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Synthesis of ternary carbide Tig9Alp 1 Cby high energy ball-milling under argon atmosphere is investigated
thoroughly. Microstructure characterization of ball-milled samples in terms of lattice imperfections and
quantitative estimation of different phases present in the samples are done by using X-ray diffraction
data employing Rietveld’s powder structure refinement method. The results show that the formation of
Tig.goAlp1C nano-carbide starts after 48 min of ball-milling from Ti-Al-C solid solution. Full formation of
TigoAlp1C without any contaminated phase is achieved within 3 h of milling and to reduce particle size
ball-milling is continued up to 10 h.

Direct observation of microstructure of 10 h ball-milled sample under high resolution TEM reveals
supportive evidence of structural and microstructural evaluation by indirect method using XRD data.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, metal carbides find high temperature struc-
tural applications because of their high melting temperature, high
strength and ductility at high temperatures [1,2]. Among all of
these metal carbides, as an important ceramic material, titanium
aluminum carbide (Ti-Al-C) has recently gained increasing atten-
tion because it possesses unusual properties combining the merits
of both metals and ceramics. It is thermally and electrically con-
ductive, resistant to high-thermal shock, low density and easily
machinable. In addition, it presents a high flexural strength, ther-
mal stability and high temperature oxidation resistance. In contrast
to the normal brittle ceramics, Ti-Al-C exhibits some abnormal
room temperature compressive plasticity [3]. Such unique proper-
ties help this kind of materials to possess wide variety of potential
applications in high-tech fields, e.g. elements of chemical equip-
ment and abrasion resistant components. For example, it can be
used as a high temperature structural material instead of expen-
sive high temperature alloys, etc. Different technologies have been
developed to fabricate Ti-Al-C composites, such as hot isostatic
pressing (HIP), self propagation high temperature synthesis (SHS),
combustion synthesis (CS), hot pressing (HP) and spark plasma
sintering (SPS) [3-9]. All these above mentioned methods need
rigorous conditions such as high pressure, high temperature and
long time. Therefore, search for a new technology to prepare such
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an important material like Ti-Al-C composites in nanocrystalline
form are still in progress.

High energy ball-milling also known as mechanical alloying
(MA)is another technique and being utilized successfully in prepar-
ing materials those are very difficult to produce by any conventional
method due to high melting temperatures of elements. Among
several advantages, the chief advantage of MA renders a fine homo-
geneous nanocrystalline powder that can be consolidated and
shaped according to a specific requirement by conventional pow-
der metallurgy process. It has some other advantages, including low
fabrication cost, simple synthetic method and easy industrializa-
tion. Recently, MA has been successfully used to synthesize various
ceramic compounds or composites [10-12]. So far, research work
in synthesize of Ti-Al-C powder using high energy ball-milling are
very few in the literature [13]. In one of our recent works, we
have synthesized nanocrystalline NizC by ball-milling technique
[14]. To avail potential advantages of high energy ball-milling in
preparation of metal carbides in nanometric form, we have used
this comparatively new technique for preparation of nanocrys-
talline Ti-Al-C starting from elemental blend of Ti, Al and graphite
powders. Yang et al. reported the initiation of non-stoichiometric
Ti3AlC, composite after 3 h of milling with TiC contamination and
after 10 h of milling they could prepare the TiC phase with Ti3AlC,
contamination [13]. We have prepared for the first time the Ti-Al-C
composite (>0.95 mol fraction) within 48 min of milling followed
by a mechanically induced self propagating reaction (MISPR) and it
becomes stoichiometric Tig gAlg.; C within 3 h of milling. In addition
to that, we have characterized the microstructure of the prepared
nano composite for the first time in terms of lattice imperfection of
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different kinds. This article describes in detail the influence of lat-
tice imperfections in the formation mechanism of Ti-Al-C phase
within such a short duration of milling.

