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Abstract: A nanocrystalline/nanoparticleTiCrefractorycompound has been produced by mechanical alloying (MA)
of the elemental powders. The phase evolution and microstructural changes of the powders during mechanical
alloying were investigated by means of X-ray diffractometry, field-emission scanning electron microscopy, high-
resolution transmission electron microscopy and microhardness measurements. The results showed that after an
optimum mechanical alloying time of 15 hours, a TiCrefractorycompound with thecrystallite size of less than 10 nm,
the particle size of about 80nm and the latticestrainof 1.8% was achieved.The obtained TiC refractorycompound

exhibited high microhardness value of about 708 Hv.
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1. Introduction
Titanium carbide (TiC) is thermodynamically

stable which has a very high melting point (3100 “C)

and does not decompose or undergo phase
transformations in any temperature range of interest'*
It has metallic characteristics (luster and metallic
conductivity), extraordinary hardness and toughness,
and excellent resistance to wear, abrasion and
infusibility. Therefore, TiC has been widely produced
for some industrial applications such as hard coating to
protect the surface of cutting tools from wear and
erosion®. Normally, titanium carbide is produced by
high-temperature processes such as the displacement
reaction of titanium oxide and carbon, direct reaction
of elemental Ti and C, and self-propagating
hightemperaturesynthesis (SHS)*. In most cases, these
techniquesrequire expensive furnaces and high
temperature which should behigher than the melting
point of TiC. Moreover, it is difficult toobtain nano-
sized TiC powders by these methods.Mechanical
alloying (MA) is a rapidly developing technology
capable of producing a variety of materials, such as
refractorycompounds, metastable solid solutions,
amorphous alloys, nanocrystalline materials, etc.’”. In
comparison to other fabrication techniques, MA
process has the advantage of the final product
possessing a nanocrystalline structure with superior
properties rather than conventional coarse-grained
structure *'°. Up to now, several compoundssuch
asWC'', AINi"”, FeAl> ", NiTi'¥, TiFe",
FeNi'®, AIRu'", CoAl", 1\/10512 NizAl 2 NbAL?,
NisFe '® % and N12A1T1 have been fabricated by
mechanical alloying. Thisstudyaims to investigate the
feasibility of producingsimultaneous nanocrystalline
and nanoparticleTiCrefractory powdervia mechanical
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alloying process. Phase transformation and structural
and morphological evolutions occurring during the
mechanical alloying process have also
beeninvestigated.

2. Experimental procedure

In this investigation, Ti (99.8% purity) and
graphite as a source of carbon (99% purity) powders
were used as starting materials. Both Ti and C powders
had an irregular shape with particle size of less than 10
um.Mechanical alloying was performed for different
milling times using a high energy planetary ball mill
machine (Retsch PM400).The milling media consisted
of 15balls with the diameter of 20mm confined in a
500 ml bowl. Both the ball and the bowl materials
were hardened chromium steels. In all MA runs, the
ball-to-powder weight ratio was 10:1 and the bowl
rotation speed was approximately 350 rpm. In all
experimental operations, Ti and C powders in 1:1
molar ratio (TisoCsg) were mixed together and then
milled inargon atmosphere at the room temperature.
Stearic acid (CH;3(CH,);sCOOH) in the quantity of 3
wt.% was utilized as Process-Control Agent (PCA)
material to avoid sticking of the powders to the vial
and balls.Small amounts of the powders were taken out
at selected times as samples for the structural analysis.
Samples structures were characterized by a Philips
X’PERT MPD  X-ray diffractometer = with
CuK,radiation (k = 0.1542 nm).The crystallite size and
internal strain of the samples was calculatedfrom the
XRD patterns applying the Williamson—Hall method**.
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where 8 is the Bragg diffraction angle, d is the
crystallite size, £ is the average internal strain, A is the
wavelength of the radiationused, Sis the diffraction

peak width at half maximum intensity, k is the

Scherrer constant (0.91) and A is a coefficient
whichdepends on the distribution of strain being near
to unity for the dislocations. The average internal strain
can be estimated from the linear slope of

BrosBversussind | and the average crystallite size

can be estimated from the intersection of this line at
sinf = 0.The microstructures of the powders were

characterized by field-emission scanning electron
microscopy (FESEM) (Philips XL30) and high-
resolution transmission electron microscopy (HRTEM)
(JEOL JEM2100). The microhardness values of the
powder particles were determined using a Vickers
indenter (LeitzWetzlar microhardness tester) at the
load of 50 g and dwell time of 10 s. For the
microhardness measurements, small amounts of
powder particles were mounted and their cross-
sectionswere prepared by conventional metallographic
techniques. Ten indentations were then performed on
each sample to obtain itsaverage microhardness value.

