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Abstract Titanium and carbon powder mixtures with
compositions of Ti;pp_,Cy (x = 50,40, 30) were milled under
a helium atmosphere using a magneto ball mill. Controlled
ball milling was performed in a higher energy impact mode
and a lower energy shearing mode. For TisoCsg and TiggCao
powder mixtures milled in impact mode, TiC was formed via
a mechanically-induced self-propagating reaction (MSR).
When milling Ti;(C5q in impact mode, the reaction to form
TiC proceeded gradually as milling progressed; indicating
that, for milling conditions that lead to the formation of TiC
via MSR, a minimum carbon content is required to sustain
the self-propagating reaction to form TiC. Milling in shear-
ing mode resulted in the gradual formation of TiC during
milling. This study found that increasing the carbon content
of the starting powder mixture slowed the milling process.
Replacing the activated carbon starting powder with high
purity graphite was found to have little effect on the ignition
time; indicating that the slowing of the milling process is not
due to graphite acting as a lubricant during milling. Rather,
this slowing of the milling process is most likely due to an
increased carbon content resulting in an increase in the
volume of the powder mixture. This would have a similar
effect during milling to decreasing the ball:powder weight
ratio (BPR), which is known to slow the milling process.

Introduction

Titanium carbide (TiC) is a material of commercial interest
because it possesses a range of desirable properties. It is
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extremely hard, being one of the hardest known metal
carbides [1]. TiC exhibits excellent thermal stability and
has a very high melting temperature of approximately
3100 °C [2-6]. It also displays relatively high thermal and
electrical conductivity. Good thermal conductivity results
in low temperature gradients, which reduces thermal
stresses and cracking, making it suitable for high speed
cutting tool applications [7]. Good electrical conductivity
makes it suitable for electrical discharge machining, which
helps overcome the problem of shaping such a hard
material [8]. TiC has a low density, which is desirable for
applications that demand lightweight materials. It also
exhibits excellent chemical stability, which is important for
cutting tool applications, as chemical stability reduces the
type of chemical interaction between the cutting tool and
the workpiece which typically results in crater wear [9, 10].

This combination of very high hardness, high melting
temperature and excellent thermal and chemical stability
makes TiC suited to a number of commercial applications.
TiC is often used in abrasives, cutting tools, grinding
wheels and coated cutting tips [2—6]. TiC is also used as a
hardening phase in superalloys [4].

However, one of the disadvantages of using TiC for
commercial applications is that it is difficult to produce.
The production of TiC is currently energy intensive and
requires expensive high temperature processing equipment.
For instance, current production methods involve reactions
carried out at temperatures well above the melting point of
titanium (1670 °C). These high temperature production
processes include carbothermal reduction of titanium
dioxide, carburisation of titanium by heating in the vapour
of a suitable hydrocarbon and the direct reaction of tita-
nium with carbon [1-4, 6, 10, 11].

It has been shown recently that TiC powder can be
produced during the high-energy milling of titanium and
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carbon powders [1-4, 6, 12—17]. High-energy milling has a
number of potential advantages compared to the existing
processes used to commercially produce TiC. High-energy
milling is performed at room temperature, so there is no
need for expensive high temperature reaction equipment;
which could result in significant capital expenditure sav-
ings. This synthesis method can also be easily scaled up to
commercial capacities. Current high-energy milling pro-
duction units, used for the production of oxide dispersion
strengthened (ODS) superalloys, process 1 ton of powder in
a 2 m diameter mill which contains more than 1 million
balls weighing approximately 10 tons [18]. Another
advantage of this synthesis method is that the final product
is a fine, homogeneous nanocrystalline powder, which can
then be easily shaped and consolidated using conventional
powder metallurgy processes. Such nanocrystalline mate-
rials have attracted much interest recently as advanced
engineering materials due to their unique, improved
physical and mechanical properties [2, 6, 19-21]. This
work examines the effects of starting composition and
milling mode on the synthesis of TiC during the controlled
ball milling of titanium and carbon.

Experimental

Controlled ball milling was performed using a magneto
ball mill (Uni-Ball-Mill 5) that consists of a stainless steel
vial, containing a few hardened steel balls, that rotates
about the horizontal plane. The movement of the balls
during milling is confined to the vertical plane by the vial
walls and their trajectory is controlled by an external
magnetic field [22]. By adjusting the external magnetic
field it is possible to control both the type and magnitude of
forces experienced by the powder during milling; from a
lower energy shearing mode where predominantly shearing
forces are present to a higher energy impact mode where
significant impact forces are experienced.