After full formation of the Ti-Al-C composite powder without
any undesired contamination within 3 h ball-milling the powder
was milled further up to 10h to produce nanocrystalline single
phase Tig gAlg.1C. Our next goal was to evaluate the microstructure
in terms of lattice imperfections and quantitative estimation of dif-
ferent phases present in ball-milled powder materials employing
the Rietveld’s powder structure refinement analysis of X-ray pow-
der diffraction data. In the present study, the Rietveld’s analysis
based on structure and microstructure refinement method [15-20]
have been employed which is presumed to be the best method
for microstructure characterization and quantitative estimation of
multiphase nanocrystalline material containing significant number
of overlapping reflections. Microstructure of 10 h milled sample has
also been characterized by high resolution transmission electron
microscope (HRTEM). Results obtained from both these analyses
are in good agreement with each other.

2. Experimental

Pure titanium (M/s Alfa Aesar; purity 99.5%), aluminium (M/s Loba Chemie;
purity 99.5%) and graphite (M/s Loba Chemie; purity 99.5%) powders were used as
the starting ingredients and mixed in 0.45:0.05:0.5 molar ratio and then sealed in a
chrome steel vial of 80 ml. volume together with chrome steel balls of 10 mm diam-
eter in a glove box under Ar atmosphere. The ball-to-powder mass ratio (BPMR) was
40:1. The milling was performed at room temperature using a high energy planetary
ball mill (Model-P5, M/s FRITSCH, GmbH, Germany). The milling was interrupted
after a selected milling time and powder was collected from the vial. X-ray diffrac-
tion (XRD) with Ni-filtered CuK, radiation from an X-ray powder diffractometer
(Panalytical; Model PW1830) operated at 40kV and 20 mA was used to monitor
the structural changes of the milled powders at different interval of time varying
from 48 min to 10 h. For detailed X-ray line profile analysis, step scan data (of step
size 0.02° 26 and counting time 30s) of unmilled and all ball-milled samples were
recorded for the entire angular range 20°-80° 26. HRTEM sample was prepared
by conventional method [21]. The HRTEM images of 10 h ball-milled Ti-Al-C pow-
ders were taken from a TEM operated at 200 kV (Model HRTEM JEOL JEM 2100) for
microstructure characterization of Ti-Al-C powder.

3. Microstructure evolution by X-ray diffraction

In the present study, we have adopted the Rietveld’s powder
structure refinement analysis [15-20] of X-ray powder diffraction
step scan data to obtain the refined structural parameters and
microstructural parameters, such as particle size and rms lattice
strain using MAUD 2.12 [20] with pseudo-Voigt profile fitting func-
tion with asymmetry. To simulate the theoretical X-ray powder
pattern «-Ti, Al, graphite and TiggAlg 1 C phases in a single pattern
are incorporated.

The Marquardt least-square procedures were adopted for min-
imization of the difference between the observed and simulated
powder diffraction patterns and the minimization was carried out
by using the reliability index parameter, Rwp (weighted residual
error), Rg (Bragg factor) and Rexp (expected error) [15-20]. This
leads to the value of goodness of fit [15-19]:

R
GoF = -2

Rexp

Refinement continues till convergence is reached with the value
of the quality factor, GoF approaching 1, which confirms the good-
ness of refinement.

The Rietveld’s method was successfully applied for determi-
nation of the quantitative phase abundances of the composite
materials [22-25].
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Fig. 1. X-ray powder diffraction patterns of unmilled and ball-milled Ti-Al-C pow-
der mixtures. The peak positions of different phases are shown by different symbols
in the figure.

