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Abstract: (Ti,Cr)C is a novel additive for high-performance cermets. In this work, a (TipgCrg)C
nanostructured solid solution was synthesized via Mechanical Alloying (MA) from the mixture of of
Ti, Cr, and C powders. The MA process was carried out at room temperature under argon atmosphere
with a duration limited to 20 h. Phase changes and microstructure evolution of the powders during
the MA process were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM),
and transmission electron microscopy (TEM) techniques. The results of XRD analysis demonstrated
the synthesis of (Ti,Cr)C solid solution with a crystallite size of about 10 nm that were micro-strained
to about 1.34%. The crystallite size displays a decreasing trend with increasing milling time. The
results of direct observations of structural features by TEM method in 20 h MAed samples shows a
good agreement with the results from the XRD analyses.
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1. Introduction

Titanium carbide (TiC) is widely used in industrial applications as a hard coating to
protect the surface of cutting tools from wear and erosion, resulting in an extended tool
life [1]. It exhibits high strength, high hardness, good wear resistance, high melting point,
high chemical stability, and low friction coefficient [2-5]. In particular, nanosized TiC parti-
cles are considered as promising microstructural modifiers and mechanical strengtheners
for particle dispersed composite alloys, since fine TiC dispersoids in the metallic matrix
improve the overall properties of the materials without an adverse effect on their ductility
or toughness [6,7].

So far, several methods have been used to prepare nanostructured carbides including a
carbothermal reduction [8], mechanical alloying (MA) [9], spark plasma sintering (SPS) [10],
chemical vapor deposition (CVD) [11], etc. Among the aforementioned techniques, the MA
is an easy and cost-efficient route usually used to prepare nanostructured materials, and
especially for manufacturing composite powders [12].

As described in literature reports, the main idea behind using a (Ti,M)C (M = transition
refractory metal) solid solution instead of TiC is to improve the toughness of cermets.
Park and Kang [13] have synthesized nanocrystalline (Ti;.xW)C solid solutions, with a
homogenous microstructure and improved properties by the SPS process. Kim et al. [14]
fabricated homogeneous (Ti,W)C nanocomposite powders by a high-energy ball milling of
a mixture of Ti, W, and C powders. The obtained nanopowders were then SPSed to receive
fully densified sinters having a uniform microstructure with a mean grain size of 500 nm.
Kwon et al. [15] prepared (Ti,V)C solid solution powders by the MA of Ti-V alloy and
graphite powder mixture. The MA process was carried out in a high-energy planetary ball
mill for up to 20 h under an argon atmosphere. Additionally, Bandyopadhyay et al. [16]
investigated the effect of Ti substitution by W on the microstructure of the TigoW(;C
carbide. They reported that TiWC alloy was formed after 50 min of milling and a fully
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nanocrystalline single phase cubic Tip9Wy1C compound with a particle size of 11 nm was
formed after 8 h of milling. Hence, the effect of ball milling on microstructural change of
(Ti,W)C solid solution was experimentally studied by Yang et al. [17]. They found that
with increasing milling time up to 108 h, the initial crystallite size decreased from 38.6 to
19.2 nm. Analogously, Dutta et al. [18] reported the formation of Tipg9Alj ;C nano-carbide
after 3 h of milling. They found that that the results of crystal structure examinations
obtained by TEM technique are in a good agreement with those derived from the XRD
measurements. Wang et al. [19] also produced a (Ti, Mo)C carbide reinforced Fe-based
surface composite coating by the laser cladding technique. It has been concluded that
(Ti, Mo)C particles with the FCC structure and various shapes are obtained after the
solidification. Recently, Yildiz et al. [20] prepared via the SPS a novel multi-component
(Ti,Zr,Hf W)C ceramic with a nano-hardness of 32.7 GPa and a fracture toughness of
5 MPa m!/2. Recently, Vorotilo et al. [21] proposed that a solid solution (Ti,Cr)C, while
retaining the main advantages of TiC, possesses higher oxidation resistance owing to the
formation of CryO3. The (Ti,Cr)C cermets have been produced by a combustion synthesis
driven by the Self-propagated High Temperature Synthesis (SHS) [21] or by High-Velocity
Air Plasma Spraying [22]. However, to our best knowledge, there are no available reports
on the MA synthesis of this type of solid solution-based cermet. Therefore, by taking into
account a documented feasibility of the SPS process in a fabrication of high performance
cermets, as well as a high impact of the batch powders on the resulted properties of final
sinters; the main goal of our this work is to obtain a (Tip §C¢2)C composite powder with a
suitable particle size that can be employed in the SPS process. Specifically, we are showing
for the first time the results of systematic studies on the effect of milling time on the
structural evolution of a novel mechanically alloyed (Tip gCrp,)C powders.

