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Abstract 

The fabrication of a sub-micron sized powder com- 
posed of alumina, titanium carbide and iron in a 
single low temperature stage is reported in this 
paper. The starting materials were the mineral ilme- 
nite (FeTi03), graphite and aluminium powder. A 
similar composite without iron was also produced 
using rutile (TiOz) as the starting material. The 
powders were ball milled together for 100 h in a 
laboratory scale mill and subjected to annealing at 
up to 1200°C. X-ray dtflraction showed that the 
phases formed during the milling step were nano- 
crystalline and underwent crystallite growth on 
annealing. D@erential thermal analysis indicated 
that the reaction was complete within the mill with 
no evidence for residual elemental aluminium. Mix- 
tures of the same composition showed only a slight 
reaction when heated to 1200°C. 0 1998 Elsevier 
Science Limited. All rights reserved 

1 Introduction 

Oxide bonded hard materials have been produced 
for over 50 years for use in wear surfaces and cut- 
ting edges. Recently, there has been considerable 
interest in the reactive formation of the composite 
materials by reduction of titanium dioxide by alu- 
minium in the presence of carbon.‘-l3 

The general method of production is to mix the 
precursor powders, press them into a pellet and 
supply heat at one end to initiate the reaction, the 
consensus is that the reaction requires around 
900°C for the onset of reaction. Once started, the 
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mixture rapidly heats up and becomes self propa- 
gating with a high temperature reaction front 
moving throughout the pellet. The nature and type 
of the precursor powders affects the rate of reac- 
tion and has a bearing on the micro- 
structure10,11,13,‘4 as does the use of diluent phases 
designed to keep the temperature of synthesis 
down.iO,’ 1 The use of comparatively inexpensive 
oxide as the source of titanium for the carbide has 
economic advantages over the direct reaction 
between elemental titanium and carbon which 
takes place at high temperatures.15-17 Ball milling 
of the precursors is often carried out to enhance 
the rate of reaction by causing more intimate mix- 
ing of the components. Indeed, synthesis of tita- 
nium carbide from the elements has also been 
achieved by ball milling.18~23 The addition of a 
metallic phase to a mixture of TIC and Al203 has 
been shown to lead to marked increase in tough- 
ness of the composite24 and this advantage may 
lead to a new generation of cermets. 

In this paper high intensity ball milling of a 
mixture of titanium dioxide, aluminium and gra- 
phite powders is examined to determine whether 
the formation of a composite of alumina and tita- 
nium carbide can be achieved at low temperature. 
The addition of a metal is also examined by the use 
of ilmenite (FeTi03) in place of rutile. 

2 Experimental 

The feed powders 
rutile26 previously 
graphite powders 

_ _ 

consisted of the ilmenite25 and 
described. The aluminium and 
were nominally > 99%. Two 

mixtures, each of 7aOOg, were prepared in accor- 
dance with the stoichiometry indicated by eqns (1) 
and (2), which were the thermodynamically pre- 
dicted reactions. 
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3Ti02 + 4Al+ 3C =+ 3TiC + 2AlzO3 

AG2s8 = -1038 kJ 
(1) 

FeTiOs + 2Al+ C + Fe + TIC + Al203 

AG298 = -605 kJ 
(2) 

The mixtures were sealed under vacuum in labora- 
tory ball mills, as previously described.27 The 
milling medium consisted of five 1” (25.4mm) dia- 
meter steel balls whose motion was controlled by 
an external magnetic field. The rotation speed used 
was 165 rpm. After 100 h the powders were 
removed from the mill and subjected to annealing 
under flowing argon for 1 h at 800 and 1200°C. The 
lower temperature is sufficient for crystallite 
growth, but is below the ignition temperature 
commonly used for pressed pellets. The higher 
temperature gives further crystallite growth and 
should provide an indication of possible reactions 
between the phases present during subsequent sin- 
tering. Powders of identical composition were loa- 
ded into identical mills without balls, rotated for 
100 h and then treated in a similar manner to the 
milled powders. The ilmenite in the mixed powder 
was pre-milled to reduce the particle size from 
> 100 pm to < 1 pm to enhance mixing. 

