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Abstract

Mechanically activated syntheses of zirconium carbides (ZrC,) nanoparticles have been performed via ball milling of Zr powder with toluene. It
has been found that the milling time can be used to tune the ratio x of C to Zr. The spark plasma sintering of the ZrC, nanoparticles has shown
that the densification can be achieved at a considerably reduced temperature of 1200 °C. This ball milling procedure has been tried to successfully
synthesize the nanoparticles of WC,, TiC,, and NbC,, demonstrating that it is a potential route to prepare the nanoparticles of transition metal

carbides.
© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Zirconium carbide of ZrC; is a nonstoichiometric compound
with the fcc NaCl crystal structure, and the ratio of C to Zr can
be varied from 0.3 to 0.98.12 Due to the mixture of ionic, cova-
lent, and metallic bonding, ZrC, presents excellent physical and
chemical properties such as high melting temperatures (max-
imized at 3420°C and ZrCyg,°), high hardness (maximized
at ~25.8GPa and ZrCpos'**?), high thermal and electrical
conductivity,® and high chemical stability.!"” Thus, ZrC, is a
promising material for applications in cutting tools, high-speed
aircraft leading edges® operating in high or ultra-high tempera-
ture, the thermal-field emitters,” etc. ZrC, is also an important
material for nuclear reactor core owing to its low neutron cross-
section.!”

Fabrications of ZrC, have been reported by the reactions of
zirconium, zirconium hydrides (ZrH>), and zirconium dioxides
(ZrOy) with carbon.®!1=13 Owing to the difficulty of mixing the
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reactants on a fine scale (e.g., molecular-scale mixing), these
synthesizing processes generally require relatively high reaction
temperature and long soaking time of several hours or more. The
high synthesizing temperature usually leads to the fast growth
of the ZrC, grains, making it difficult to obtain the ZrC, prod-
ucts with grains in nano or ultrafine scales. To sinter the highly
dense bulk transition-metal carbides with desirable microstruc-
tural features, the first and perhaps the most important step is the
preparation of fine and homogeneous nanoparticles as precursor.
Mechanochemical synthesis or mechanical alloying is a poten-
tial synthesizing process for nanoparticles of the transition-metal
carbides without external heat source.!*!> There are reports for
the formation of ZrC, nanoparticles by mechanically milling of
Zr or ZrO, with carbon.'®!7 Generally, cold-welding is hard to
be avoided in the process of directly milling Zr with carbon,'
which makes it difficult to obtain the ZrC, nanoparticles with a
uniform distribution of size. In the mechanically milling process,
process control agents (PCAs) can be used to avoid cold-welding
and improve the pulverization of the materials.' In comparison
with solid PCAs, organic solutions have been widely chosen
as PCA since they can fast cover the exposed fresh surface of
milled particle, and easy to be removed from the final products.
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On one hand, PCAs have to be both thermally and chemically
stable during ball milling in order to obtain materials with refined
grains and minimized contaminants. On the other hand, it has
been reported that some organic additives are likely to be decom-
posed during the process of high-energy ball milling, forming
fine dispersions of metal carbides such as Fe; C,20.21 A1,C4,2223
TiC,>>?* and NbC? in the metals or metal alloys. Formation of
NbC powder was reported during the grinding of Nb and graphite
powder mixture with hexane or methanol, and was considered to
the mechanically assisted reaction of carbon with the interme-
diate product of NbH,.?® By mechanochemically milling metal
powders with different organic substances, powders of metal car-
bides (such as Fe3C27), metal nitrides (such as AIN,28 TiN,2%-30
and Fe3N31-32) and metal hydrides (such as TiH,,? Zer,34 and
NbH,.2%3%) had been reported to be synthesized. Suzuki and co-
workers reported the formation of phases with fcc-like structure
resembling that of ZrC or TiC during the milling of Zr pow-
der or Ti powder with n-heptane.3%37 Presumably, the observed
fcc phases were hydrides of Zr or Ti, since these metastable
compounds changed to original hep structure upon heating. 367
So far it is not clear of the mechanism for the formation of
metal carbides, nitrides, and hydrides during the mechanochem-
ically milling with organic media. It seems that by intentionally
choosing an instable PCA for the ball milling, it decomposes
and releases atomic carbon, hydrogen, and/or nitrogen, provid-
ing highly reactive agents for the preparation of highly pure
metal hydrides, carbides, and/or nitrides with a considerably
small grain size.