2. Materials and Methods

A mixture of elemental Ti (<40 pm, 99.9%, Prolabo, Bankgkok, Thailand), carbon (5 pm,
99.9%, Fischer Scientific, Waltham, MA, USA) and chromium (100-300 pwm, 99.9%, ACROS,
Boston, MA, USA) powders was sealed into a stainless-steel vial (having a volume of
45 mL) with 5 stainless steel balls (15 mm in diameter and 14 g in mass each) in a glove box
filled with purified argon to prevent oxidation. The ball to powder weight ratio was 70:1.
The mechanical alloying (MA) procedure of up to 20 h was performed at room temperature
using a high-energy ball mill (Fritsch Pulverisette 7 planetary mill, Weimar, Germany), as
shown in Figure 1.

Figure 1. P7 planetary ball mill and milling media used in the experiments.
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The crystalline properties of the powders were characterized by the XRD method,
by using a Panalytical XPERT PRO MPD (Cambridge, UK) diffractometer with CuKy
radiation. The existing phases were determined by the High Score Plus program based on
the ICDD PDF2 data base, while a crystallite size was determined from acquired diffraction
data by the FullProf program (Saclay, France) [23] employing the Rietveld method [24].
The morphology of powders was investigated by scanning electron microscopy (SEM,
JEOL JSM-5400 model, Tokyo, Japan) coupled with energy dispersive X-ray analysis (EDX).
The transmission electron microscopy (TEM) was used for the investigation of internal
nanostructure of powders. The structural analysis was complemented by using FEI Tecnai
G2 high-resolution TEM (Massachusetts, USA) operated at 200 kV with a spatial resolution
of 1.9 Angstrom.

