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Abstract High strength with high ductility can be
achieved in the titanium alloys by using metal precipitated
ceramic particle as reinforcement. In this work, o + f§ or
p-Ti alloy composites were prepared with o-Ti precipitated
TiC particles. A series of Ti—-Fe—C—N alloys were prepared
and a constitutional diagram was constructed as a function
of N and Fe contents. Two criteria were identified for the
formation of «-Ti precipitation. One is the existence of
Ti,C phase and the other is the presence of «-Ti phase in
the matrix. The mechanism of «-Ti formation from the
Ti,C phase is discussed.

Introduction

Titanium alloys are important engineering materials for the
fabrication of medical and dental implants due to their
attractive properties [1-3]. These include high specific
strength, high resistance to corrosion, biocompatibility, and
tailorable Young’s modulus. Over the past few years,
o 4+ f and pf-titanium alloys have been considered as a
very important class of materials because of their high
strength, low density, and good corrosion resistance [4-6].
Currently, key components fabricated from §-Ti alloys are
found in many fields, like aerospace, biomedical, sports
and consumer goods, gas/oil, and naval, etc. Although they
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have high strength, their ductility is low at room temper-
ature. Attempts have been made to improve the ductility of
these alloys by various techniques [6, 7]. Reinforcing the
alloy with metal precipitated hard ceramic is more fasci-
nating, since the strength and ductility can be improved
simultaneously. It has been reported that the metal-pre-
cipitated ceramic particle in the metal matrix is soft in
nature and is helping to improve the ductility of the com-
posite [8]. Since the -Ti alloys have been considered as a
potential material for many applications, it will be useful to
make a metal precipitated TiC particle reinforced f-Ti
composite with better properties. Iron can be used as a f-Ti
stabilizing element since it is a cheap and good bio-com-
patible element [9—-11]. The mechanical properties of these
composites are very sensitive to the microstructure of the
TiC particle. Hence, the present study tries to point out
some of the critical microstructural changes in the TiC
particles by the combined effect of N and Fe elements. To
accomplish this, a series of o + f§ and f-titanium alloy
composites were prepared by reactive arc-melting method.
The microstructures of TiC particle and Ti matrix were
investigated by optical and transmission electron micros-
copy. X-ray diffraction technique was used to identify the
phases.

Experimental procedure

Ti powder (99.9%, 350 mesh), C powder (Graphite,
99.98%, 25 um), TiN powder (99.5%, 350 mesh), and Fe
powder (99 + %, 325 mesh) were used as starting materi-
als. The compositions selected for this study are Ti-(3, 5,
7, 8,9, or 10) % Fe-4% C-(0, 1, 3, or 5) % N (all in
at.%). The required quantities of powders were mixed in
the agate mortar and pestle to get homogeneous mixture.
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Fig. 1 Ti-Fe phase diagram

Subsequently, these mixtures were uni-axially pressed in a
cylindrical die of 10 mm diameter under a pressure of
230 MPa. Then, the 30 g button ingots of alloys were pre-
pared from the above pellets using a non-consumable arc-
melting method under Ar atmosphere. The ingots were
flipped and re-melted for four times to ensure compositional
homogeneity. The expected amount of TiC particles in the
composite is 5 vol.% for all the alloys. The alloy compo-
sitions chosen for this study are located in the Ti—Fe phase
diagram, as shown in Fig. 1 [12]. The X-ray diffraction
(XRD) patterns of the alloys were recorded using X-ray
diffractometer (Rigaku, Multiflex) with nickel filtered Cu
K, radiation.

For optical microscopy analysis, the samples were
prepared according to the standard metallographic pro-
cedure. The first step was plane grinding with SiC paper
up to 1000 grid. The plane grinding was followed by
electropolishing. Electropolishing was carried out using a
standard solution (80% Methanol + 20% Nitric acid) by
applying 24 V at a temperature of —30 °C. The samples
were etched using Kroll’s solution after polishing. Spec-
imens were analyzed using an optical microscope
(Olympus, BXS5IM, Japan) and Scanning Electron
Microscope (JEOL-JXA-8800) equipped with electron
probe mapping analysis.

The samples for TEM examination were first ground
with SiC papers up to 2000 grid. The sample thickness after
mechanical polishing was maintained below 70 pm. Sub-
sequently, the final specimen thinning was carried out
using a twin-jet electropolishing machine (Tenupol-3,
Struer) with a solution containing HNO; and methanol
(20:80) at temperatures between —50 and —40 °C. Trans-
mission electron microscope (JEM-2000FX) operating at
200 kV was used to investigate the microstructure of TiC
particle and Ti matrix.