In this article, we present a method to prepare zirconium
carbide nanopowder by mechanochemically milling of the Zr
powder with toluene, indicate a potential simple route for syn-
thesis of nanopowders of carbides of transition metals such as
Zr, Ti, W, and Nb by milling them with toluene.

2. Experimental procedure

In the present work, detailed investigations have been per-
formed on the preparations of ZrC, nanoparticles by ball milling
of Zr powder (—325 mesh, purity 99.5%) in toluene using a plan-
etary ball mill (P4, Fritsch, Germany). Tungsten carbide vials
and balls were used. The weight ratio of ball to Zr powder was
chosen to be 13:1, and that of toluene to Zr powder was 3:1. The
Zr powder and toluene were introduced in a WC vial and sealed
in a glove box filled with highly pure argon gas. The rotation
speed during milling was set to be 400 rpm. The collected prod-
ucts after milling were in a mash state, and they were dried at
80 °C for 20 h in a vacuum chamber (~10~3 Pa) to remove any
residue of toluene. The structural development of the as-milled
powders was characterized by X-ray diffraction (XRD) (Cu
Ka radiation, D/MAX-PC/2500), field-emission scan electron
microscopy (SEM S4800, equipped with an energy-dispersive
X-ray compositional microanalysis system, EDS), high resolu-
tion transmission electron microscopy (HRTEM JEOL 2010).
Bulk ZrC, was sintered at 1200 °C under pressure of 50 MPa
for 5min using a spark plasma sintering (SPS) system (Syn-
tex Inc., Japan). Average grain size was determined from the
peak broadening using the Williamson—Hall formula’® after
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Fig. 1. Typical XRD patterns of as-supplied Zr powder and as-milled powders
obtained after different milling times. The bars, from top to bottom, are cor-
responding to ZrC (red, PDF#74-1221), ZrH, (green, PDF#73-2067), and Zr
(blue, PDF#05-0665), respectively. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

elimination of the respective influence of strain and instrumen-
tal broadening by a pseudo-Voigt profile function fitting and
comparing the relevant peaks with that from a standard sample
SPS-sintered at 2000 °C and 20 MPa for 1h and slow cooled
down to room temperature. Carbon content for the samples
was analyzed by oxidation. The density was measured using
an Archimedes method. The Vickers indentation was obtained
by indenting a diamond indenter into the samples with 300 g
loads applied for 10s.

3. Results and discussion

Fig. 1 shows the X-ray diffraction (XRD) patterns of the as-
supplied Zr powder and the as-milled powders after the milling
durations ¢ of 1, 2, 3, 4, 6, and 25h. With the increase of ¢,
the diffraction peaks of the as-supplied hcp Zr were weakened
and broadened quickly, becoming invisible when ¢ is longer
than 6 h. Accompanying the milling-induced disappearance of
Zr, two more new phases were observed in the XRD spec-
tra, and they were identified as fcc-ZrH, and fcc-ZrCy. In the
early milling stage of # < 3 h, the formation of ZrH; phase dom-
inates. This is in an agreement with the formation of metal
hydrides during the milling of metals with organic additives
containing a hydrogen component.?3*35 When the milling
duration increases above 1 h, the reflection peaks of ZrC, were
found to appear. They grew continuously in intensity with the
increase of ¢, and become dominant when ¢ is longer than 3 h.
By analyses of the XRD spectra with the help of the MAUD
programs,®® the developments of Zr, ZrH,, and ZrC, phases
with the milling time have been determined in volume fraction
and grain size,*’ which are shown in Fig. 2. Sharp reductions
in the volume fraction and grain size occur for the Zr phase
in the early milling stage (< 1h). The Zr grains go quickly
towards an average size in nanoscale (less than 10 nm) when
t>1h, and the Zr phase cannot be detected in the XRD mea-
surements at t>6h. With the increase of milling time ¢, the
formation of ZrH, dominates in the early milling stage, reach-
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Fig. 2. Developments of the average grain size d (a) and volume fraction (b) for
Zr, ZrH», and ZrC, with the milling duration . For clearance, the grain sizes
for ZrH, and ZrC, were enlarged by a factor of 10. Inset of (a) is the average
carbon content of the as-milled powders after different milling times.

