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Abstract: The aim of this work was to synthesize TiC reinforced coating on carbon steel via reduction of ilmenite
powder. A mixture of ilmenite and graphite was pre-placed on AISI 1020 steel surface. The effect of the addition of
excess graphite amounts on the progress of the synthesis of carbide particles was studied. The evolution of phases
in different coatings was analyzed via X-ray diffraction and scanning electron microscopy. Then, the initial pow-
der mixtures were mechanically activated for various durations, to accelerate the reactions in the transient melt
pool. Finally, the Fe-TiC hard coating was successfully synthesized by carbothermic reduction of ilmenite through
laser surface treatment. Moreover, it is proved that combination of mechanical activation with additive laser melt-
ing effectively improves the level of ilmenite reduction, besides enhancing the distribution of hard particles and

the hardness of the coatings to more than 1300 HV.

Keywords: laser surface treatment, cladding, hard coating, TiC particles, carbothermic reduction.

1. INTRODUCTION

Synthesis of hard coatings on metallic sub-
strates is a typical way to take advantage of the
hardness of ceramic reinforcements besides pre-
serving toughness of bulk metallic materials. Ap-
plication of various hard ceramic particles such as
TiC, TiB2, WC, TiN, B4C, VC, SiC, and A1203
has been studied [1, 2]. It is claimed that titani-
um carbide is a suitable reinforcing particle for
iron-based alloys. TiC particles have high hard-
ness, high melting point, low density, appropriate
wettability, and also chemical stability in iron [3].
Moreover, the Fe-TiC metal matrix composites
(MMC) show attractive functional properties such
as high wear resistance [4], high tensile strength
[5], and proper ductility [6].

Several production methods are proposed and
developed for the fabrication of Fe-TiC MMC as a
hard coating. The majority of methods apply high
temperature, including laser cladding [7], plasma
cladding [8, 9], HVOF [10, 11], high-energy elec-
tron beam [12], Tungsten-inert gas (TIG) [13, 14],

and reactive flame spraying [15]. However, the
laser beam has special features as a heat source,
including high automation ability, cleanness of
the process, and low energy input which results in
little distortion and relatively narrow heat-aftect-
ed zone. The laser beam also forms a melt pool
which spreads to the substrate and creates a met-
allurgical bond [16].

On the other hand, MMC coatings can improve
the resistance of low-cost materials to operation-
al damages such as corrosion and wear. Coatings
containing TiC particles have been applied to var-
ious substrates via laser cladding. The substrate
which has attracted the most interest is steel, that
is much cheaper than other candidates e.g. Ni-
based superalloys [17, 18] or commercially pure
titanium [19]. Then again, the TiC particles can
be synthesized in-situ in a surface melt pool. The
process has been performed on steel substrates by
the application of elemental powder mixtures such
as Ti + graphite [20] or Ti + Fe + graphite [21]. A
further step was a direct in-situ synthesis of TiC
from ferrotitanium + graphite, instead of applying
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elemental Ti powder [7, 22]. The production of
Fe-TiC surface coatings from minerals of titanium
is a more complex process. The short heating time
of LST may be insufficient to complete the steps
of minerals reduction. On the other hand, such a
process is cost-effective due to the utilization of
cheaper raw materials.

Some investigations were performed on the
production of bulk or powder Fe-TiC MMC by the
reduction of ilmenite (FeTiO3) via different meth-
ods [23-25]. However, to the best of the author’s
knowledge, no other work has been published
about the synthesis of the Fe-TiC coating by the
reduction of ilmenite via LST. Therefore, the aim
of the present research is to fabricate in-situ Fe-
TiC MMC coating via carbothermic reduction of
inexpensive raw materials. A pulsed laser beam is
used to trigger the reactions between graphite and
ilmenite. It is reported that about 30 minutes is
required for the reduction of ilmenite powder by
graphite at 1673 K (1400°C) [26], which is much
higher than the time duration of LST. Therefore
two solutions were applied in this research, which
may facilitate the reduction process. Firstly, the
effects of the addition of excess carbon content
were examined. Secondly, the precursor powders
were mechanically activated. The resulted vari-
ations in synthesis routes and phase transforma-
tions are technically discussed.