@ Springer

The sample notation is given as XFeYN, where X is Fe
content and Y is N content. For example, sample 3FeON
means 3 at.% Fe and 0 at.% N. Carbon content is fixed at 4
at.% for all the alloys and the remaining metal is Ti.

Results and discussion

XRD patterns of ON alloy series as a function of iron
content are shown in Fig. 2. XRD analysis confirmed the
presence of o-Ti, -Ti, and TiC phases in Ti-(3, 5, 7, 8, 9,
10) % Fe alloys. It clearly shows that the intensity of the
o-Ti peaks gradually decreases with increasing Fe content
and the peak completely disappeared in the 10Fe system.
This indicates that the matrix is gradually becoming fS-Ti
on increasing the iron content.

XRD patterns of 3Fe alloy series as a function of
nitrogen content are shown in Fig. 3. It clearly shows the
shift of TiC peaks toward higher angle on increasing the N
content. This implies that the composition of the TiC is
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Fig. 2 XRD patterns as a function of Fe (a) 3FeON, (b) 5FeON,
(c) 7FeON, (d) 8FeON, (e) 9FeON, and (f) 10FeON
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Fig. 3 XRD patterns as a function of N (a) 3FeON, (b) 3FelN,
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Fig. 4 Optical Micrograph of (a) 3FeON, (b) 3FeSN, (c¢) 5FeON, (d) SFe5N, (e) 7FeON, (f) 7Fe5N, (g) 9FeON, (h) 9FeS5N, (i) 10FeON, and

(j) 10Fe5N

titanium rich and non-stoichiometric nature. On the other
hand, the lattice parameters of “c” axis of «-Ti and “a”
axis of f-Ti are increasing with increasing nitrogen con-
tent. This shows the entry of N atoms into the crystals of
o- and f(-Ti phases. It has been reported that the lattice
constant of the TiC crystal structure depends on C/Ti
atomic ratio and is gradually decreasing with increasing Ti
content [13]. Similarly, Bars et al. [14] observed the lattice
constant expansion along the “a” and “c” axis when the N
atoms enter the o-Ti. Hence, this information can be used
to explain the lattice parameter changes in TiC and «-Ti.
The entry of N atoms into the TiC lattice may also reduce
the C/Ti ratio of the TiC phase and hence there is a
decrease in the lattice constant of the TiC crystals. On the
other hand, the entry of N atoms in the interstitial space in
the h.c.p structure of «-Ti leads to the expansion along “a”
and “c” axes.

Optical micrographs of some selective compositions are
shown in Fig. 4. These clearly show that the changes in the

surface morphology of TiC particles and the matrix are
caused by the addition of N and Fe. Also, it can be seen
that the size of the TiC particle is highly sensitive to the
nitrogen content of the alloy. Moreover, the « and f§ phases
seem to coexist (Fig. 4a—d). However, the proportion of the
o phase decreases with the increase of iron content and the
o phase completely disappears when the Fe content is 9%
and above (Fig. 4e-h). On the other hand, in 3FeON alloy,
the average diameter of TiC particle is less than 15 pm and
there is no «-Ti precipitation. When 5% N is added to the
above system, the TiC particle size increases up to 60 pm
and the surface contains fine platelets of «-Ti. Similar trend
is observed in 5Fe alloy series. When the iron content is
increased to 7% and above (especially 5% N case), the TiC
particles grow as in the 3Fe and 5Fe systems. However, the
amount of o-Ti precipitation in the TiC particle is gradually
decreased and even completely disappeared when the iron
content is 9% and above. Figure 5 shows the SEM
micrographs of TiC particle in the 3Fe5N and 10FeSN
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Fig. 5 SEM micrograph of surface morphology of TiC particle at
higher magnification (a) 3Fe5N and (b) 10Fe5SN

system at a higher magnification. The «-Ti platelets are
clearly visible in the 3Fe5SN system, whereas in the latter
the particle surface is free from the o-Ti platelets. Figure 6
is a constitutional diagram as a function of Fe and N
contents. It shows the combination of Fe and N contents at
which the o-Ti precipitations in the TiC particles are
observed. The open circles in Fig. 6 indicate the alloys
where the o-Ti precipitation in the TiC particles is absent.
Similarly, closed circles indicate the presence of o-Ti
precipitates in the TiC particle. In particular, light and dark
shaded closed circles indicate the amount of the «-Ti pre-
cipitation in the TiC particle, i.e. the darker the shade, the
higher is the amount of «-Ti precipitation in the TiC par-
ticle. It can be clearly seen from the Fig. 6 that the o-Ti
precipitation is observed only when the nitrogen content is
more than 3 at.% and the iron content is less than 8 at.% in
the alloys.

