
Formation of Nanometric Hard Materials
by Cold Milling

N. J. Welham ab* and D. J. Llewellyn ac

aDepartment of Electronic Materials Engineering, Research School of Physical Sciences and Engineering,
Australian National University, Canberra, ACT 0200, Australia
bDepartment of Applied Mathematics, Research School of Physical Sciences and Engineering, Australian National
University, Canberra, ACT 0200, Australia
cElectron Microscopy Unit, Research School of Biological Sciences, Australian National University, Canberra,
ACT 0200, Australia

(Received 31 December 1998; accepted 13 March 1999)

Abstract

The fabrication of nanosized, single crystal TiC or
TiN powders from ilmenite or TiO2 within a single
low temperature stage is reported in this paper. The
titaniferous powders were ball milled for 100 h in a
laboratory scale mill with magnesium powder and
either graphite or nitrogen. The resultant powders
were then subjected to an annealing step at 1200�C.
Di�erential thermal analysis and X-ray di�raction
showed that the phases formed within the milling
step and underwent grain growth on annealing. Acid
leaching of the powders selectively removed the
unwanted product phases leaving only the hard
material. The ®nal particle size and Scherrer XRD
crystallite size were similar after annealing, implying
that the particles produced were single crystal.
# 1999 Elsevier Science Ltd. All rights reserved
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1 Introduction

There is great interest in the formation of nanosize
particles due to their unusual properties. Conven-
tional mechanical processing eventually leads to
nanocrystalline or amorphous materials, these
powders typically possess particle sizes of 100±
1000 nm. There is an equilibrium between breakage

and rewelding of powders giving a constant par-
ticle size, although these grains are agglomerates of
smaller particles.1±4

It has recently been shown that mechano-
chemical processing can produce metallic parti-
cles of 100mn and smaller.5±8 The formation of
nanosized compounds is also of great interest in
many ®elds where the properties are closer to the
theoretical than to the measured bulk, e.g. in
quantum dots.9 Nanometric particles of ZrO2

10

and alumina11 have also been produced by
mechanochemical reaction, but these have required
thermal treatment for the reactions to occur. Thus
far, the reactions producing nanometric particles
have been comparatively simple using two reac-
tants during either metallic reduction or displace-
ment reactions.
Previous papers have examined the formation of

titanium nitride,12 carbide13 and carbonitride14 from
rutile and ilmenite by reduction with aluminium in
the presence of nitrogen and/or graphite. The
reactions were shown to be complete after milling
with the formation of nanostructured micronised
particles containing alumina, the titanium bearing
hard phase and iron.15

In this paper a similar reaction process is utilised
as before12±14 but using magnesium, which forms a
soluble oxide, as the reductant in place of alumi-
nium. A thermal processing step giving crystallite
growth, either before or after separation from the
other products, would possibly lead to defect-free
nanometric single crystals of hard materials. These
particles may prove to be of great importance, due
to the increased resistance to impact breakage of
single crystals compared with polycrystalline
materials, possibly leading to a new generation of
hard material products.
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2 Experimental

The titaniferous feed powders consisted of ilmenite
and rutile. The ilmenite was obtained from a com-
mercial concentrator of natural beach sands and
was >96wt% FeTiO3, the main impurities being
Mn, Zr and Si. The grains were rounded, as is
typical of ilmenite derived from beach sands and
had d50=150�m. Optical microscopy indicated
that zircon (ZrSiO4) was also present and was the
major mineral impurity. The rutile was pigment
grade material from a commercial chloride route
processing plant. X-ray ¯uorescence analysis of the
powder showed it was >99.9wt% TiO2 with no
Zr, Al or Si (whose oxides are common coatings
for pigment TiO2) present. X-ray di�raction
(XRD) of the powder showed it to be mainly the
rutile crystalline form with a small fraction of
anatase (estimated from relative peak areas on the
XRD trace at 1±2%). The particle size was 0.22±
0.26�m.
The magnesium and graphite powders were both

nominally >99wt% and had particle sizes of
<50�m, the magnesium particles were irregular in
shape and the graphite ¯aky. The nitrogen used
was 99.9%. Feed powders were prepared in accor-
dance with the stoichiometry of reaction eqns (1)±
(4), which were the thermodynamically predicted
reactions.16