Differential thermal analysis (DTA) was per- 
formed on milled and mixed powders using 
approximately 30mg of sample, which was heated 
in an inert argon atmosphere to 1200°C at a heat- 
ing rate of 20”Cmin’ using a Shimadzu DTA-50 
instrument. Thermogravimetric analysis (TGA) 
was performed under identical conditions in a Shi- 
madzu TGA-50. 

The products were analysed by X-ray diffraction 
(XRD) using monochromatized Coka radiation 
(h =O.l78896nm) using a count time of 2 s per 
0.01” step. Estimation of the crystallite size was 
made using the Scherrer formula2* on at least four 
peaks for each phase, except iron which only has 
three peaks in the range scanned. 

Scanning electron microscopy (Jeol 2600) was 
used to examine the morphology and elemental 
composition of the as-milled powders. The pow- 
ders were dispersed onto double sided conducting 
carbon tape and carbon coated prior to examina- 
tion. 

3 Results 

It is obvious from the XRD traces given in Fig. 1 
that the as-milled powder contains no discernible 
rutile, carbon or aluminium. This is due to a com- 
bination of consumption by reaction and the 

extremely small crystallite size caused by milling. 
The main peaks for TIC are clearly evident and 
there are broad peaks for alumina. The peak 
around 52” is coincident with the main peak for 
elemental iron and is due to abrasion of iron from 
the mill body and balls during milling. Annealing 
at 800°C caused a narrowing of peaks indicating 
crystallite growth was occurring and allowing con- 
firmation that the phases present after milling were 
as expected from eqn (1). However, small peaks for 
rutile remained after milling, suggesting that a 
thermal reaction had not occurred at 800°C. The 
estimated crystallite size for the phases are pre- 
sented in Table 1, it is clear that in the as-milled 
powder all of the phases are below 10 nm. The iron 
crystallite size was taken from the main peak only, 
the other peaks being too weak for fitting to be 
performed due to the low fraction of iron present. 
After annealing at 1200°C the peaks for the various 
phases were completely separated due to extensive 
crystallite growth, as indicated by Table 1. The 
same phases as at 800°C were present, suggesting 
that the thermal reaction did not occur. The 
absence of a complete reaction is almost certainly 
due to insufficient aluminium powder being present 
in the starting mixture. Aluminium has a thin sur- 
face layer of A1203 and the powder used would 
have had a high surface area. Thus a significant 
fraction of its mass would already have been oxide 
leaving insufficient metal for the complete reaction. 
The absence of aluminium was confirmed by the 
lack of any energetic events during heating of the 
milled powder up to 1200°C in a DTA, as shown in 
Fig. 2. Had aluminium remained then a melting 
endotherm would have been expected at 660°C if a 
reaction involving aluminium had occurred at 
lower temperature then an exotherm would have 
been expected due to the high enthalpy of forma- 
tion of aluminium oxide. 

These features are present in the DTA of the 
mixed powder, Fig. 2, which showed two thermal 
events, an endotherm around 660°C due to the 
melting of the aluminium and a wider exotherm 
around 950°C due to reaction. The mass of the 
system remained constant throughout the entire 
temperature range, thus the exotherm could not 
have been the reaction between carbon and rutile 
to form CO, which has been shown to occur above 
900”C.25,2g-34 XRD of the product showed that 
only a slight reaction had occurred with aluminium 
and graphite still present, although peaks for rutile 
were no longer present, Fig. 3. Part of the rutile 
had formed TIC, the remainder was, presumably, 
present as an intermediate reduction phase-most 
probably an oxide of the general formula Ti,02,-- 1. 
These phases have been examined during the 
reduction of rutile by carbon and small amounts of 
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Fig. 1. Intensity-28 traces for the rutile powder, of starting composition given in eqn (1). Traces are directly after 100 h of milling, 
after 1 h annealing in argon at 800 and 1200°C. n , TIC; +, iron; 0, A120s; 0, i-utile. 

Table 1. Estimated mean crystallite size (in nm) of the phases 
contained within the as-milled, annealed at 800 and 1200°C 
powders. The 2a value for each series of peaks is given as 
subscripts. No errors could be calculated for iron, due to the 
weakness of the second and third peaks making fitting unreli- 
able, except for the powder derived from ilmenite which was 

annealed at 1200°C 

Rutile Ilmenite 

Phase As-milled 800°C 1200°C As-milled 800” C 1200” C 

TIC 6.22.6 8.7s.* 30.1s., 9.73.6 10.3,., 29.9z,.s 
AlzQ 7.82.2 12.1s.s 43.26.9 8.1,.6 13.13.2 39.455 
Fe 9.7 19.5 42.3 4.8 12.2 32.4s.s 

the numerous phases present preclude detection by 
XRD.35 No reaction was observed after heating to 
800°C for 1 h, as expected from the DTA results. 
XRD of the powder annealed for 1 h at 12OO”C, 
above the exotherm in the DTA, showed the reaction 
was incomplete, some titanium carbide and alu- 
mina were present but rutile and reduced titanium 
oxides remained. 