TEM micrographs and SAD patterns of 3 Fe alloys and 10
Fe alloys are shown in Fig. 7. In 3FeON alloy, there is no
evidence of o-Ti precipitation. The SAD pattern shows
diffused spots, which may correspond to the Ti,C phase. It
indicates the non-stoichiomertic nature of the TiC particle
and the long range order of Ti,C phase. When the nitrogen
content in the above alloy is 3%, fine platelets of «-Ti pre-
cipitates started to form and the SAD pattern shows the
coexistence of Ti,C and «-Ti. On further addition of nitrogen
(5% and more), coarse o-Ti platelets are more apparent in
the micrograph and the diffused Ti,C spots are completely
obscured in the SAD pattern (Fig. 7c, d). The microstructure
and SAD pattern of 10FeON alloy closely resemble to the
3FeON alloy. Interestingly, the TEM micrograph of 10Fe5N
alloy shows no evidence of o-Ti precipitation in the TiC
particle. The SAD pattern also shows no evidence for the
existence of «-Ti precipitate. This is in good agreement with
the optical microscopic observation. The crystallographic
relationship between the observed Ti,C, TiC, and the pre-
cipitated o-Ti is (111) Ti,C//(111)TiC//(0001) o-Ti,
[011]Ti,C//[011] TiC//[2110]o-Ti. From the above obser-
vation, one can infer that the Ti,C phase in the TiC particle is
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Fig. 6 Constitutional diagram of o-Ti precipitation appearance in the
TiC particle as a function of N and Fe at.%

playing a vital role in the formation of o-Ti precipitation,
however, that depends on the N and Fe content in the alloy.

In general, there are two criteria for the formation of
o-Ti precipitation in the TiC particle, i.e. (i) N content and
(ii) prevalence of the o-Ti in the matrix. If the N content is
less than 2%, there is no o-Ti precipitation in the TiC
particle. Similarly, if the matrix contains only f-Ti phase,
as in 10Fe5SN alloys, it suppresses the formation of o-Ti
precipitation in the TiC particle.

Following discussion explains the mechanism of o-Ti
precipitation in the TiC particle with the help of crystal
structure and phase diagram. In general, titanium carbide
crystallizes to the cubic sodium chloride (B1) structure
within a broad homogeneity range (TiCx, 0.48 < x < 1.0)
with statistically distributed substitutional vacancies on the
carbon sublattice sites [15]. Non-stoichiometry is very
common in this compound [16]. Its physical properties are
significantly influenced by the amount of structural
vacancies [17]. Figure 8 shows the crystal structures and
corresponding diffraction patterns of TiC and Ti,C. The
space group of the stoichiometric TiC is Fm3m with a
lattice parameter of 4.328 A (Fig. 8a). From TiCx samples
in the composition range 0.5 < x < 0.7, two different
ordered defect structures of Ti,C have been recognized
experimentally. These include cubic Ti,C of space group
symmetry Fd3m and trigonal Ti,C of space group R3m
(Fig. 8b) [18]. Within the R3m space group, Ti,C has two
different crystal structures and are shown in Fig. 8b.

Neglecting the trigonal distortion, the two order defect
structures have identical atomic distances and atomic pair
correlations, and although they differ in their atomic
arrangement, they cannot be distinguished by means of
X-ray diffraction, electron diffraction, or neutron diffrac-
tion [19]. The lattice parameter of cubic Fd3m-Ti,C (Ti,C
(D), with experimental value of 8.6 A, is twice as large as
the lattice parameter of the B1 structure (Fig. 9). The
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Fig. 8 Crystal structures and corresponding SAD patterns (a) TiC (b) Ti,C (Ti plane invisible)

lattice parameter of the one-eighth of the cubic unit cell is
4.3 A, which is comparable with the lattice parameter of
the stoichiometric TiC (4.328 A). In Fd3m-Ti,C, the filling
of the C (111) planes alternates from 1/4 to 3/4. For R3m-
Ti,C, the alternating C (111) planes are either fully occu-
pied or completely unoccupied [20].