ing a maximum at the milling time of 3h. At #>3h, the ZrH»
phase disappears gradually. In contrast, the new ZrC, phase is
almostinvisible in the early milling process, but when the milling
time is longer than 1h, its formation starts and grows rapidly
with the milling time. For both the phases of ZrH, and ZrC,,
their average grain sizes were determined to be in nanoscale
even in the early milling stage, and they were reduced quickly
to a value of ~7 nm by the ball milling. When the milling is
long enough, for instance, =25 h, the volume fraction of ZrC,
was estimated to be ~90%, indicating that the finally obtained
nanoparticles after the milling consist mainly of the phase of
7rC,.

Fig. 3 shows the TEM and HRTEM images of the nanopar-
ticles obtained after the 25h milling. The nanoparticles are
fairly agglomerated, and the average size is determined to be
less than 10 nm. This value is consistent with the average grain
size (~7nm) estimated from the XRD spectra. The HRTEM
image indicates that the nanoparticles are single crystalline. In
combination with the XRD patterns, the selected area electron
diffraction (SAED) rings (lower right inset of Fig. 3) and the
HRTEM image support the fcc structure of the nanoparticles.
A previous report claimed that the milling of Zr in toluene can
induce an allotropic transformation of Zr from hcp to fcc due
to the reduced grain size of Zr.*! However, our investigations

Fig. 3. TEM images of the as-milled powders after 25 h of milling. Upper and
lower insets are the HRTEM image and the SAED rings, respectively.

have shown that the fcc phase is the nonstoichiometric ZrC,. As
shown in the inset of Fig. 2(a), the determined average carbon
content was found to increase with the increase of #, converg-
ing to a value of 1 when the milling duration ¢ is longer than
t>10h.

Fig. 4(a) shows the XRD pattern for the SPS-sintered sam-
ple from the 25 h-milled nanoparticles. The reflection peaks
are found to come from the fcc structure of ZrC (JSPDS-PDF
#65-0962),*2 and the refined lattice constant is ~0.4698 nm.
The C content x was determined to be 0.995, being consis-
tent with that of the as-milled nanoparticles before sintering.
In addition, the measured Vickers hardness for the SPS-
sintered sample was found to be ~14 GPa, and it is much
higher than the value (~2.1 GPa) found in the sintered start-
ing Zr powder. These experimental facts corroborate that the
nanoparticles obtained by the milling of Zr in toluene are the
zirconium carbides of ZrC, instead of the previously claimed
fec Zr.

The SPS-sintered sample shows a high relative density of
~99.85%. The SEM images on the fracture surface (Fig. 4(b))
show that the grains have a narrow size distribution and are quite
well connected. The average grain size is estimated to be ~5 pm
from the SEM image. There are also particles seen on the grain
boundary, as indicated by circles in the inset of Fig. 4(b), and
they were identified to be W using the EDS compositional anal-
ysis. Since the W phase was not detected within the resolution
of our XRD machine, such a small amount of W was presum-
ably produced from the reaction of Zr with the tungsten carbide
milling media.

During the liquid—solid reaction induced by ball milling of
Zr in toluene, toluene serves as the carbon source for the for-
mation of ZrC,. The measurements of XRD and SEM indicate
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Fig. 4. (a) The XRD pattern for the SPS-sintered sample from the 25 h milled
nanoparticles. Inset of (a) is the Raman spectra for the as-milled nanoparticles
(red solid circles) and the SPS-sintered sample (blue solid squares). Solid lines
are guide to the eyes. (b) SEM images of the fracture surface for the SPS-sintered
sample at 1200 °C for 5 min. The inset of (b) is the enlarged SEM image, in which
some W particles (red circles) are observed. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)