The XRD traces for the samples derived from 
ilmenite are shown in Fig. 4 and are similar to 
those in Fig. 1 except for the stronger iron peak at 
52” and the slightly narrower and more intense 
peaks for alumina. On annealing at 800°C peaks 
for two new phases, rutile and haematite became 
apparent. Rutile is an intermediate phase during 
the reduction of ilmenite25,29-34 and its presence 
implies an incomplete reaction during milling. The 
presence of haematite is somewhat surprising and 
could indicate the presence of adventitious oxygen 
during annealing. However, the length of the 

annealing was such that both the elemental iron 
and titanium carbide would have reacted with the 
oxygen and it seems more probable that the 
haematite was another intermediate phase. 

For the sample heated to 12OO”C, both the hae- 
matite and rutile had been consumed by reaction 
and were absent. DTA of the as-milled powder, 
shown in Fig. 2, confirmed the absence of ele- 
mental aluminium indicating that another reduc- 
tant was present in the system. The peaks for 
titanium carbide which were evident at 800°C had 
become doublets, this is most clearly shown for the 
peak at 72”. The position of the carbide peaks is 
known16,36 to change with the stoichiometry, the 
peaks moving to higher 28 as the value of x in TIC, 
decreases. Thus, the reductant phase would appear 
to be TIC which loses carbon to form CO and a 
carbon deficient TIC according to eqn (3). 

TIC + xFezO3 + 2xFe + TiCt_jx + 3xCO (3) 

This reaction involves a mass loss due to CO evo- 
lution, thermogravimetric analysis of this sample, 
Fig. 2, showed a mass loss at temperatures in 
excess of lOOO”, although no associated peak was 
observed on the DTA trace suggesting that reac- 
tion was not very energetic, limited in extent or 
slow. Profile fitting of the TIC peaks confirmed the 
presence of two distinct phases, both of which had 
a smaller unit cell size (i.e. contained less carbon) 
than the phase present at 800°C. This would seem 
to confirm that reaction (3) occurred. The absence 
of rutile can be explained by a similar reaction 
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Fig. 2. Differential thermal analysis traces for powders heated at 20”Cmin’ up to 1200°C under an argon ambient. The traces are 
for mixed and 100 h milled powder of stoichiometry according to eqns (1) and (2). The bottom trace is the TGA trace for powder 

for eqn (2) milled for 100 h. 

rutile 
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Fig. 3. Intensity-28 traces for the unmilled powders, of starting composition given in eqns (1) and (2). Traces are after 1 h 
annealing in argon at 800 and 1200°C. n , TIC; +, iron; 0, A1203; V, graphite; 0, rutile; 0, ilmenite; 0, aluminium; A, pseu- 

dobrookite. 

involving Tic. The two reduction reactions may be annealing, although the growth during annealing 
the reason for the two distinct compositions of TIC at 800°C was small compared to that at 1200°C. 
observed. The size for Fe was taken from the single peak 

The crystallite size of the phases derived from which was evident which, although it was one of 
ilmenite were found to be similar to those of the the major phases present it seemed to take more 
phases obtained from rutile, Table 1. The Tic, damage to its crystal structure than the other pha- 
A1203 and Fe all underwent crystallite growth on ses with only the main peak evident. A preferential 
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Fig. 4. Intensity-20 traces for the ilmenite powder, of starting composition given in eqn (2). Traces are directly after 100 h of 
milling, after 1 h annealing in argon at 800 and 1200°C. n , TIC; +, iron; 0, A1203; 0, rutile and H, haematite. 

decrease in the crystallite size of softer phases has 
been noted elsewhere3741 and the much softer iron 
could be expected to take more damage than the 
considerably harder A1203 and TIC. 