The SAD pattern of the Fd3m-Ti,C closely resembles
the SAD pattern of 3FeON and 10FeON. It is very difficult
to distinguish the Ti,C space group just by considering

the SAD pattern, since the above two R3m crystal
structures combine to form a SAD pattern that is much
similar to the Fd3m if they are finely distributed within
the TiC particle (Fig. 8). However, the Fd3m structure is
considered to explain the o-Ti precipitation formation
mechanism. Figure 10 shows the Ti,C (Fd3m) atomic
planes in the [111] direction. The Ti atomic plan stacking
sequence in this structure is ABCABC. The calculated
distance between the A—C plane is 4.97 A. On the other
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hand, the Ti atomic plan staking sequence in the «-Ti
hexagonal structure is ABAB, the distance between the
A-A plane is 4.77 A. Let us assume that the one-eighth
of the Ti,C cubic (Fd3m) unit cell co-exists with the «-Ti
hexagonal structure as shown in Fig. 11, where the Ti
(111) plane in the Ti,C is parallel to the «-Ti (0001) plan
as indicated by the TEM observation. If nitrogen is added,
the Ti,C lattice constant starts to decrease, because of the
contraction of the TiC lattice parameter when it is devi-
ated from the stoichiometric nature. Moreover, both TiN
and TiC have the NaCl structure, formed by two fcc
sublattices, where the Ti atoms occupy one sublattice and
the carbons and nitrogens occupy the other [21, 22]. It is
usually assumed that the vacancy sites are statistically
distributed over the non-metallic atom sublattice [18].
These two compounds usually form an isomorphous phase
diagram, where the lattice parameter of the stoichiometric
TiC (a = 4.327 10\) is larger than those of stoichiometric
TiN (a = 4.241 A), and the lattice parameter of the TiC
decreases with the increasing nitrogen concentration. On
the other hand, the «-Ti lattice constant, especially the
¢ axis increases with increasing nitrogen amount. It is
known that the nitrogen atoms stay in interstitial sites. In
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RINEINMEDVEIVED

@Ti
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(111) Ti,C
Fig. 10 Atomic planes along [111] direction in Ti,C-Fd3m structure
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the hexagonal structure, there are octahedral and tetra-
hedral sites, the latter being smaller than the former.
Therefore, one usually assumes that the nitrogen atoms
preferentially occupy the octahedral sites. The ¢ parame-
ter is increased more than the a parameter, which corre-
sponds to the expansion of the lattice in the <0001>
direction [23]. As stated earlier, Bars et al. [14] showed
that the ¢ parameter increases quickly for concentrations
up to 10 at.% N and more slowly for concentrations
between 10 and 22 at.% N. However, in all cases, the
hexagonal lattice deformation is more important in the
<0001> direction.

From the above explanations, it is possible to propose
the formation mechanism for «-Ti phase from the Ti,C
phase. Nitrogen atoms present in the Ti,C structure build-
up strains which induce a deformation of the cubic lattice
by decreasing the “a” parameters without changing the
lattice symmetry due to the atomic size difference of the
carbon and nitrogen atoms, whose sizes are 1.6 and 1.5 A,
respectively. Hence, the interplanar distance of Ti (111)
planes is gradually reduced and approaching the interplanar
distance of «-Ti (0001) planes (Fig. 11). This structure
remains stable until nitrogen reaches the certain solubility
limit and in the present case, it is 2%. On further addition
of nitrogen (3% and above), certain regions become
unstable and their structure changes to the hexagonal
structure of o-Ti. From a crystallographic point of view, the
transformation of Ti,C into «-Ti may be visualized by the
sliding of a (111) plane of the cubic structure which
becomes a (0001) plane of the hexagonal structure, since
the difference between both structures is only in the
stacking sequences which are of the ABCABC type in the
first case and the ABABAB type in the second [24].

Besides the nitrogen content, Fe content also has an
effect on the «-Ti formation, when it is 9% and above. This
can be explained with a help of Ti-Fe phase diagram,
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Fig. 11 Schematic diagram of co-existence of Ti,C-Fd3m crystal
structure with o-Ti hexagonal crystal structure
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shown in Fig. 1. As can be seen from the figure, when the
alloys with high iron content are cooled from the f phase
region, f§ is the only equilibrium phase. Therefore, it may
restrain the formation of o-Ti precipitate in the TiC
particle.

Conclusion

TiC particle reinforced « + f or fB-Ti alloy composites
were prepared by reactive arc-melting method. The o-Ti
precipitation is observed in the TiC particles only when the
nitrogen content is more than 3 at.% and the iron content is
less than 8 at.%. Existence of the Ti,C phase in the TiC
particle is a prerequisite for the formation of «-Ti precip-
itation in the TiC particles, which in turn depends on the Fe
content. The crystallographic relationship between the TiC,
Ti,C, and precipitated o-Ti can be described by:

(111) Ti,C//(111) TiC//(0001) o-Ti,
[011] Ti,C//[011] TiC//[2110] &-Ti
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