro-
structure reveals that where the amount of MoSi, is more
abundant, the grains retained a round shape and a dimension
around 1 pm, while where the sintering additive was scarce, the
grains grew in dimensions up to 10 um. This feature indicates
that MoSi, could act as a grain growth inhibitor for HfC if the
dispersion of the secondary phase is improved. Analogous to the
ZrC system, mixed phases based on Hf-Mo-Si were detected by
EDS analyses, among HfC grains (Fig. 7(b)). The formation of
these phases suggests a mutual solubility between the two main
phases and their shape, with very low dihedral angles, indicates
crystallization from the liquid phase.

A detailed microstructural characterization by TEM did not
reveal any dislocations in HfC grains, but strain contrasts were
often noticed. TEM-EDX analyses confirmed the formation of

the estimated amount of Mo is about 3-4 at.%. Recent studies a ®7.C
confirmed that Mo has a solubility in ZrC from 1.1 to 94 ® [ ] 5 MoS; ® ]
mol%.'* On the other hand, the presence of Zr peaks was it
osc
@
Table II. Characteristics of the Commercial Powders
Utilized for the Production of the Composites w \—P\J A Ap l AO
Me?.n Par'ticle N 30 40 50 60 70
Crystal grain size Impurities
Powder structure Supplier size (um) range (pum) (Wt%) 2-Theta
ZrC  Cubic &c.l Sta;ck 3.8 0.8-8.0 gfre(;:61.5 b o HiC
arlsruhe, : 0. :
Germany), N: 0.8 A MoSia
Grade B Fe: 0.05
Hf: 2 A A

HfC Cubic Cerac Inc. 0.8 0.2-1.5 U:0.0002 A

(Milwaukee, Zr: <0.6

WI) 20 30 40 50 60 70
MoSi, Tetragonal Aldrich 28 0350 Ol 2. Theta

(Milwaukee, . . ) .

WI) Fig.2. X-ray diffraction pattern of (a) the ZrC-20 vol% MoSi, com-

posite and (b) the HfC-20 vol% MoSi, composite.
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Fig.3. Scanning electron microscope images of the ZC20 material:
(a) fractured surface and (b) higher magnification of the polished
surface; note the low dihedral angle of the Zr-Si phase.

a (Hf,Mo).Si, phase at the triple point junctions (see an exam-
ple in Fig. 8). This aspect reveals a partial substitution of Hf
into Mo sites. Oxygen impurities were also observed, as shown
in the EDS spectrum in Fig. 8. The interfaces of this mixed
(Hf,Mo),Si, phase are concave toward HfC and convex toward
MoSi,, suggesting a wetting tendency only toward the silicide. In
fact, the HFC-HfC grain-boundaries were clean with plane in-
terfaces. The size of the crystalline phase at a triple pocket varies
between 150 and 200 nm. Two configurations of the triple point
junctions were observed: in one case, at least one of the sur-
rounding grains was MoSi,, while in many other cases all the
three adjacent grains were HfC. The composition of the mixed
phase was calculated by EDS analyses on several triple points
and different stoichiometries were detected. Most of the triple
points had an average composition of Mo = 32, Hf =32, and
Si =36 at.%. If we assume that the transition metal atoms sub-
stitute Mo within the unit cell, as reported by Sakida et al.,”?
then the ratio metal/metalloid would be approximately 64/36. In
addition, if we consider the phases in the system Hf-Si with a
close ratio, then the possible phases are Hf,Si (66.7/33.3) and
HfSiz (62.5/37.5). In order to identify these mixed phase, sev-
eral electron diffraction patterns were taken from one single
grain with different tilting angles. The analysis of the d-values
calculated from the diffraction patterns indicated that the
(Hf,Mo),Si, phase had a structure not referable to the d-values
of the known Mo-Si or Hf>Si phases. To experimentally obtain
the cell constants, the parameters obtained from the diffraction
patterns were checked with respect to tilting angles. The result-
ing unit cell has a hexagonal structure with ¢ =740 pm and
¢ =520 pm. Both the structure and the lattice constants are very

Fig.4. BF-TEM image of a ZC20 composite showing the formation of
SiC adjacent to the Zr,Si phase.
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Mo Si;

Fig.5. BF-TEM image of a ZC20 material where ZrSi, and ZrSi
phases coexist. A diffraction pattern for each phase is shown in the in-
sets.

close to the hexagonal Hf5Si; with the space group n° P63/mem
and lattice parameters of ¢ = 789.0 pm and ¢ = 555.8 pm.

IV. Discussion

The most relevant data emerged from this investigation, which
will be useful to understand the sintering mechanisms and the
crucial roles of metal silicides in the densification of these cova-
lent compounds are the following:

(1) In ZrC-MoSi, material, Zr,Si, products were found at
the interface between the two main phases and they were iden-
tified as ZrSi,, ZrSi, and Zr,Si.

(2) Analogous to the ZrC-MoSi, system, small amounts of
Hf-Mo-Si phase were detected besides HfC and molybdenum
disilicide at triple point junctions in the HFC—MoSi, system.