XRD of the mixed powder, Fig. 3, showed 
intense, narrow peaks for each of the starting 
materials. DTA on the ilmenite powder mix, Fig. 2, 
showed two thermal events, an endotherm around 
660°C and a wide exotherm around 950°C neither 
of which involved a change in mass. The endo- 
therm was due to the melting of the elemental alu- 
minium, the exotherm was due to reaction. No 
mass loss was associated with the exotherm so it 
could not have been the reaction between carbon 
and ilmenite to form iron, Ti02 and CO which is 
known to occur above 800”C.25,2gP34 XRD of the 
product showed that peaks for aluminium and 
graphite still remained, confirming that the reac- 
tion was incomplete. Ilmenite may have been pre- 
sent but the peaks were weak and partially 
overlapped by a new phase, Fe2Ti05-pseudo- 
brookite. This phase has been shown to be formed 
by solid state reaction between rutile and elemental 
iron above 600”C42743 and by oxidation of ilme- 
nite.44,45 The absence of a mass gain during TGA 
would indicate that the oxidation route did not 
occur and the pseudobrookite was formed by the 
solid state route. This would indicate that reduc- 
tion of ilmenite to iron and Ti02 had occurred, 
presumably with the concomitant formation of 
Al2O3. Annealing for 1 h at 800°C showed that 
reaction had occurred, Al2O3, Ti02 and pseudo- 

brookite were all present in addition to the starting 
materials, iron could not be confirmed as present, 
as its peaks are coincident to those of alumina. The 
absence of an exotherm in the DTA indicated that 
the reaction is either not very exothermic, of low 
extent or slow. The aluminothermic reduction of 
ilmenite to form Ti02 and Fe, reaction (4), is 
extremely exothermic (AH > -800 kJ) and would 
be expected to provide sufficient energy to show a 
peak during DTA. 

3FeTiOs + 2Al+ 3Fe + 3Ti02 + A1203 (4) 

The extent of this reaction is less clear, aluminium 
and ilmenite were still present, although the rutile 
peak was of similar size to that of ilmenite which 
suggests around 50% of completion. The reaction 
which occurred was entirely solid state and can 
only have occurred at the interparticle contact 
points. The reaction would be controlled by diffu- 
sion, probably of oxygen from ilmenite to the 
reaction boundary,35 and would be expected to be 
slow. 

After 1 h at 12OO”C, alumina, titanium carbide, 
iron and pseudobrookite were found to be present, 
neither aluminium nor rutile were found. There 
were also several peaks for reduced titanium oxi- 
des. Ilmenite may also have been present but suffi- 
cient distinctive peaks were not found. The peak at 
51” is close to that of several iron-aluminium 
compounds (AlFe, A1Fe3) and alloys (Alo.sFeo.5, 
Alo.4Feo.6). The less intense peaks of these phases 
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coincide within data error and no conclusive attri- 
bution of this peak is possible. The formation of an 
iron-aluminium phase would explain the absence 
of aluminium despite the presence of graphite con- 
firming the incomplete reaction. 

Photomicrographs of the as-milled powders are 
shown in Fig. 5, it is clear that there is a significant 
size difference between the r-utile and ilmenite pow- 
ders in (a) and (b), respectively. The majority of the 
particles of the sample derived from rutile are below 
O-5 pm, although there are a few particles of 2- 
3 pm. The ilmenite sample, (b), contains a few sub- 
micron particles but the majority are l-3 pm. The 
only significant difference between the two powders 
is the considerably greater iron content in the sample 
derived from ilmenite. Thus, it would seem that iron 
is acting as a binding agent causing particles to reach 
a larger steady-state size than the rutile derived par- 
ticles. The malleable nature of the iron may be 
responsible for this, physical deformation of parti- 
cles is more likely than brittle fracture during 
impact, whereas the opposite is true for the rutile 
sample which only contains TIC and A1203 after 
milling. There is little difference in the morphology 
of the large particles, both powders show rounded 
edges with few angular fragments which are typical 
of brittle fracture. The smaller particles in the r-utile 
powder are more angular but still show rounded 
edges. Quantitative analysis of individual particles 
showed that aluminium and titanium (and iron for 

Fig. 5. Scanning electron micrographs of as-milled powders of 
(a) rutile derived powder and (b) ilmenite derived powder. 

the ilmenite derived particles) were present in all of 
the particles with only a small compositional varia- 
tion between particles confirming their homogeneity. 