4. Results and discussion

The X-ray powder diffraction patterns of unmilled and ball-
milled powder mixture of the «-Ti, Al and graphite powders, milled
at room temperature for different durations are shown in Fig. 1. It
is clearly evident from the figure that all peaks in unmilled sample
are quite sharp and high angle reflections are well resolved into
Cu Koy -Kay components, which indicates that all elements have
quite large particle sizes and almost free from lattice strain. The rel-
ative intensity (r.i.) ratios of a-Ti (hcp) and Al (fcc) reflections are
in accordance with the reported value (JCPDF file # 44-1294) and
(JCPDF file # 04-0787) respectively but those of graphite (hexag-
onal) powder (JCPDF file # 41-1487) are extremely oriented along
(002). This kind of preferred orientation leads to a major problem
in determining the average particle size as well as the quantitative
estimation of phases in a multiphase material. After just 48 min of
milling, all «-Ti and Al reflections are almost absent in the XRD
pattern. It is also noticed that all reflections of graphite powder
disappear completely in the XRD pattern of 48 min ball-milled pow-
der mixture. It can be seen that the formation of cubic TipgAly1C
(similar to TiC, JCPDF File # 32-1383; S.G. Fm3m) phase is just hap-
pened after 48 min of milling through a mechanically induced self
propagating reaction (MISPR). Though MISPR was observed earlier
in several cases of metal carbide (TiC) formation [26-30], in the
present case, the most probable reason for MISPR may be due to
the fact that high energy ball-milling results in rapid decrease in
particle size and thereby rapid accumulation of defects that lowers
the activation energy for the reaction and brings the powder to a
critical pre-combustion condition. The reaction can then be ignited
easily by the energy of the colliding milling media. The high shock
pressure experienced by powder trapped between colliding milling
balls acts as the ignition of the reaction [31].

The TiggAlp1C (fcc) powder formed after 48 min of milling
via MISPR appears to be as an annealed standard material with
clearly resolved Cu Koqi-Kay doublets even at lower scattering
angle, having large grains without any lattice imperfection. To pre-
pare nanocrystalline Tig gAlg ; C powder, the as-prepared Tig gAlg1C
powder with trace amount of unreacted Ti and Al powders after
48 min of milling was milled for longer durations. It is found
that 3h ball-milling results in full formation of stoichiometric
TiggAlg1C phase. XRD patterns of powder prepared at higher
milling time appears with considerable amount of peak broaden-
ing and peak shifting, which increase continuously with increasing
milling time.
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Fig. 2. Typical Rietveld output of X-ray powder diffraction patterns of ball-milled
Ti-Al-C powder mixtures. Experimental data points are shown as hollow circles,
while refined simulated patterns are shown as continuous lines. The difference
between the experimental data (Ip) and the fitted simulated pattern (I.) is shown as
a continuous line (Ip — Ic) under each diffraction pattern.

In the present study, Rietveld’s structure and microstruc-
ture refinement method [15-20] has been employed for accurate
estimation of phase contents and microstructure parameters of
individual phases. All the experimental patterns (Iy) are fitted with
the theoretically simulated patterns (Ic) and are shown in Fig. 2.
Accuracy in fitting may be judged visually by examining the fitting
residual (Ip — Ic) of some of the fitted patterns plotted at the bottom
of respective patterns in Fig. 2. Almost linear plots of residue except
atthe peak positions ensure that all the reflections of all phases have
been fitted very well. The GoF values vary within 1.1-1.3 for fittings
of all experimental data reveal that the simulated powder pat-
terns are properly refined to fit the experimental powder patterns.
Peak broadening of TiggAlg 1C reflections increases continuously
with increasing milling time which is predominant in relatively
higher milling time after full formation of TiggAlg1C phase. This
peak broadening is fitted very well by considering both the effect
of small particle size and lattice strain, which are reasonably due
to cold-working on Tig gAlg 1 C lattice during ball-milling.