Titanium powder of particle size < 250 pm and mini-
mum purity of 99.9% was mixed with high purity activated
carbon powder of particle size < 150 um to give compo-
sitions of Tijpp_,Cx (x =50, 40, 30). All of the milling
experiments in this work used 10 g of powder with four
milling balls, corresponding to a ball to powder weight
ratio (BPR) of approximately 27:1. To investigate the ef-
fect of milling conditions, each composition was milled in
shearing mode, where the powders experience mostly
shearing forces, and in impact mode where significant
impact forces are produced via ball-ball and ball-mill
collisions. For milling in impact mode, the milling speed
was 80 rpm and the external magnet was horizontal in the
““3 o’clock’ position. When milling in shearing mode, the
milling speed was 60 rpm and the magnet was vertical
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under the milling vial in the ‘6 o’clock position’’. Milling
was performed in a high purity helium atmosphere. Sam-
ples were taken under a helium atmosphere using a
glovebag to prevent contamination of the powders. The
external temperature of the milling vial was monitored
during milling using a Thermo-Hunter® Built-In2 infrared
thermometer connected to a Hobo® HS data logger.

XRD analysis of the as-milled powders was performed
using a Phillips PW1730 diffractometer with Cu Ko radi-
ation. The crystallite size of the milled powders was esti-
mated using the method of integral breadths as described
by Varin et al. [23]. The Williamson—Hall method was not
used to separate the effects of crystallite size reduction and
lattice microstrain because it produced highly variable and
unrealistic values for the lattice microstrain. The full
widths at half maximum (FWHM) values were determined
using TRACES ™ software developed by Diffraction
Technology Ltd. (Canberra, Australia). These values were
then corrected for instrument broadening using Warren’s
correction [24-26]:

B> =B} - B}

where B is the corrected peak broadening, B, is the total
broadening and B; is the instrumental broadening. The
instrumental broadening was determined using the stron-
gest peak from the XRD pattern of a silicon reference
sample.

Differential thermal analysis (DTA) was performed
using a Perkin Elmer DTA7. Samples were heated from
200 °C to 1200 °C at 20 °C/minute.

Results and discussion
Impact mode

When milling in the higher energy impact mode, an abrupt
increase in the temperature of the milling vial was observed
for TisoCso and TigpCyo powder mixtures; as shown in
Fig. 1. The milling interval at which this abrupt tempera-
ture increase occurred is referred to as the ignition time, f,.
The average ignition time for TisoCso was approximately
71 h, whilst that for TiggC4p was approximately 41 h.
Typical plots of the milling vial temperature versus milling
time for Ti5oCsg and TiggCyo powder mixtures are shown in
Fig. 1a and b, respectively. The ignition time was repeat-
able within + 2 h of the average ignition time. No such
temperature increase was detected for powder mixtures
with a Ti;oCsg starting composition when milling in impact
mode.

The XRD patterns for samples taken before and after f;,
are shown in Fig. 2 for TisoCso and in Fig. 3 for TiggCyo.
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The XRD patterns for both compositions display only
broad peaks corresponding to titanium before #;, (Figs. 2a,
3a). Both XRD patterns do not show any graphite XRD
peaks. It is unlikely that the absence of any graphite XRD
peaks is due to the formation of a Ti(C) solid solution
because there is no shift of the titanium XRD peaks to
lower Bragg angles. The absence of any graphite XRD
peaks could be due to amorphisation of the graphite in-
duced by milling. However, Ye and Quan [1] noted that the
mass absorption coefficient for Cuk,, for Ti is 208 m*/g
whilst that for C is 4.6 m%g. This would make graphite
very difficult to detect by XRD analysis in the presence of
titanium, especially if present in the powder particles as
thin layers sandwiched between layers of titanium, as is the
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Fig. 2 XRD patterns for TisoCso after milling in impact mode for:
(a) 66 h, (b) 82 h
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Fig. 3 XRD patterns for TiggCyo after milling in impact mode for:
(a) 36 h, (b) 60 h
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characteristic layered structure of powder particles during
the early stages of milling [27]. It is also possible that the
carbon atoms are located in the many grain boundaries and
other defects produced in the titanium particles during
milling, which would also hinder the detection of graphite
by XRD.