3. Results and Discussion
3.1. XRD Characterization

Figure 2a shows the XRD patterns of samples prepared by the MA after various
milling times. The acquired XRD pattern of the un-milled powder mixture consists of
Bragg diffraction peaks of Ti, Cr, and C. After 1 h 30 min of MA, all the carbon peaks
disappeared totally, while the appearance of TiCr, peak and the reflections of Ti and Cr
became broad without any shift in peak positions. Consequently, it is considered that the
high-energy impact leads to the transformation of crystalline graphite into amorphous
carbon (which is also supported by the literature reports [25,26]). After 3 h of MA, a
disappearance of Cr peaks and appearance of (110) peak related to austenite iron (x-Fe)
contamination resulted from the abrasive wear between vial and balls, was observed.
When the MA time was extended to 5 h, the Ti peaks disappeared completely and the
diffraction peaks were broadened and shifted into lower angles as a result of the formation
of (Ti,Cr)C solid solution due to refinement of the grain size and the introduction of internal
stresses. An analogous behavior was also reported in [27-29]. After continuing the MA for
10 h, the (Ti,Cr)C peaks broadened further due to the decrease in the crystallite sizes and
an accumulation of lattice strains caused by fracturing and cold welding of the powder
particles during the milling process. Between 10 and 20 h of MA, the structure remains
almost unchanged: the (Ti,Cr)C solid solution maintains the NaCl type structure with
a space group of Fm-3m. These results are similar to those reported by Shon et al. [30].
They have revealed that the average crystallite size of (Ti,Cr)C powders, obtained from
the mixture of Ti-Cr alloy and graphite, MA for 20 h was about 34 nm. Figure 2b presents
the Rietveld refinement plot of TiCrC powder after 20 h of the MA process. The calculated
profile is represented by the black line, the observed profile by the red dots, and the
difference pattern by the blue continuous line. The vertical lines (green) represent the
positions of all possible Bragg reflections. The figure indicates that Cr substitutes Ti in the
TiC matrix and consequently lead to a decrease in lattice parameter.
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Figure 2. XRD patterns of samples prepared by MA for different milling times (a). Rietveld refinement
plot of the sample milled for 20 h (b).
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The quantitative analysis of microstructural parameters derived from Rietveld refine-
ment of XRD patterns taken from samples MAed for different times, are illustrated in
Table 1. It is found that the average crystallite size of (Ti, Cr)C decreases with increasing
milling time, from 18 nm after 3 h of the MA and remain nearly constant (about 10 nm) for
15 and 20 h of MA. Thus, all identified phases, namely Ti, Cr, TiCr,, (Ti,Cr)C and Fe, present
the same behavior. This decrease can be explained by the refinement of structure and the
creation of a large number of crystal defects, such as dislocations and stacking faults [31].
These findings are in line with reports by Zhu et al. [32] who have also connected a decrease
in crystallite size with increased dislocation density; reflected as a broadening of XRD
peaks. From these observations, it is evident that the reduced particle size plays significant
role in inclusion of Cr atoms in TiC matrix. As it is listed in Table 1, the values of mean
microstrains are higher for the (Ti, Cr)C phase as compared to other phases. Moreover,
the average microstrain of (Ti, Cr)C increases with the MA time, from 0.25 % 0.01% after
3 h of MA to reach 1.34 £ 0.04% after 20 h of MA. The increase of the microstrain with
milling time is generated by the increase of dislocation density and grain boundary fraction,
which due to severe plastic deformation generated from the high-energy induced during
milling [33]. Furthermore, the calculated lattice parameter of (Ti, Cr)C, obtained from XRD
data, decreased from 0.44169 to 0.43036 nm for the powder samples milled for 3 and 20 h,
respectively. The value is consistent with that reported by Kwon et al. (a = 0.43075 nm) [34].
This suggest that the lattice parameter was decreased by the substitution of Cr because the
atomic radius of Cr (166 pm) is smaller than that of Ti (176 pm) [35]. The decrease in lattice
parameter can be explained by the substitution of Ti by Cr and, therefore, by the formation
of the TipgCr(,C carbide. This finding is consistent with the reported literature for other
similar compounds, like TiCy, Cu-TiCy, and Crp_xMxSs (M =1Tij, V, 5n) [36,37].

Table 1. The results of quantitative analysis of microstructural parameters derived from Rietveld
refinement for XRD patterns of samples MA for different times.

MA Time (h) Phase Space Group Lattice Parameter (nm) Crystallite Size (nm) Microstrain (%)
15 Ti Fm-3m a=0.43281(4) 55 0.25+0.01
’ Cr Im-3m a =0.29236(1) 40 0.94 £ 0.01
TiCrp P63 /mmc a=0.69011(3) 31 0.15 £+ 0.01
3 (Ti,Cr)C Fm-3m a =0.44169(5) 18 0.12 +0.02
Fe Im-3m a =0.2873(5) 17 0.214+0.01
5 (Ti,Cr)C Fm-3m a =0.44033(4) 15 0.25 £ 0.03
Fe Im-3m a =0.2874(3) 15 0.22 +0.01
10 (Ti,Cr)C Fm-3m a = 0.44949(4) 13 1.28 £ 0.04
Fe Im-3m a =0.2876(2) 13 0.23 £+ 0.01
15 (Ti,Cr)C Fm-3m a =0.43033(2) 11 1.33 £ 0.04
Fe Im-3m a =0.2877(5) 11 0.25 £ 0.01
20 (Ti,Cr)C Fm-3m a = 0.43036(3) 10 1.34 + 0.04
Fe Im-3m a =0.2879(4) 11 0.26 +0.01