TiO2 � 2Mg� C ) TiC� 2MgO �1�

FeTiO3 � 3Mg� C ) Fe� TiC� 3MgO �2�

2TiO2 � 4Mg�N2 ) 2TiN� 4MgO �3�

2FeTiO3 � 6Mg�N2 ) 2TiN� 6MgO

� 2Fe �4�

Seven grammes of each mixture was placed in a
laboratory scale tumbling ball mill made of 316
stainless steel, as previously described.17 Five 1
inch (25.4mm) diameter 420C stainless steel balls
were used giving a ball:powder mass ratio of 43:1,
the mill was rotated at 165 rpm for 100 h. The mills
were evacuated to �10ÿ2 Pa and those running (3)
and (4) were back®lled with nitrogen to 500kPa. The
pressure was maintained at >400kPa by adding
nitrogen as necessary to account for consumption or
leakage.
Di�erential thermal analysis (DTA) was per-

formed on selected powders using approximately
20mg; samples were heated up in a recrystallised
alumina crucible under an argon atmosphere to
1200�C at a heating rate of 20�Cminÿ1 using a

Shimadzu DTA-50 instrument. Thermogravimetric
analysis (TGA) was also performed using the same
parameters in a Shimadzu TGA-50. After heating
to 1200�C, the samples were cooled to <1000�C
within 1min and then more slowly to room tem-
perature. Milled powders were also annealed under
¯owing argon for 1 h at 1200�C.
Agitated leaching of the products was performed

for 18 h at room temperature using 3% HCl at a
slurry density of 1w/v. This leachant was chosen as it
readily reacts with the unwanted productsÐelemental
iron and MgO. Powders were leached both before
and after annealing for 1 h at 1200�C, to determine
the most e�cient method of separation of the hard
material particles from the unwanted matrix.
The products were analysed by X-ray di�raction

(XRD) using monochromatic Co K� radiation
(l � 0�178896 nm) with a count time of 2 s per
0.02� step. Crystallite size was calculated from the
®tted peak widths using Scherrer's formula.18 The
subscripted numbers in Table 1 are the 2� values
calculated from the variation in the individual
peaks. No data could be calculated for the
unleached, unannealed powders due to excessive
overlap between the peaks of the hard material and
MgO. The crystallite sizes for MgO in the annealed
samples were derived from only two peaks, conse-
quently no standard deviation was calculated. The
unit cell size was determined from the relationship
between the unit cell parameter and the measured
d-spacings.19

Transmission electron microscopy (TEM) was
performed on the powders obtained after leaching of
both as-milled and annealed powder. The powders
were dispersed in ethanol and drops of the resultant
suspension were placed onto holey carbon grids
and allowed to evaporate. Bright ®eld images and
selected area electron di�raction patterns (SADP)
were obtained using a Jeol 200CX TEM operating
at 200 keV.

3 Results

3.1 Thermal analysis
DTA on the as-milled powders showed there were
no thermal events up to 1200�C. Previous work on
this system in the absence of carbon or nitrogen20

has shown that the reaction of a physical mixture
occurs at around 600�CÐbelow the melting point
of magnesium. The reaction was highly exothermic
and may have been accelerated by the melting of
magnesium within the volume surrounding the
centres of reaction causing an increased interfacial
surface area between reactants in the solid-state
process. Clearly, the absence of thermal events
implies that the reaction had been completed
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within the mill. TGA of the milled powders showed
no change in mass, con®rming the reactions were
entirely solid-state. The absence of a mass loss
showed that the carbon in the system had been
®xed during milling or carbothermic reduction of
ilmenite or rutile would have occurred at tempera-
tures in excess of 700�C.21±28 For the nitrogen sys-
tem there was no change in mass, con®rming that
any nitrogenous phases within the system formed
during milling.