2. EXPERIMENTAL PROCEDURE

Graphite (<5 pm size, from Merck KGaA)
and ilmenite (<100 pm size, from AMA Industrial
Co.) powders were used. The iron and titanium
contents of the ilmenite were measured via wet
chemistry analysis, which were 30.71 wt % and

32.19 wt %, respectively. According to the equa-
tion (1), in a stoichiometric condition, four moles
of carbon are needed for the reduction of one mole
of ilmenite to iron and titanium carbide [3]:

FeTiO, +4C_ =Fe_ +TiC +3CO_ .
AG°=662.6-47.9 T (KIJ) (1)

In which G° is standard Gibbs free energy and
T is the temperature in Kelvin. The applied graph-
ite/ilmenite molar ratios and milling times are
presented in table 1. The powders were mechan-
ically activated at room temperature in an attritor
ball mill with hardened steel jar and balls. Ball
to powder weight ratio and rotational speed were
set at 15:1 and 160 rpm, respectively. After ball
milling, the blended powders were mixed with
an equal weight of polyvinyl alcohol in an ultra-
sonic bath. The resultant suspensions were placed
on 70x40x5 mm AISI 1020 steel substrates. The
thickness of the preplaced layers was 0.5 mm.
Afterward, the specimens were dried at 110 °C for
60 minutes.

A 400 W Nd:YAG pulsed laser (model 1QL-
10) was used as the heat source. The properties
of the laser beam were as follows: 225 W laser
power, 15 J pulse energy, 10 milliseconds pulse
duration, and 15 Hz frequency. The beam scan-
ning speed was 2 mm/s. Moreover, the laser spot
size on the surface of workpiece was 1.5 mm and
overlapping of adjacent laser tracks was 30%.
During the process, high purity argon gas (99.999
%) was supplied through a nozzle at the rate of 20
liters per minute.

After laser treatment, the coated specimens
were sectioned vertically, ground with SiC paper,

Table 1. The applied graphite/ilmenite molar ratios and mechanical activation times.

Sample Graphite/ilmenite molar ratio Milling time (hours)
4-100 4 100
6-100 6 100
8-100 8 100
8-5 8 5
8-50 8 50
8-200 8 200
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polished with a fine alumina powder suspension
and were subsequently etched by 3% nital solu-
tion. The microstructures of samples were studied
using scanning electron microscopy (SEM) and
energy dispersed spectrometry (EDS). X-ray dif-
fraction (XRD) analyses were also used to track
microstructural and phase evolutions. A Philips
X-ray diffractometer with CuKoa radiation was
used under the voltage and current of 40 kV and
30 mA, respectively. Lastly, microhardness mea-
surements were performed using a Vickers mi-
crohardness apparatus with a normal load of 100
grams.

3. RESULTS AND DISCUSSION

Firstly, the effect of carbon/ilmenite ratio on
the synthesis of TiC particles was investigated.
The powders with 100 hours of mechanical acti-
vation were applied. After that, the desired carbon
to ilmenite molar ratio was fixed and the effect
of activation time was studied. It should be men-
tioned that the microstructural aspects of the final
coating were described in details in another article
[27]. The effects of heat input and laser param-
eters on the microstructure and properties of the
coating will be published elsewhere.