From these observations, we can conclude that Zr and Hf
have at least a limited solubility in Mo silicides and that Zr has a
higher mobility than Hf, because pure zirconium silicides were
detected compared with the mixed Hf-Mo-Si phase. Besides,
the presence of only a very limited amount of secondary phases,
detected at the triple point junctions, suggests that the active
species could be MosSis instead of MoSi,, a phase that is always
present as an impurity.

One possible formation mechanism of these phases could be
explained by the substitution of Zr or Hf at Mo sites into
MosSis, leading to the formation of ZrsSiz or Hf5Si3. Some ar-
guments in favor of or against this hypothesis are considered.

(1) A necessary but not sufficient condition is the phase sta-
bility criterion with respect to the size factor, which refers to the
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Fig.6. Energy-dispersive X-ray spectra of ZrC grains and the calcu-
lated spectra superimposed including Zr—C in (a) and Zr-Mo—C in (b).
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Fig.7. Scanning electron microscopy image of HC20 material at
(a) a lower and (b) a higher magnification, revealing the formation of
an Hf-Mo-Si secondary phase.

15% Hume—Rothery rule.'® If we consider the atomic radius of
Mo equal to 130 pm,!” then the range of atomic radius that can
be accommodated in the silicide at Mo sites is compatible with
the atomic radius of Zr and Hf with 145 and 144 pm, respec-
tively.!”

(2) Another favorable factor is the crystal structure. Like
many other silicides, MosSiz typically crystallizes in either a
tetragonal or a hexagonal structure.'® The body-centered tetrag-
onal structure has the space group I4/mcm and lattice param-
eters equal to a =964.8 pm and ¢ =491.4 pm (PDF #34-0371).
Minimum addition of carbon destabilizes the tetragonal struc-
ture and results in the formation of a carbon-stabilized hexag-
onal Nowotny phase.! The hexagonal phase is characterized by
the space group P6s3/mcm and lattice parameters equal to
a=729 pm and ¢ =500 pm.?° Both ZrsSi; and HfsSi; have a
hexagonal structure with the space group P6s/mcm and lattice
parameters ¢ = 788.5 pm and ¢ = 555.8 pm (PDF #06-0582) and
a=1789.0 pm and ¢=555.8 pm (PDF #12-0468), respectively.
The shift from a tetragonal to a hexagonal structure would
imply a distortion of the cell from 90°-90° to 60°-120°, but if
we consider a transition from the Nowotny phase to ZrsSi; or
HfSi3, then the same hexagonal crystal structure is preserved.
In both cases, the orientation of the crystal with an elongated
a-axis is maintained.

(3) Calculations of the covalent and molecular volumes
favor a Transition Metal/Mo substitution, because both
MoSi, and tetragonal MosSi3 have a molecular volume lower
than the covalent volume (—2% and —12%, respectively), which
implies a cell with free space available for atoms with a larger
steric hindrance, such as Zr and Hf. On the other hand, the
hexagonal MosSi; shows the opposite tendency; the covalent
volume exceeds the molecular volume of about 5% and conse-
quently it should not be prone to the substitution.

(4) The last consideration relates to the mixed Hf-Mo-Si
phase observed in the HfC-MoSi, material. Because the param-
eters calculated for this phase are very close to the HfSi; lattice,
the substitution of Mo by Hf in MosSi; is highly probable.

The hypotheses of cation transfer, diffusion, and a change in
the crystal structure are strongly promoted by the presence of a

Hf-Mo-Si

10{) nm
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liquid phase. Hence, it is worth pointing out the possible origin
of liquid formation based on phase diagram considerations.

From the Mo-Si phase diagram in Fig. 9(a), redrawn from,?!
we can see that below the sintering temperature, if the actual
composition slightly differs from the peritectic composition of
either MoSi, or MosSi3, we have compresence of a liquid phase
and, at a composition of 55 at.% of Si, eutectic liquid is pre-
dicted at 1910°C between MoSi, and MosSiz. Because the sinte-
ring temperature is 1950°C, we see that there is a high
probability of formation of a liquid phase during sintering.

Another useful diagram is the one reported by Fan er al.*?
where MoSi, and C are considered (compare Fig. 9(b)). Above
1700°C, SiC formation and the presence of a liquid phase are
predicted at any C/MoSi, ratio.

The melting points and onset temperatures of liquid-phase
formation in the Zr-Si and Hf-Si systems are summarized in
Table IIL**?* The eutectic temperature of a number of compo-
sitions is below the sintering temperature (1950°C) and hence a
liquid phase must be present during densification. Thus, micro-
structural features in combination with the phase diagrams
strongly suggest that densification of ZrC-MoSi, and HfC-
MoSi, composites is promoted by a liquid phase, involving
rearrangement of grains and matter transfer via the transient
liquid. Besides, oxygen impurities detected by EDS in all the
silicides confirm their important role of oxygen removal from the
matrix, which is well known to hinder the densification of
UHTCs.?® However, the reaction path leading to the formation
of the observed phases remains to be determined.