Figures 2b and 3b show that after #,, the XRD patterns
for both TisoCsg and TiggCyp contain strong TiC peaks and
a very weak peak at approximately 20 = 40° corresponding
to unreacted titanium; indicating that the powder has al-
most completely transformed into TiC. These results sug-
gest that the sudden temperature increase detected during
milling in impact mode, for both TisoCsy and TigyCyo, is
due to the exothermic reaction to form TiC. The abrupt
nature of the temperature increase indicates that, for these
systems, the reaction to form TiC is a very rapid one. This
type of abrupt exothermic reaction taking place during
milling has been referred to as a mechanically-induced
self-propagating reaction (MSR) [28].

The XRD patterns for Ti;(Cs, after milling for 48 h and
96 h in impact mode, are shown in Fig. 4. Both patterns
show a mixture of peaks corresponding to both TiC and
unreacted titanium. After milling for 48 h in impact mode
(Fig. 4a), there are only very weak peaks corresponding to
TiC, whilst after milling for 96 h (Fig. 4b) the peaks cor-
responding to TiC have increased in intensity and those
corresponding to titanium have become weaker. These
results, combined with the absence of any sudden increase

b) oTi
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Fig. 4 XRD patterns for Ti;oCs( after milling in impact mode for: (a)
48 h, (b) 96 h
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in the temperature of the milling vial during milling,
indicate that when milling Ti;yC3y in impact mode, the
reaction to form TiC does not take place via MSR but
instead proceeds gradually as milling progresses. This
suggests that for milling conditions that lead to the for-
mation of TiC via MSR, a minimum carbon content is also
required to sustain MSR. For powder mixtures with lower
carbon contents the reaction proceeds gradually to produce
a mixture of TiC and unreacted titanium.

One possible explanation for the change in reaction
kinetics with the change in composition is that when
milling Ti;oCs30, the excess of titanium acts as a heat sink.
Thus, when some of the powder begins to react to form
TiC, the heat liberated during the exothermic reaction is
dissipated by the excess titanium, which prevents further
unreacted powder from being ignited by the liberated heat,
preventing the reaction from becoming self-propagating.

Another possibility is that the availability of carbon is
the rate-limiting factor preventing the reaction to form TiC
from becoming self-propagating when milling Ti;oCs. For
this low carbon composition, the excess titanium acts as a
physical barrier to the supply of unreacted carbon to the
reaction zone. This prevents unreacted carbon from being
supplied quickly enough to the reaction zone to sustain a
self-propagating reaction. Therefore the reaction to form
TiC must proceed gradually so as to allow time for the
carbon to be brought to the reaction zone, either by dif-
fusion processes or by physical mixing as a result of
milling.

Shearing mode

The XRD patterns for TisoCsg, TigoCao and Ti;oC3o milled
in shearing mode are shown in Figs. 5, 6 and 7, respec-
tively. No abrupt increase in the temperature of the milling
vial was observed when milling these compositions in
shearing mode. Ti5;oCso sampled after milling for 96 h in
shearing mode displayed only XRD peaks corresponding
to titanium, as shown in Fig. 5b. Milling was continued
until 144 h and XRD analysis still only revealed peaks

.
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Fig. 5 XRD patterns for TisoCsq after milling in shearing mode for:
(a) 48 h, (b) 96 h, (¢) 144 h
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Fig. 6 XRD patterns for TigoCyo after milling in shearing mode for:
(a) 48 h, (b) 96 h

corresponding to titanium (Fig. 5¢). When milling TigyCyq
in shearing mode, XRD analysis failed to detect any peaks
corresponding to TiC after milling for 48 h. After milling
for 96 h extremely weak peaks corresponding to TiC were
detected at approximately 20 = 36° and 20 = 42°, as
shown in Fig. 6b. For Ti;oCso milled in shearing mode,
extremely weak peaks corresponding to TiC were detected
after milling for 48 h, as shown in Fig. 7a. The peaks
corresponding to TiC became much stronger after milling
for 96 h.

The above results suggest that TiC does not form via
MSR when milling titanium and carbon powder mixtures
in shearing mode. It is possible that further milling of
TisoCso for longer than 144 h may eventually result in the
formation of TiC via MSR. However, the results for
TigoCao and TizoC30, showing the gradual formation of TiC
without any sudden increase in the temperature of the
milling vial suggest that if TiC does form during further
milling of Ti5oCsp in shearing mode, it would be via a
gradual reaction. These results support those of Schaffer
and Forrester, who demonstrated that when milling Ti5oCsg
powder mixtures, the reaction to form TiC could occur
either via MSR or via a gradual reaction, depending on the
density of the milling balls [12]. For heavier balls, and
hence higher energy milling, the reaction took place via
MSR; whilst for lighter balls, and hence lower energy
milling conditions, the reaction to form TiC proceeded

oTi
o TiC
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Fig. 7 XRD patterns for Ti;oCsq after milling in shearing mode for:
(a) 48 h, (b) 96 h
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gradually as milling progressed. This study has shown that
when milling Tis5oCsg and TiggCyo powder mixtures using a
magneto ball mill, TiC is formed via MSR when milling in
impact mode and TiC forms gradually as milling pro-
gresses when milling in the lower energy shearing mode.