3. Results and discussion
3.1. Structural evolution

The Ti-C phase diagram is depicted in Fig. 1.
As is seen, the reaction of Ti and C in solid state (with
distinct composition in the figure) can take place
according to the following reaction®:

Ti+0 5 TIC  AG%eg- = —180.296 J/moi (2)
The negative free energy change of reaction
(2) suggests thatthis reaction can thermodynamically
occur during the room temperaturemechanical alloying
of elemental Ti and Cpowdermixture, leadingto the
formation ofthe TiCrefractory compound.
Furthermore, it is generally believedthat the ball
milling process can effectively facilitate the diffusion
processby providing high diffusivity paths like
dislocation lines and grain boundaries and thus
acceleratethe Ti-C reaction '*%. Therefore, it would be
possible to produce TiC compound directlyby the MA
of the elemental constituent powders. Fig.2 shows the
XRD patterns of Ti-C powder mixture prior to the
milling and after different milling times. According to
the XRD patterns of the as-received powder,the
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diffraction peaks of the pure crystalline Ti and C are
evident. In the first 5 hours of the milling process, only
the broadening of the Ti and C peaks and a remarkable
decrease in their intensities are observed and no TiC
peak can be detected.The absence of any shifts in the
positions of Ti and C peaks leads to the conclusion that
no reciprocal solid solution has been formed.The
continuation of the milling for another Shoursleadsto
the disappearance of the most individual Ti andC
peaks and subsequently appearance of TiC peaks. The
transformation of elemental Ti and C powder mixture
to the TiC refractory phase is completed after 15 hours
of ball milling. The continuation of the milling process
for an extra 5 hours brings no further structural
changes in the powder. It, however, decreases the
intensity of TiC peaks and increases their width as a
result of crystallite refinement and lattice strain
enhancement * '2.Up to date, two kinds of reaction
mechanisms have been accepted in MA* *’: (1) The
colliding balls undergo severe plastic deformation,
causing the flattened particles contact with clean
surface, and alloys form through gradual diffusion of
thin layers, which is called the gradual diffusion
reaction (GDR); (2) The alloys form through a reaction
taking place within a short period with the liberation of
large heat after certain milling time, which is called
self-sustained reaction during mechanical alloying, and
it is suggested that mechanical impact plays an
important role in igniting the reaction. So, the reaction
mechanism is usually named mechanically induced
self-propagating reaction (MSR). The reaction
mechanism of Ti-C system is GDR" It has
beenextensively reported that during GDR mechanism,
initial powder particles (such as Ti and C) suffer from
very strong high energy impacts attributed to collisions
between balls themselves and container wall. These
strong impacts will cause large amounts of
microstructural and structural defects into the milled
powder particles.The presence of such defect structure
enhances the diffusivity of solute elements into the
matrix. Furthermore, the refined microstructural
features shorten the diffusion paths *”**. The slight rise
in temperature during the milling process alsohelps
diffusion ** %. Therefore, the diffusion of Catoms in
some of the Tidefects reduces the stress induced by
MA. In other words, the solution of C in the Ti lattice
compensates the stress which is stored in the Ti lattice
due to the defects induced bymechanical
alloying.Considering the above results, it seems that 15
houris an optimum milling time for the production of
TiCrefractory compound via mechanical alloying

process. This is in agreement with previously reported

results ' '3 1920 3 2implying that it is possible to
synthesizerefractory

compounds directly by
mechanical alloying of the elemental constituent
powders.
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Fig. 3 schematically shows the formation
process of nanocrystallineTiC by MA of Ti and C
powders. At the initialstage of milling, the carbon
powders are easier to be crushed intofiner particles,
while the large Ti particles are inclined to be
plasticdeformed and fragmented (Fig. 3(a)). At this
stage, no TiC can bedetected in the as-milled powders.
With increasing milling time,the size of the carbon
powders continuously decreases. Fine carbonparticles
are entrapped between the Ti flakes and the
particlesare brought into intimate contact (Fig. 3(b)).
The intimate contactmay lead to the formation of a Ti
solid solution Ti(C). The Ti(C)particles are gradually
refined during the milling process. The refiningof the
particles increases the contact area and activities of
thereactants. With the milling proceeding, internal
stress, and storedenergy increase gradually, and when
the stress and energy reacha certain degree, the
transformation from Ti(C) to TiC will occur®*’. In this
process, the transformation is believed to depend
onatomic diffusion, especially the diffusion of carbon
atoms'. Furthermore,ball milling will induce a severe
internal strain, heavydefects and large volume fraction
of grain boundaries, providing anexcess short-circuit
diffusion pathways and enhancing the reactionrate. A
little amount of TiC firstly forms on the surface of the
Ti particles (Fig. 3(c)). In addition, the heat generated
from the formationof initial TiC raises the temperature
in the milling vial, which willaccelerate the diffusivity
of atoms, especially the C atoms®"*'. Finally, the as-
milled products are fully composedof nanocrystalline
TiC and most of TiC nanocrystals tend toagglomerate
(Fig. 3(d)).