For this purpose, the thermodynamics of these systems is
considered. Because of lack of data on HfC-MoSi, interactions,
only the ZrC-MoSi, system will be discussed in light of ther-
modynamical calculations performed with a commercial soft-
ware.”® The starting hypotheses are atmospheric pressure, a
C-rich environment, and interdiffusion of the cations. The
changes in Gibbs free energy values as a function of tempera-
ture for the reactions considered are plotted in Fig. 10. The free
energy calculation for the reaction between ZrC and MoSi,
(Reaction (1)), which leads to ZrSi,, indicates a positive free
energy at the sintering temperature of 1950°C; hence, it is not
favorable.

ZrC + MoSi, = ZrSi, + MoC (1)
Similarly, the diffusion of Zr into MoSi, (Reaction (2)),
which leads to ZrSi, and Mo, is not thermodynamically allowed

at and below 1950°C.
Zr 4+ MoSi, = ZrSi; + Mo (@)

However, because Zr.Si, species were observed in the final
microstructure at the interface between ZrC and MoSi,, other

0 03 10 15 20 25KeV

Fig.8. Triple-point junction in HC20 material, the energy-dispersive X-ray spectrum of the mixed Hf-Mo-Si phase, and the corresponding diffraction

patterns collected at different tilting angles.
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reaction paths have to be figured out. Because of the highly re-
ducing environment of the furnace'* and the presence of pure
carbon in the raw powders, the formation of MosSi; and SiC is
favorable through reaction (3):

5MoSi, + 7C = MosSi; + 7SiC 3

As the MosSi3 phase was never observed in the microstruc-
ture of the ZrC-based composite, it is likely that Mo is replaced
by Zr to yield ZrsSi, as indicated by Reaction (4) (AG <0 at all
temperatures):

5Zr + MosSiz = ZrsSi; + 5Mo 4)

The Zr-Si phase diagram® indicates that ZrsSis is liquid at
the sintering temperature. Hence, it can flow into the micro-
structure, filling voids among matrix grains favoring matter
transport. When this phase comes in contact with a carbon
source (Reaction (5)), the formation of Zr,Si and SiC is pre-
dicted from a thermodynamical calculation:

The overall free energy for this reaction at 1950°C is esti-
mated to be —313.7 kJ. If, instead, a source of silicon is close to

Wl
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Fig.10. Plot of the possible reactions in the system ZrC-MoSi, calcu-
lated at ambient pressure: Gibbs free energy as a function of the tem-
perature.

ZrsSi3, it will react to form ZrSi and ZrSi, according to Reac-
tions (6) and (7), as follows:

Zr15Si3 + MoSi, = 5Z1Si + Mo (6)

ZrsSis + 7Si = 5ZrSiy (7

Excess molybdenum, as derived from Reactions (4) and (6),
can oxidize to volatile MoO; or can be incorporated into the
ZrC lattice, forming solid solutions as confirmed by EDS anal-
ysis (see Fig. 6). As shown in Fig. 10, reactions (3)—(7) discussed
above are feasible and the products, according to the Zr—Si bi-
nary phase diagram, are liquid at the sintering temperature ap-
plied (see Table I1I).

Concerning the HfC-MoSi, system, an analogous behavior is
assumed, activated by the formation of MosSis, followed by a
partial substitution of Hf on Mo sites. Moreover, Hf-Si com-
pounds are liquid below the sintering temperature.

It may be possible that Zr- or Hf-silicides could have formed
due to a solid-state reaction during heating of the powder com-
pact at a lower temperature. Considering the binary ghase di-
agrams of a system based on Mo, Si, Hf, Zr, and C, 224t is
evident that the transition metal silicides, even if formed in the
solid state, would melt (melting temperatures ranging between
1390° and 2000°C) and form a liquid at 1950°C. TEM investi-
gations revealed that these phases were present at triple pockets
in the sintered microstructure, due to the migration of the liquid
phase to those pockets during sintering. The segregation of all
the silicides in the solid state to the triple points is rather unlikely
due to the sluggish solid-state diffusion.

All the aforementioned observations led to a new picture re-
garding the effective role of MoSi, upon densification of ultra-
high-temperature ceramics, involving liquid formation, chemical
reactions, and cation diffusion at sintering temperature.

V. Conclusions

Based on the present results, it is concluded that:

(1) Densification of Hf and Zr carbides doped with MoSi,
does occur via liquid-phase sintering, which is constituted by
transition metal silicides.

(2) MosSis is likely to be the starting phase for the forma-
tion of Zr—Si or Hf-Si species as it has a larger solubility for IV
Group transition metal carbides than MoSi,.

(3) Local MosSiz formation may occur through different
mechanisms: it is already present in the starting powder due to
MoSi, oxidation or could form through a reaction with C im-
purities.

(4) Zr completely substitutes Mo in MosSi; and forms
ZrsSi3, which in turn is transformed into Zr,Si (if next to C
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sources) or ZrSi and ZrSi, (if next to Si sources). Therefore, nei-
ther MosSi; nor ZrsSiz were found in the final microstructure.

(5) Hf has a lower mobility than Zr and only partially sub-
stitutes Mo sites in the MosSis structure and hence (Hf, M0)sSi;
was observed in the final microstructure.
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