Effect of carbon content

Figure 1 shows that when milling in impact mode, the
ignition time, #,, is significantly longer for TisoCs, than for
TigoCao. Both Deidda et al. [17] and Liu et al. [4] reported a
similar increase in f;, with increasing carbon content when
milling titanium and carbon powder mixtures. These results
suggest that increasing the carbon content of the starting
powder mixture increases the milling time required for
MSR to occur by somehow slowing or hindering the
milling process.

The XRD results shown in Figs. 5, 6 and 7 are further
evidence that increasing the carbon content of the starting
powder mixture slows the milling process. When milling
TisoCso in shearing mode, TiC was not detected by XRD
analysis after milling for 144 h. For TigyCyo milled in
shearing mode, TiC was detected by XRD analysis after
milling for 96 h but not after milling for 48 h. TiC was
detected after milling for only 48 h when milling Ti;(Csq
in shearing mode. These results demonstrate that when
milling in shearing mode, increasing the carbon content of
the starting powder mixture results in a longer milling
duration before TiC is detected by XRD analysis.

The method of integral breadths was used to estimate
the crystallite size of the titanium phase for all of the XRD
patterns shown in Figs. 5, 6 and 7. The results are sum-
marised in Table 1. These results show that increasing the
carbon content of the starting powder mixture slows the
rate of titanium crystallite size reduction during milling. It
can clearly be seen that Ti5oCso exhibited the slowest rate
of crystallite size reduction, which again demonstrates that
increasing the carbon content slows the milling process.

It was thought that increasing the carbon content of the
starting powder mixture slowed the milling process be-
cause graphite in the activated carbon starting powder ac-
ted as a lubricant during milling. Increasing the carbon
content would increase the lubricating effect and increas-
ingly hinder the milling process. To test this hypothesis, a

Table 1 Titanium crystallite size (nm), estimated using method of
integral breadths, for TisoCsg, TigoCso and Ti;oCzo milled in shearing
mode

Mllllng duration (h) Ti50C50 Ti60C40 Ti70C30
48 46 28 29

96 39 27 24

144 28

TigoCa4o powder mixture, using high purity graphite instead
of activated carbon as the carbon starting powder, was
milled in impact mode. If graphite in the activated carbon
was acting as a lubricant during milling, then replacing the
activated carbon with high purity graphite should increase
this lubricating effect and therefore significantly slow the
milling process. The ignition time, £, for the TigoCao
powder mixture using high purity graphite was approxi-
mately 44 h. The #, for TigyCso powder mixtures using
activated carbon was approximately 41 h; which indicates
that the change in #, as a result of using graphite instead of
activated carbon is insignificant, especially since the ¢, for
TisoCso milled with activated carbon was approximately
71 h. This result suggests that the slowing of the milling
process as the carbon content is increased is not due to
graphite acting as a lubricant during milling.

The activated carbon starting powder is much less dense
than the titanium starting powder and it was observed that
increasing the carbon content significantly increased the
volume of the starting powder mixture, even though the
total powder mass remained the same. This increase in
powder volume would result in a smaller fraction of the
total powder charge being involved in each collision be-
tween the milling media during milling and so would have
a similar effect to decreasing the ball:powder weight ratio
(BPR). Schaffer and Forrester reported that when milling a
TisoCso powder mixture, decreasing the BPR lead to an
increase in f;, [12]. Thus, increasing the carbon content of
the starting powder mixture increases the volume of pow-
der in the milling vial and would therefore result in a
smaller fraction of the total powder mixture being involved
in each collision between the milling media. This would
have a similar effect to decreasing the ball:powder weight
ratio, which has been shown to slow the milling process.