4 Discussion 

The effect of milling is clear, reaction takes place 
within 100 h and the thermal treatment only serves 
to cause crystallite growth. However, oxide con- 
tamination in the powder used led to a sub-stoi- 
chiometric amount of aluminium being used. For 
ilmenite, this insufficiency enabled the formation of 
the phases hamatite and rutile, both of which were 
thermally reduced by the TiC formed during mil- 
ling, forming two different carbon deficient TIC 
phases. For rutile, the effect of the aluminium 
deficiency was less clear, but rutile remained after 
milling and annealing. There was no evidence of 
elemental aluminium remaining after milling. The 
particle size of the final powder was dependent 
upon the iron content, the particle size was larger 
in the presence of a substantial fraction of iron 
indicating that iron was acting as a binder for the 
ceramic particles. A similar dependence of final 
particle size on the presence of a metal has been 
observed in other, similar systems.46,47 

Work on the same system using magnesium in 
place of aluminium4* has shown essentially iden- 
tical behaviour with reaction occurring within the 
mill. The use of Mg in place of Al allows the removal 
of the oxide phase (and Fe) by selective chemical 
leaching, thus leaving TIC as the major phase. By 
using this procedure the size of the TIC particles 
was found to be < 100 nm and similar to the XRD 
estimated crystallite size. Presumably, similar par- 
ticle sizes would be found in this material. 

Mixtures of the same stoichiometry showed dif- 
ferent characteristics during thermal treatment. 
DTA showed that aluminium remained up to its 
melting point at 660°C with XRD confirming that 
no reaction occurred in either system. The ilmenite 
system underwent a partial reaction after 1 h at 
800°C which was not evident during DTA, the 
products were Ti02, A1203 and Fe*TiOs. An exo- 
therm was evident in both systems at 950°C for 
ilmenite and 1070°C for rutile after which titanium 
carbide became evident. Although the ilmenite and 
rutile had been consumed by reaction there was 
still a peak for graphite in both cases confirming 
that the reaction was incomplete, even after 1 h at 
1200°C. 

The mechanism of the thermally induced reac- 
tion appears to be the initial reduction of ilmenite 
to Ti02 and Fe, the Fe then reacting with TiOx to 
form Fe2TiOS. Subsequent heating, above the exo- 
therm, implied the reduction of rutile, apparently 
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to TIC. Peaks for reduced titanium oxides were 
evident and it may be that these are intermediate 
phases in the reduction process, as has been 
demonstrated for carbothermic reduction25,29- 
34,49,50 but conclusive evidence is lacking. The 
incompleteness of the thermal reaction could be 
attributed to the solid-state nature of the reaction, 
oxygen needs to diffuse out of the oxide and react 
with aluminium to form the oxide phase. This 
increases the diffusional path length slowing the 
oxygen removal reaction further. At some point, 
carbon also needs to enter the titanium phase to 
form the carbide and this needs to be accomplished 
through a thickening shell of alumina. Work else- 
whereSo has indicated that the formation of TIC is 
controlled by carbon diffusion into the system, 
although this was in the absence of a product oxide 
layer due to the use of carbon as reductant. 

Milling would be expected to cause intimate 
mixing of the components, this would constantly 
expose unreacted surfaces to each other, leading to 
a reaction mechanism in which solid-state diffusion 
was of little or no importance. Thus, milling can 
produce an essentially complete reaction to occur 
at room temperature, comparatively, incomplete 
reaction was observed after thermal treatment at 
> 950°C without milling. Thus, it would seem that 

milling causes a change in the rate-determining step 
of reaction from solid-state diffusion, however, the 
nature of the milling process does not allow the 
new rate-determining step to be elucidated. 

5 Conclusions 

Nanocrystalline, micronised composites of alu- 
mina, titanium carbide and iron can be formed by 
mechanochemical reaction between ilmenite, alu- 
minium and graphite in a laboratory ball mill. A 
composite with contaminant levels of iron was also 
formed using a mixture containing rutile instead of 
ilmenite. The reaction was essentially complete 
directly after milling, despite the slightly sub-stoi- 
chiometric amount of elemental aluminium in the 
systems causing incomplete reduction. Identical 
unmilled powders showed less extensive reaction 
during annealing with the appearance of several 
intermediate phases which were absent from the 
milled powder. 
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