3.2 X-ray di�raction
X-ray di�raction traces of the as-milled powders
are shown in Fig. 1. It is clear that in all cases MgO
is the predominant phase present, although rutile
remains in (a) and iron is probably present in (b),

(c) and (d). The iron in (c) is due to abrasion from
the balls and mill whereas that in (b) and (d) is
from reduction of the ilmenite. The broadness of
the MgO peaks is such that evidence for the hard
material phases is inconclusive, although there
seems to be a shoulder on the main peak in traces
(a) and (b) that are probably due to TiC. The peaks
for MgO and TiN are separated by <0.4� which is
less than the ®tted peak width of >1.5�. This,
coupled with the low intensity of TiN peaks
directly after formation during milling,12,25 make it
probable that any TiN peaks present are overlaid
by the stronger MgO peaks. Crystallite sizes can-
not be calculated for any phases in these as-milled
powders due to overlap of the peaks for TiC and TiN
by the MgO peaks.
The powders were annealed under argon for 1 h

at 1200�C and the XRD traces for these powders
are shown in Fig. 2. Clearly, there has been sig-
ni®cant grain growth resulting in the narrowing of
peaks and the emergence of hitherto unobserved
phases. The peaks for titanium carbide are still
incorporated with the MgO peaks which suggests
that the crystallisation of MgO is either more rapid
than TiC or hinders the growth of TiC. There is
some separation of the TiC and MgO peaks at high
angles, although the TiC peaks are still relatively
weak compared with the MgO peaks. For rutile
milled with carbon (a) no other phases are evident
implying that reaction (1) was complete and was
not subject to a further thermal reaction. The
absence of either the exotherm for reduction of
TiO2 observed previously20 or the melting of resi-
dual Mg would seem to con®rm the completion of
reaction during milling.
The peaks for TiC are all at slightly higher 2�

than the standard peaks for TiC. The position of
the peaks are a function of the carbon content29,30

and the carbide was estimated to be TiC0�5, which
is as carbon de®cient as possible.29,30 However, an
oxycarbide phase of the general formula TiCxO1ÿx,
has been observed during the carbothermic reduction
of both rutile31±33 and ilmenite34,35 and may well be
present here. This phase has a smaller unit cell than
TiC and therefore showsXRDpeaks at slightly higher
angles, as observed here. It has been shown29,34,35 that

Table 1. Post-leaching crystallite sizes and calculated unit cell sizes for TiC/TiN of the as-milled and annealed powders

Crystallite size (nm) Unit cell size (nm)

As-milled Annealed As-milled Annealed

System Leached Unleached Leached MgO Leached Unleached Leached

TiO2+C 7.65�3 16.50�4 17.42�0 33 0.427336 0.42765 0.42803
FeTiO3+C 5.33�3 8.91�7 10.22�0 23 0.426015 0.43057 0.431612
TiO2+N2 5.51�9 19.03�1 19.83�3 34 0.423015 0.42344 0.42444
FeTiO3+N2 7.64�4 17.81�3 20.23�4 21 0.42306 0.42398 0.42433

Fig. 1. Intensity: 2� traces for (a), (b), (c) and (d) as-milled
powders for reactions (1)±(4), respectively; (e) and (f) reactions
(1) and (4) after 18 h in 3% HCl at room temperature. *,

MgO; &, TiC; &, TiN; ^, TiO2; ~, Fe.
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the removal of small fractions of oxygen from the
oxycarbide phase is di�cult, but can be achieved
by increasing the annealing temperature.29,34 Thus,
the ambient temperature reaction which occurred
during milling would more probably result in an
oxycarbide phase than a carbon de®cient carbide,
the unit cell for the phase is equivalent to
TiC0�66O0�34, assuming Vegards law applies.
For ilmenite, trace (b), the MgO peaks are clearly

visible and the oxycarbide peaks are much smaller
but somewhat wider, making them more evident
than in trace (a). Peaks for iron and a solid solu-
tion of carbon in iron are evident, as would be
expected from the signi®cant iron content of ilme-
nite. The incorporation of some carbon into the
iron would imply that the titanium phase formed
was carbon poor. From the calculated unit cell size
(Table 1), the cubic phase was estimated to be
either TiC0�54 or, more probably, TiC0�85O0�15.
The two nitride samples (c) and (d) show peaks

for MgO, iron and a new phase, MgTi2O4. The
peaks for TiN are overlapped by the stronger
peaks of MgO and are not obvious, although pro-
®le ®tting con®rmed that two peaks were present.
There is some slight contamination by iron in the
rutile sample (c) due to abrasion from the mill and