Fig. 3 depicts the nature of variation of molar fraction of different
phases with increasing milling time. Though «-Ti, Al and graphite
powders were taken at molar ratio 0.45: 0.05: 0.5, but the Rietveld’s
analysis of unmilled sample reveals the ratio as ~0.06: 0.11: 0.83
respectively. This significant change in composition arises due to
highly oriented graphite layers along (00 2). Mol fraction of «o-Ti
and Al decreases rapidly within 48 min of milling and at the same
time formation of TiggAlg1C is noticed with a considerably high
mol fraction value. Mol fraction of graphite becomes zero within
48 min of milling indicating graphite is completely used to form
Ti-Al-C solid solution. It is interesting to note that mol fraction of
Ti vanishes to zero in the milling time period between 48 min and
1 h but that of Al vanishes after 1 h of ball-milling. The formation of
the TiggAlg 1 C therefore can be interpreted as a result of formation
of two types of solid solution, at first, interstitial solid solution of
a-Ti-C and then substitutional solid solution Ti-Al-C due to accu-
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Fig. 3. Nature of variations of mol fractions of different phases obtained by ball-
milling Ti-Al-C mixture powders with increasing milling time. True representation
of mol fractions of different phases in unmilled powder are shown by dotted lines
and hollow symbols.

mulation of Al in the Ti-C matrix in course of milling. Nature of plot
shows that mol fraction of TiggAlg 1 C phase significantly increases
after 1h of ball-milling and this nature continues till 3 h of ball-
milling in the time period of full formation of TiggAlgC. Further
ball-milling up to 10h shows a linear nature indicating mol frac-
tion of Tig gAlg 1 C phase reaches saturation condition (formation of
single phase material contributing phase has mol fraction 1.0) after
3 h of milling.

Fig. 4 shows the variation of lattice parameters of the «-Ti, Al
and Ti-Al-C phases obtained from Rietveld analysis. Lattice param-
eter of Al does not change significantly up to 48 min of milling but
after then decreases rapidly. Contraction in lattice parameter of Al
may be attributed to the formation of point defects and disorder in
lattice in the process of MA. The increase in both «-Ti lattice param-
eters up to 48 min of milling confirms the inclusion of C-atoms into
a-Ti matrix which results in formation of a-Ti-C interstitial solid
solution as well as causes lattice expansion. On the way to prepa-
ration of nanocrystalline Tig gAlg 1 C, its lattice parameter decreases
very slowly and linearly up to 10 h of milling. This lattice contrac-
tion may be attributed to the formation of supersaturated solid
solution as well as the point defects in the course of milling up
to 10h.
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Fig. 4. Nature of variations of lattice parameters of different phases obtained by
ball-milling Ti-Al-C mixture powders with increasing milling time. Inset: Variation
of lattice parameters of Ti-Al-C with milling time.
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Fig. 5. Nature of variations of (a) particle sizes of different phases (b) size distribu-
tion of Ti-Al-C obtained by ball-milling Ti-Al-C mixture powders with increasing
milling time.

Fig. 5(a) shows the variation of particle (coherently diffracting
domain) size of «-Ti, Al and Ti-Al-C phases with increasing milling
time, obtained from Rietveld analysis. All experimental profiles are
fitted considering isotropic particle sizes of all the phases. However,
the size distribution of TiggAlg 1C phase is particularly considered
throughout the refinement process of different ball-milled samples
and is depicted in Fig. 5(b). The particle size of a-Ti phase decreases
rapidly from starting value ~100 nm to ~52 nm within 48 min of
milling and that of Al phase reduces from ~90 nm to ~30 nm within
1 h of ball-milling (Fig. 5(a)). Due to the high temperature reaction
of MISPR, particles of Tig gAlg.1C phase grow with a relatively large
size (~34 nm) after 48 min of milling, but reduces to ~28 nm within
1 h of milling. The 1 h ball-milled sample contains two phases, the
major TiggAlg.1C (95 mol%) and minor Al (5 mol%) phase and both
phases have nearly equal particle size values. After 1 h milling there
is no trace of Al phase in the ball-milled sample indicating that
particle size plays a vital role for diffusion of Al in a-Ti-C matrix