The crystallite size and internal strain of
TiCrefractory compound are estimated from the
broadening of XRD peaks using Williamson-Hall
method.In  this method, both of broadening
contributions, due to the strain and crystallite size,are
taken into account. Fig.4 plots the TiC crystallite size
and internal strain as a function of milling time. Upon
ball milling,the TiCrefractory compound is readily
reached toa nanocrystallinestructure. It is important to
note thatthe MA treatment is an effectiveprocedure to
reduce the average size domainto nanocrystalline
scalein a relatively short time. After 15 hours of
milling, the TiC crystallite size and internal strain
reaches to 7.5 nm and 1.8%, respectively.As can be
observed in Fig. 4, the crystallite size has beensharply
decreased at the initial stages of the milling process
while it follows aslightly decreasing trend at longer
milling times. This phenomenon has also been reported
by many researchers * ' . Ball milling is
characterized by severe plastic deformation of powder
particles under extremely high strain rates resulting in
the generation of high density of lattice defects which
areprimarily dislocations.The progressive
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accumulation and interaction of dislocations lead to the
refinement of crystallite size as well as increase of the
lattice strain®”*"?°. Fig. 5illustrates the HRTEM bright
field image of the powders collected after 15 hours of
milling. The crystallite size of the TiCrefractory
compoundisless than 10 nm, which is in accordance
with that calculated by the Williamson-Hall method
(see Fig. 4).

3.2. Microstructural observations

The FESEM images of the starting material
and milled powder for 10 and 15 h are shown in Fig. 6.
Changes in particle shapes and sizes caused by MA
process are obvious. The TiC nanoparticles are slightly
agglomerated. This could be related to high surface
energy of nanosized particles. As can be seen from the
morphologies of the powders after 15 hours of milling
(Fig. 6(d)), the average size of the TiC particles is
reduced to 80 nm. When MA is applied, the TiC
particles undergo very strong high energy impacts and
fractures resulted from collisions during process.
Fragments generated by these impacts may continue to
reduce the particle size in the absence of strong
agglomerating forces '2. On the other hand, the TiC is a
brittle compound. Hence, the fragmentation of this
fragile compound is another reason for the observed
decrease in the powder particle size and less
agglomeration.

3.3. Microhardness

Fig. 7plots the average microhardness values
of powder particles at different MA times. In the early
stages of milling, the microhardness values increase
due to the formation of fine crystalline grains and high
density of defects in the powder ' *"°'. For the MA
times between 10 to 15 hours, a considerable increase
in hardness value of powder particles is observed,
which is attributedto the formation of TiC phase. This
is in agreement with the XRD results. After complete
formation of TiCrefractory compound, increasing the
MA time from 15 to 20 hours causes the hardness
value to increase with a much lower rate mainly due to
the decrease in the crystallite size of the TiC phase.lt is
worth noting that the TiC refractory compound
obtained after 20 hours of milling exhibited high
microhardness value of about 708 Hv.

As a result of this investigation, in contrast
with other similar manufacturing processes and
technologies, working at high temperatures or complex
reaction conditions, mechanical alloying process could
be a very efficient, practically simple and low-cost
process for synthesis of pure
nanocrystalline/nanoparticle TiC refractory powder
with high microhardness value.Usingsuch a process to
commercially producenanocrystalline/nanoparticle TiC
has the potential forsignificant energy and capital
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4. Conclusions

Mechanical alloying of TisoCso powders led to
the gradual formation of
nanocrystalline/nanoparticleTiCrefractory powder.
Results indicated that 15 hours ofmilling was the
optimum time for producing the TiCrefractory
compound via the mechanical alloying process. After
15 hours of mechanical alloying, a TiCrefractory
compound was obtained with the crystallite size of less
than 10 nm, the particle size of about 80 nm and the
lattice strain of 1.8%.The achieved TiCrefractory
compound exhibiteda high microhardness value of
about708Hv.
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