balls, presumably the contamination in the other
samples was too small to detect by XRD.
The formation of MgTi2O4 may have occurred

during milling or annealing, there were no peaks
evident directly after milling which may imply that
it was due to a thermally induced reaction. The
absence of thermal events during DTA neither con-
®rms or contradicts the two possible mechanisms of
formation. Earlier work on the mechanochemically
induced magnesium reduction of rutile20 showed
the formation of MgTi2O5 during annealingÐthe
solid-state reaction between TiO2 and MgO
becoming more extensive with increasing time and
temperature. An analogous reaction may be
occurring in this system, however, the absence of
MgTi2O5 after annealing seems to suggest that the
reduction of TiO2 to lower valence oxides of the
general formula TinO2nÿ1 occurs prior to magne-
sium incorporation.

Mg� 2TiO2 ) MgO� Ti2O3

) MgTi2O4 �5�

The absence of a peak in the DTA trace would
seem to discount the ®rst step occurring thermally
as it has an enthalpy of ÿ230 kJmolÿ1Mg,
although it may simply be too slow to detect by
DTA. Thus, it seems that the ®rst stage occurs
during milling, but whether the second stage occurs
during milling or annealing is uncertain. No ther-
modynamic data is available for the MgTi2O4

phase, but similar reactions involving Fe2O3, Cr2O3

and A12O3 all show favourable free energies (ÿ17 to
ÿ36kJmolÿ1) indicating that formation during mil-
ling is probably feasible.
The unit cell size of TiN was determined from the

pro®le ®tted peak positions to be close to the
accepted value of 0.424173nm,36 as shown in Table 1.

3.3 Separation
As-milled samples were leached and their XRD
traces are shown in Fig. 1(e) and (f). Clearly, there
are signi®cant changes from the unleached powders
(a) and (d) with the removal of the broad MgO and
Fe peaks. Several peaks for rutile became appar-
ent in (e) indicating that the reaction was incom-
plete after milling, whereas no new peaks were
evident for the ilmenite sample (f). The absence of
peaks for magnesium bearing phases would seem
to suggest that aerial oxidation of the remaining
elemental Mg had occurred on opening the mill to
atmosphere. Con®rmation of the presence of a TiC
phase in (a) can be made due to clear separation
from the now absent MgO, although there is some
overlap with residual rutile peaks. The rutile peak
around 31� has smaller satellite peaks around it;

Fig. 2. Intensity: 2� traces for (a), (b), (c) and (d) powders for
reactions (1)±(4) after annealing under argon at 1200�C for
1 h; (e) and (f) annealed powders for reactions (1) and (4) after
18 h in 3% HCl at room temperature. *, MgO; &, TiC; &,

TiN; ~, Fe; ~, MgTi2O4; !, Fe(C).
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these peaks are typical of incompletely reduced
rutile where TinO2nÿ1 phases are present.25±28,37

The compositions of the insoluble phase formed
from rutile and ilmenite were determined from the
unit cell size (Table 1), to be TiC0�39 and TiC0�35,
respectively. These values are substantially smaller
than the most carbon de®cient carbide reported,
TiC0�529,30 and con®rm that the phase formed dur-
ing milling was an oxycarbide, the composition of
which was TiC0�64O0�36 and TiC0�55O0�45 for rutile
and ilmenite, respectively.
The TiN derived from ilmenite (f) shows peaks

which are narrower than those in (d) and have
shifted to lower angles (i.e. greater d-spacings), as
expected from the larger unit cell of TiN
(0.424173 nm) compared with that of MgO
(0.4213 nm).
The continued presence of rutile in (a) and the

absence of reactant peaks in (f) would seem to
imply that the reaction of ilmenite is more facile
than that of rutile. It may be that the presence of
iron enhances the reaction to form hard materials.
In the carbothermal reduction of ilmenite and
rutile it has been shown that, although the initial
TiO2 reduction reaction was una�ected by the pre-
sence of iron there was a clear enhancement of the
latter stages of reduction due to the presence of
iron.20 This e�ect was attributed to an increase in
the supply of carbon to the reaction interface by
transport through the intimately mixed iron.
After leaching the samples annealed at 1200�C,