that the reaction process activated by high-energy ball impact
can be separated into three main stages. The first milling stage
(t<~1h) is mainly dominated by the refinement of the Zr par-
ticles, in which toluene serves as a PCA for prevention of the
Zr cold-welding. The formation of ZrH; dominates the second
milling stage (1 h<7<4h). When the Zr particles are decreased
to a critical size (~50 nm), they may serve as a catalyst to the
decomposition of toluene into carbon and hydrogen. The forma-

tion enthalpy of ZrH,*? is much lower than that of ZrC,** and the
mobility of H in the Zr lattice is much higher than the C mobility.
Thus, the formation of ZrH, under high-energy ball impact is
favorable. The Zr particles are covered with quickly formed thin
shells of nanocrystalline ZrH», preventing the further decompo-
sition of toluene owing to the disappearance of fresh Zr surfaces.
Simultaneously, the free C atoms tend to absorb on the ZrH,
shells. This is confirmed by the XRD results, SEM morphology
(Fig. 5(a)) and concentration profiles of elemental Zr and C of
particles (Fig. 5(b)). The sharp reduction of Zr in concentra-
tion at the edge outwards to the hole, being gradually decreased
further away the hole, is probably due to the formation of zir-
conium hydrides since the concentration of C remains barely
changed over the particle. Under high-energy ball impacts, the
brittle shells of ZrH, are broken and fall off the Zr particles,
generating the new fresh Zr surfaces. The exposure of fresh Zr
surface to toluene leads to the further decomposition of toluene,
and thin shells of ZrH, are formed again around the Zr parti-
cles. This process also induces the quick size reduction of the
Zr particles, and it repeats till Zr disappears almost completely.
Accompanying the disappearance of Zr and the continuous for-
mation of ZrH», the ZrC, phase forms by the reaction between
broken off ZrH, nanoparticles and liberated free C atoms under
the high-energy ball pulverization. In fact, by the milling of ZrH»
in toluene and ZrH, with graphite, we found that ZrC, was pro-
duced only in the latter case. This is similar to the synthesis
of ZrCy by the ball milling of Zr and carbon under hydrogen
atmosphere.*> The final milling stage (r>4 h) is dominated by
the formation of ZrC, via the reaction of broken ZrH; nanopar-
ticles with liberated free C atoms, since Zr-C chemical bonds
are more thermally stable than Zr-H bonds*0.

By similar procedures, nanoparticles of NbC,, TiC,, and WC,
were synthesized only with different ball milling times, which
is 40 h, 50 h and 60 h, respectively for the starting powder of W,
Ti, and Nb, as shown in Fig. 6. The corresponding average grain
size dis ~8 nm, ~7 nm and ~8 nm, and atomic ratio of carbon to
metal x is 0.657, 0.953 and 0.998, respectively for NbC, TiC,
and WC,. These results indicate that the mechanochemically
milling of the transition metals powder with toluene could be
a potential route to synthesize the nanoparticles (~10nm) of
transition-metal carbides.

Fig. 5. (a) The SEM morphology and (b) the SEM line-scan image and the concentration profiles of elemental Zr and C, of particles obtained after 3 h of ball milling.
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Fig. 6. XRD patterns for the as-supplied and as-milled powders of (a) Nb powder
(particle size 44 pm, purity 98.5%), (b) Ti powder (particle size 74 pwm, purity
99.5%), and (c) W powder (particle size 44 wm, purity 99.9%). The bars on the
top of (a), (b), and (c) represent the positions for the diffraction peaks of NbC
(PDF#38-1364), TiC (PDF#32-1383), and WC (PDF#51-0939), respectively.

4. Summary

In summary, nanoparticles of zirconium carbides were suc-
cessfully produced by ball milling of Zr powder with toluene.
During the milling, toluene served as a PCA as well as a source
of carbon for the formation of ZrC,. The carbon content of x can
be tuned by controlling the ball milling time. Bulk ZrC from the
SPS-sintering of the as-milled nanoparticles of ZrC, at 1200 °C
shows a Vickers hardness of ~14 GPa and relative density of
~99.8%. This ball milling process has been used to successfully
prepare the nanoparticles of WCy, TiC,, and NbC,, indicating
that ball milling of the transition metals in toluene could be a
potential route to synthesize the nanoparticles of transition-metal
carbides.
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