It is evident from variation of plots of Fig. 5(b) that the evenly
dispersed Tig gAlg 1 C particles formed at 48 min of milling via com-
bustion reaction (MISPR) have a relatively wide distribution of
size with an average value ~34 nm. In the course of milling, the
size distribution reduces continuously towards lower value. It is
clearly evident from the plots that the most probable (peak maxi-
mum of the log normal distribution) particle size value of Tig gAlg.1 C
decreases continuously with increasing milling time. This indicates
that extensive ball-milling results in fracture the large particles
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Fig. 6. Nature of variations of (a) r.m.s. strains of different phases (b) strain distribu-
tion of Ti-Al-C obtained by ball-milling Ti-Al-C mixture powders with increasing
milling time.

and consequently both the size distribution and dispersion reduce
substantially. Within 10h of milling the average particle size of
TiggAlg 1C reduces almost to10 nm with constant reduction of dis-
tribution. It means that by extension of ball-milling to a longer
period, it is possible to prepare nanocrystalline TiggAlg1C with
almost uniform particle size.

Fig. 6(a) and (b) show variations of r.m.s. lattice strain of differ-
ent phases and strain distribution of Tig gAlg 1 C in different milling
time obtained from Rietveld analysis respectively. With increas-
ing milling time, r.m.s. lattice strain of a-Ti and Al phases increase
rapidly giving evidence that ball-milling introduces high strain in
the produced powder material. The TiggAlg 1C phase is formed at
48 min of milling with nearly zero strain value. The strain value
of TiggAlg1C increases significantly within 3 h milling time i.e.
more strain is accumulated in TiggAlg 1C matrix during the time
of full formation of single Tig 9Alg 1 C phase. This nature also shows
that lattice strain is a crucial parameter for peak broadening in
Tig.9Alp 1 C reflections within 3 h of milling. After 3 h of ball-milling
strain value variation of Tig gAlg 1 C shows a steady nature. After full
formation of TiggAlg 1C, strain value of the same phase remains
almost unchanged even after 10h of milling. It is evident from
Fig. 6(b) that the lattice strains generated in Tig 9Alg 1 C matrix dur-
ing ball-milling are extended over a long period L ~200 nm (L = nas,
n is integer and as is the lattice parameter) and increase contin-
uously with increasing milling time. It may also be noted that
the lattice strains are extended to a longer period with increasing
milling time.
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Fig.7. HRTEM (a) transmission micrograph (b) histogram plot (c) diffraction pattern (d) Ti-Al-C nanoparticles and (e) micrograph containing (1 1 1) planes in a nanocrystalline
particle of 10 h ball-milled homogeneous mixture of Ti-Al-C powders.
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The HRTEM image of 10 h ball-milling sample and histogram
of particle size distribution obtained from HRTEM images analysis
are shown in Fig. 7(a) and (b) respectively. The shape of Tip gAlg.1C
particles are found to be almost isotropic in nature with a size dis-
tribution ~5-6 nm which is of same order of magnitude as found
from XRD analysis by Rietveld analysis. The indexed selected area
electron diffraction (SAED) pattern in Fig. 7(c) clearly reveals only
the presence of cubic TiggAlg,C phase in 10 h milled sample. We
have clearly noticed the TiggAlg 1 C nanoparticles in HRTEM image
(marked by white rings in Fig. 7(d)) and a selected portion of that
image is magnified and shown in Fig. 7(e). Interplanar spacing of
these planes of a nanocrystalline particle is calculated from Fig. 7(e)
and the value 0.251 nm corresponds to the (11 1) planes also gives
a direct evidence of full formation of cubic TiggAlg 1C phase in 10 h
milled sample.

5. Conclusions

In our present study ternary carbide TiggAlp 1C has been pre-
pared by high energy ball-milling the elemental «-Ti, Al, and
graphite powders under argon atmosphere. We have noticed
the formation of Ti-Al-C phase after 48 min of milling and full
formation of single phase nanocrystalline TiggAlg 1 C after 3 h ball-
milling. Detailed microstructure characterization in terms of lattice
imperfections is done by analyzing XRD data employing Rietveld
method. HRTEM analysis gives supportive evidence of the findings
of X-ray analysis in case of particle size value and phase identifica-
tion.
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