the XRD traces shown in Fig. 2(e) and (f) were
obtained. The leaching process has removed all of
the iron and magnesium oxide as expected,
although the MgTi2O4 phase is still present in the
nitride sample derived from ilmenite (f).
The theoretical and experimental mass losses

during leaching are shown in Table 2. Clearly, the
mass losses during leaching of all of the as-milled
powders were considerably greater than that pre-
dicted from the stoichiometry of reactions (1)±(4).
This was not unexpected, it has been shown else-
where that small crystallites formed during milling
dissolve more rapidly than larger crystallites of the
same material.1±4,38,39 Indeed, this e�ect is evident
here with an increase in crystallite size evident after
leaching the annealed powders (Table 1). Dissolu-
tion in excess of the theoretical amount would
indicate that titanium was solubilising in addition

to the MgO (and Fe) which are both soluble in the
acid used.
The annealed powders showed less solubility

than the unannealed powders, clearly the increased
crystallite size hindered the dissolution process.
The crystallite sizes of the TiC/TiN phases (Table 2),
are clearly much larger for the annealed powders
than the as-milled. However, the extent of dissolution
was still greater than that predicted, for all except
reaction (3), although there was no XRD evidence
of phases other than TiN being present and the
identity of the insoluble phase is unknown at present.
The absence of TiO2 in the leach product, although it
was present before thermal treatment, could imply
that the insoluble phase was a partially reduced
titanium oxide. The absence of peaks for these
phases may be due to a lack of crystallinity, or the
presence of numerous intermediate phases which
are insu�ciently crystalline or abundant to detect.
Leaching of the products of carbothermic reduc-
tion of rutile37 has indicated that these titanium
oxides are not particularly soluble in the solution
used. Previous work on the magnesium reduction
of ilmenite and rutile20 has shown that TiO is
probably formed during reaction, this phase is
soluble in water and may well be the reason for the
higher than expected solubilities.
For all carbide samples the unit cell size

increased slightly after leaching (Table 1), which
would seem to indicate that a low carbon content
oxycarbide was more soluble than a high carbon
oxycarbide phase. This is reasonable, assuming that
TiCxO1ÿx has properties intermediate between
those of highly soluble TiO and insoluble TiC.
There is also a slight increase in the nitride unit

cell sizes after leaching. Although, titanium forms
oxynitride phases, TiNxO1ÿx, they have only been
reported during oxidation of TiN ®lms40,41 and
not during reductive formation of TiN from
TiO2.

25±28,37 For the nitride the apparent increase
in unit cell size is accompanied by a decrease in the
data error due to peak ®tting not correctly decon-
voluting the TiN and MgO peaks in the annealed
but unleached samples [Fig. 2(c) and (d)].
It should be noted that the calculated crystallite

sizes for the unannealed rutile powders are based
on ®tting of the peaks which signi®cantly overlap
those of rutile. Thus, the value presented is prob-
ably as good an estimate of the rutile crystallite
size as for the carbide/nitride. The crystallite sizes
of the phases derived from ilmenite do not seem to
be a�ected by the presence of other phases and can
be considered reasonably reliable. Previous work15

has indicated that titanium carbide/nitride derived
thermally from rutile is generally of smaller crys-
tallite size than that obtained from ilmenite under
identical conditions and this may well be the case

Table 2. Theoretical and experimental solubilities of reactions
(1)±(4) before and after annealing for 1 h at 1200�C

System Theoretical As-milled Annealed

TiO2+C 57.4 75.9 58.2
FeTiO3+C 56.6 91.5 64.5
TiO2+N2 74.7 97.1 65.0
FeTiO3+N2 74.1 96.6 82.2
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here too. A higher quality XRD data set for sam-
ples of leached powders derived from rutile (0.02�

step with a 20 s count time) did not enable the
peaks for TiCxO1ÿx/TiN and TiO2 to be resolved
due to their similar d-spacings and the breadth of
the ®tted peaks.