Differential thermal analysis (DTA)

DTA of the as-milled powder sampled before the reaction
to form TiC had progressed to completion, or MSR had
occurred, revealed a broad, strong exothermic peak like
that shown in Fig. 8. XRD analysis of powder from DTA
runs that were stopped before the exothermic reaction

T Exothermic

Delta T

200 300 400 500 600 700 800 900 1000 1100 1200
Temperature

Fig. 8 DTA trace for TigyCyg after milling in shearing mode for 96 h
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Table 2 Ignition temperature (°C), Tig, for TisoCsp, TigoCao and
Ti;0C30 milled in shearing mode

Mllllng duration (h) Ti50C50 Ti60C40 Ti70C30
48 750 420 410

96 425 395 390
144 405

occurred revealed only peaks corresponding to titanium,
whilst XRD analysis of the powder after DTA runs to
temperatures greater than that of the exothermic peak re-
vealed strong TiC peaks; confirming that this strong exo-
thermic peak corresponds to the exothermic reaction to
form TiC.

The onset temperature for this exothermic peak is re-
ferred to as the ignition temperature, T, [29]. When mill-
ing in impact mode, the ignition temperature for TisoCsq
and TigoCso sampled shortly before £, was approximately
400 °C. It has been suggested by some researchers that
MSR occurs when the ignition temperature of the powder
is reduced to the maximum temperature experienced by the
powder during milling [15, 29, 30]. This suggests that the
maximum temperature experienced by the powder whilst
milling in impact mode is approximately 400 °C.

The ignition temperatures for TisoCsg, TiggCso and
Ti7oC3p milled in shearing mode are given in Table 2.
These results show a similar trend to that of the crystallite
size shown in Table 1. The rate of reduction of Tj, with
milling time is significantly slower for TisoCsy than for
TiggCyqg or TizoCzp. Again, these results demonstrate that
increasing the carbon content of the starting powder mix-
ture slows the milling process.

It is thought that the reaction to form TiC progresses
gradually in lower energy milling regimes, rather than via
MSR, because the temperature reached by the powder
during milling is not high enough to ignite the self-prop-
agating reaction [29, 30]. For instance, when milling in
impact mode, the Tj, for TisoCso and TigoCso powder
sampled shortly before MSR occurs is approximately
400 °C. However, TigyCyo milled for 96 h in shearing
mode has a Tj, of approximately 395 °C and yet TiC has
begun to form gradually, rather than via MSR. This is
probably because the lower energy shearing mode does not
result in the powder reaching temperatures high enough to
ignite MSR, and so the reaction to form TiC proceeds
gradually as milling progresses.

Conclusions
This study found that when milling TisoCso and TigoCao

powder mixtures in impact mode using a magneto ball mill,
TiC was formed via a mechanically-induced self-propa-
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gating reaction (MSR), indicated by an abrupt increase in
the temperature of the milling vial that corresponded to the
formation of TiC. When milling Ti;yCs¢ in impact mode,
the reaction to form TiC proceeded gradually as milling
progressed. It is possible that the reaction does not proceed
via MSR when milling Ti;oCj¢ in impact mode either be-
cause the excess titanium dissipates the heat of reaction or
there is insufficient carbon to sustain the self-propagating
reaction to form TiC.

No sudden increase in the temperature of the milling
vial was detected when milling TisqCsg, TigoCso and
Ti7;0C3p powder mixtures in the lower milling energy
shearing mode and TiC was found to form via a gradual
reaction. TiC possibly formed gradually, rather than via
MSR, because the maximum temperature reached by the
powder during milling in shearing mode was not high en-
ough to ignite the self-propagating reaction to form TiC.

The results of this study also show that increasing the
carbon content of the starting powder mixture slows the
milling process. When milling in impact mode, MSR oc-
curred after a significantly longer milling duration for
Ti50C50 than for Ti60C40. For TisoCso, Ti60C40 and Ti70C30
powder mixtures milled in shearing mode, increasing the
carbon content increased the milling duration before TiC
was detected by XRD analysis. The rate of reduction of the
titanium crystallite size and the ignition temperature with
milling time was also the slowest for TisoCso.

It was found that, for a TiggCyy powder mixture,
replacing the activated carbon starting powder with high
purity graphite had little effect on the ignition time. This
result demonstrates that the slowing of the milling process
with increased carbon content is not due to graphite in the
activated carbon starting powder acting as a lubricant
during milling. Therefore, this slowing of the milling
process is most likely due to the volume of powder in the
milling vial increasing as the carbon content is increased,;
which results in a smaller fraction of the total powder
mixture being involved in each collision between the
milling media. This would have a similar effect to
decreasing the ball:powder weight ratio, which has been
shown to slow the milling process.
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