3.2. SEM Characterization

Figure 3 shows SEM micrographs of the Tip gCrg ,C powders after the MA for 5, 10, and
20 h. After 5 h of the MA, the grains are formed by an assembly of large particles exhibiting
an irregular shape and having an average particle size of about 1-2 um (Figure 3a). When
the MA time was increased to 10 h, we observed significant particle refinement. The initial
powders were transformed into fine particles with an average particle size of about 0.4 um
(Figure 3b). The MA up to 20 h results in a further particle size reduction and a formation
of homogenous powders with fine and agglomerated particles having the average particle
size less than 1 um (Figure 3c). It is well accepted that the MA process leads to continuous
cold welding, fracturing, and rewelding of powder particles [35]. Figure 3d shows an
exemplary EDX spectrum acquired from the powder milled for 20 h. The results indicate
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a presence of major elements (i.e., Ti, Cr, and C). In addition, the results of EDX analyzes
revealed trace amounts of Fe, probably coming from the applied milling materials of balls
and vial. Furthermore, the results of EDX analyses indicate that the carbide contains 47.
59 C, 40.49 Ti, 9.95 Cr, and 1.97 Fe (at.%). Thus, the alloying ratio is Ti:Cr:C = 0.82:0.201:1,
which indicates that carbides may be Tip gCrp2C.
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Figure 3. SEM micrographs of samples after MA for 5 h (a); 10 h (b); and 20 h (c). (d) An exemplary
EDX spectrum taken form the sample milled for 20 h (zone marked with X).

3.3. TEM Characterization

Figure 4 shows a TEM micrograph and selected area electron diffraction (SAED)
pattern of the sample after the MA for 20 h. Figure 4a reveals that the particle powders were
irregular in shape, while the average size was refined to about 15 nm and the agglomeration
was high. Therefore, the figure reveals the existence of many grains (i.e., the polycrystalline
structure) in nanoscale powder particles. This result was in a good agreement with those
obtained by the XRD method. Figure 4b shows the indexed SAED showing only the
presence of cubic (Ti,Cr)C solid solution phase in the 20 h milled sample.

To summarize: based on our original experimental findings coming from the pioneer-
ing systematic studies, we confirm that a nanostructured (Ti,Cr)C solid solution having
an adequate microstructural features and morphology to be applied in the SPS process,
can be successfully obtained after 20 h of MA of Ti, Cr, and C elemental powders. The
as-obtained nanopowders can be further consolidated through SPS in order to obtain a
dense bulk (Ti,Cr)C nanocarbide with enhanced properties compared to TiC carbide. Thus,
three parameters in terms of crystallite size, microstrain, and lattice parameter are obtained
from XRD line profiles. The values are typical to these of batch powders for the SPS pro-
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cess [36]. Thus, the milling time should be carefully selected taking to account the particle
size and shape of the prepared powders. It can be observed that both crystallite size and
lattice parameter decrease with increasing milling time, whereas the microstrain increases.
These results are in a good agreement with the reference work [38]. As shown in the SEM
images, the morphological evolution during the MA process includes three typical steps
for a mechanical synthesis of multicomponent intermetallic/interstitial compounds, i.e.,
(i) a cold welding, (ii) a fracturing, and (iii) a rewelding between particles for longer milling
times (between 15 and 20 h). Both applied diffraction-based techniques (TEM/SAED and
XRD) confirmed the morphology and structure of MAed powders.

(111)

. (200)

(220)
(311)

Figure 4. (a) HRTEM image and (b) SAED patterns of the powder after MA for 20 h.

4. Conclusions

Based on the results of the present study supported by a proper literature data, the
following conclusions can be drawn:

1. Nanocrystalline solid solution (Ti,Cr)C with nano-sized crystallites was fabricated by
mechanical alloying of Ti, Cr, and graphite elemental powders. The average grain size
of the (Ti,Cr)C was 10 nm, and the average micro-strain was 1.34% for sample MA
during 20 h.

2. The (Ti,Cr)C solid solution having a NaCl type structure and a space group of Fm-3m,
was formed after 3 h of the MA process.

3.  The crystallite size and the lattice parameter decrease by increasing milling time
down to 10 nm and 0.43036 nm after 20 h of MA, respectively. This decrease can be
attributed to the formation of crystal defects induced by high-energy ball milling.
The microstrain increases with increasing milling time, which can be related to the
strain-enhanced solubility of Cr in TiC matrix.

4. The crystallite size obtained from XRD is well correlated with the results of TEM analyses.
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