3.4 Transmission electron microscopy
After 5 s sonication in ethanol in an ultrasonic bath
the samples were observed to turn black and did
not show signs of settling even after 1 h. Clearly,
sonication is breaking up the powder into the
component particles. Previous milling in a single
phase system1,4 has shown that sonication did not
break up the aggregates observed by SEM. Thus,
the presence of MgO must have prevented sub-
stantial rewelding of the hard material particles
allowing the formation of separate particles.
Micrographs of several leached powders com-

prising oxycarbide and nitride powders derived
from rutile and ilmenite, are shown in Fig. 3. The
unannealed samples (a) and (b) clearly show
smaller particles than the annealed samples (c)
and (d); this is not unexpected as coalescence and
growth can be expected to occur during annealing.
This indicates that the individual hard material
particles were not completely dispersed within the
MgO (and iron) but were in contact. The sizes of
particles in the unannealed powders were typically
3±14 nm, this range covers the 5±6 nm derived from

XRD. The SADP of the as-milled powders (a) and
(b) shows broad di�use rings with few spots; this
pattern is typical of material which contains a few
large crystallites within an amorphous matrix. The
Scherrer equation reports an average crystallite
size18 and a value within the range of measured
sizes could be expected in this instance.
After annealing, the measured particle sizes were

11±21 and 3±36 nm for (c) and (d), respectively, the
XRD crystallite sizes for these powders (Table 1),
(17.4 and 20.2mn) are within these ranges. The
SADP for these powders show much narrower
rings and more spots than the unannealed powders
clearly indicating the presence of larger crystallites
and a low content of amorphous material.

4 Discussion

The post-annealing XRD crystallite size of the
MgO (Table 1) was somewhat larger than the size
of the hard materials. In general, crystallite growth
of phases increases as the annealing temperature
approaches the melting point of the phase. In this
system, the mp of MgO (2852�C) is similar to that
of TiN (2930�C) but slightly smaller than that of
TiC (3140�C), thus crystallite growth for MgO and
TiN could be expected to occur at a similar rate
with TiC slower. Clearly, this is not the case with
MgO increasing much more rapidly than either

Fig. 3. Transmission electron micrographs and selected area electron di�raction patterns of as-milled and annealed (1 h at 1200�C)
powders after leaching for 18 h at room temperature using 3% HCl: (a) rutile milled with nitrogen; (b) ilmenite milled with carbon;

(c) rutile milled with carbon then annealed; (d) ilmenite milled with nitrogen then annealed.
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TiN or TiC. The phases present are mutually dis-
persed during milling42 and coalescence of parti-
cles would be hindered. For the ilmenite derived
powders the volume fraction of MgO was �36%
whereas in the rutile derived powders the fraction
was �47%, clearly there is signi®cant di�erence in
the expected dispersion of MgO. This is re¯ected in
the powders containing iron showing a somewhat
smaller MgO size after annealing than those with-
out iron. There does not seem to be a parallel to
this for the hard phases, the crystallite sizes for TiC
are smaller than those of TiN regardless of the
di�erences in dispersion (�26 vol% hard phase
with iron and �51 vol% without).
The presence of titanium oxycarbide, TiCxO1ÿx,

rather than a carbon de®cient carbide TiC<1 is
certain for powders derived from both rutile and
ilmenite. The increased unit cell size after annealing
is consistent with previously reported results in
thermally processed systems.29,34 In experiments
identical to these, but using aluminium instead of
magnesium,13±15 there was no evidence for a oxy-
carbide phase, presumably this was due to the
greater a�nity of aluminium for oxygen compared
with mg (�G298=ÿ609 kJmolÿ1 MgO, �G298=
ÿ1690 kJmolÿ1 Al2O3). Also, it is known that the
removal of small fractions of oxygen from the
oxycarbide phase is di�cult.29

Heating another sample of the ilmenite derived
carbide (b) at 1500�C removed the peaks at 51.2�

and 59.8� which are indicative of a solid solution of
carbon in iron and intensi®ed the elemental iron
peak at 52.4�, the titanium carbide peaks also
moved to lower 2� indicating an increase in the
unit cell size. Increasing the annealing temperature
has been shown29,34,35 to produce an oxycarbide
with an increasing fraction of carbon, which leads
to an increase in the d-spacings of the TiCxO1ÿx
phase.43 The unit cell size after annealing at 1500�C
was 0.43271 nm, equivalent to TiC0�9730 (or
TiC0�998O0�002), there was no mass loss associated
with the reaction implying that reaction (6) had
occurred between 1200 and 1500�C.

TiCxO1ÿx � Fe�yC� � f1ÿ xgMg

) Fe� TiCx�y � f1ÿ xgMgO �6�

This reaction is consistent with the work of Frage
et al.44,45 who found that carbon would be
removed from iron-carbon alloys by interaction
with sub-stoichiometric TiC to eventually form
TiC0�98. Thus it would seem that there was magne-
sium remaining after milling which was not evident
during DTA, this was presumably due to oxidation
on exposure to atmosphere after milling.

The formation and separation of hard materials
by a room temperature route has potentially major
industrial applications with relatively simple pro-
cessing requirements. The ease of separation of
the unwanted phases formed during milling makes
the production a two-stage process, milling then
leaching. Annealing of the powder prior to leach-
ing produces a larger crystallite and particle size
which would make handling the powder somewhat
simpler. Also, for the samples milled with graphite,
a thermal reaction occurs decreasing the oxygen
content of the oxycarbide phase. For both nitride
and carbide the apparent yield was greater after
annealing than before, with a substantial decrease
in dissolution compared with the as-milled powder.
Thus, it would seem prudent to anneal the powder
after milling to form larger particles, convert the
oxycarbide to carbide when iron is present and to
decrease the dissolution of the hard phase. How-
ever, it has been shown elsewhere25,37 that milling
of a mixture of carbon with either ilmenite or
rutile leads to a decrease in the temperature of
reaction and an increase in the rate of formation of
titanium carbide during thermal processing.
Indeed, 100 h milling of a mixture of ilmenite and
graphite has shown formation of TiC in 1 h at
1300�C and apparently complete formation of TiN
in 1 h at 1100�C,25,37 substantially more rapidly
than 4 h at 1550�C reported for complete conver-
sion to carbide of 20±25 nm TiO2 particles coated
in carbon.46,47 These powders were composed of
impact welded aggregates of polycrystalline parti-
cles which were <500 nm. The present study forms
smaller particles that are apparently single crystals
and the investigation of lower annealing tempera-
tures for the magnesium reduced powders may
prove to have a further economical advantage. A
thorough examination of the separation step would
probably prove to be valuable with the loss of the
smallest crystallites when using hydrochloric acid.
An alternative leach reagent, in which the hard
phase is less soluble, may well prove to give a
greater yield of the desired phases.
A similar system involving magnesium reduction

of rutile in the presence of boric oxide48 showed the
reaction occurred suddenly and completely
between 10 and 15 h of milling forming TiB2 and
MgO and it may be that the same occurred in the
systems examined here. The mill used in these
experiments is extremely ine�cient and other mills
with a greater rate of energy transfer could be
expected to produce the same improvements for a
much shorter milling time. Mathematical modeling of
milling49±51 has indicated that vibratory mills may be
�1000 times faster than ball mills, a further improve-
ment has been reported for stirred mills.52 Thus, the
same process enhancements as demonstrated for
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100 h ball milled samples may be achievable within
10min by using a di�erent type of mill. This sub-
stantial time saving makes this method of producing
nanometric hard materials considerably more
attractive; however, this improvement has yet to be
proven experimentally.

5 Conclusions

Titanium oxycarbide and titanium nitride have
been formed at room temperature by mechano-
chemical reaction between either ilmenite or rutile
and magnesium in the presence of carbon or
nitrogen. The reaction was apparently complete for
the oxycarbide within 100 h but the nitride reaction
was incomplete. The XRD crystallite size of the as-
milled powders was <10nm, but on annealing for
1 h at 1200�C increased to 16±20 nm for all except
the carbide derived from ilmenite. The MgO
formed during milling was readily removed from
the hard material by a simple acid leaching which
left porous aggregates of hard material particles.
Sonication easily broke up the aggregates and
transmission electron microscopy indicated that
the particles were of similar size to the XRD crys-
tallite size implying that they were single crystal.
Leaching of the powders showed an increased
crystallite size indicating that the smaller crystal-
lites were preferentially leaching. The unit cell size
of the carbides indicated that an oxycarbide was
formed during milling and formation of a carbide
phase occurred only on annealing. There was no
evidence of any phase, other than nitride, forming
in the powders milled in nitrogen.
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