3.1. The effect of carbon/ilmenite molar ratio on
the microstructure of the coating

The conducted phase evolutions were firstly in-
vestigated by microscopic study of the developed
microstructures. An intersection of the sample
that is synthesized under stoichiometric carbon/

.

ilmenite ratio is shown in Fig. 1.a. The surface,
coated region and HAZ can be recognized. As
can be seen in Fig. 1.b, a martensitic structure is
formed in the matrix of coating, which can be due
to the increased carbon content of the substrate.
Some particles were also analyzed via EDS. For
instance, it is observed that the particle marked by
an arrow in Fig. 1.b, contained titanium and oxy-
gen, while oxygen was absent in some other par-
ticles. Dewan et al [28] showed that carbothermic
reduction of ilmenite results in the consecutive
formation of TiO2, Ti305, Ti203 and finally TiC.
Therefore, a primary conclusion is that the visible
particles in our study are combinations of oxide
and carbide phases. It should be mentioned that
the carbon atoms could not be well detected via
EDS analysis. Moreover, a martensitic structure
is formed in the matrix of coating (Fig. 1.c). This
can be a consequence of the fast cooling rate of
the melt pool and the increase of the carbon con-
tent of the mild steel substrate. The observation
is also in agreement with a research on the in-situ
synthesis of TiC-VC hardened coating using fer-
roalloys and graphite [29].

The coating and HAZ regions of sample 6-100
can be observed in Fig. 2.a. Similar to sample
4-100, the HAZ region may have a bainitic/acic-
ular ferritic structure. As is depicted in the titani-
um elemental map, in the lower part of Fig. 2.a,
several particles which contain titanium were
dispersed in the coated region. An area with the
accumulation of particles is pointed by an arrow.
A back-scattered electron image of this area is
displayed in Fig. 2.b. It should be mentioned that
various particles in the BSE image have diverse

Fig. 1. SEM images of sample 4-100 (a) The overall structure of the surface layer

(b) The martensitic plates in the matrix of coating (¢c) BSE image of the coating and embedded particles
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Martensite

Retained
Austenite

Fig. 2. BSE image of sample 6-100 (a) An intersection of the surface layer. The EDS map of titanium element in the

clad layer is also presented. (b) An area of accumulation of synthesized particles, which was pointed by an

arrow in the previous part; (c) Martensitic plates and retained austenite

107 tun

Fig. 3. SEM images of sample 8-100 (a) The formation of dendritic microstructure in the matrix

(b) dendrites and inter-dendritic sections, besides some agglomerated particles

(c) A cluster of synthesized particles embedded in the matrix of the coating

levels of darkness. The darker a particle’s image,
it may have a higher amount of the light element
of carbon. Consequently, the coating can contain
a mixture of particles which were reduced to dif-
ferent levels. Moreover, the matrix of the coated
region is shown in Fig. 2.c. Again, the formation
of martensitic plates is obvious. The presence of
retained austenite can signify the increase of car-
bon content in the matrix.

Fig. 3. exhibits major microstructural aspects
of the specimen that was fabricated at the graph-
ite/ilmenite molar ratio of 8. As indicated in Fig.
3.a, the matrix of laser-treated coating is solidi-
fied in a dendritic mode. According to the con-
stitutional supercoiling theory [30], this can be a
result of the increase of solute atoms (here car-
bon) in the melt pool. A similar effect has been
recently reported [31] by the addition of up to

8 & e o

4 wt % of carbon+boron to a coating on carbon
steel, with in-situ generated TiC particles. The ef-
fect of available carbon content on the matrix of
coatings can be considered as a basic difference
between the in-situ carbothermic reduction of TiC
and the ex-situ laser cladding of TiC particles.
Higher magnification images of dendrites and the
embedded particles are presented in Figs 3.b and
3.c. A phase with the shape of fine layers can be
observed in the matrix of coating, such as the ones
that are pointed by arrows. These can be layers of
Fe3C, as will be discussed later via XRD analysis.
On the other hand, EDS analysis of particles in
sample 8-100 did not show any oxide phase. It can
be determined that complete reduction of ilmenite
took place and the oxide phases were replaced by
the carbides.

The XRD analyses were conducted to deepen
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Fig. 4. XRD patterns of the samples by application of powder blends activated for 100 hours having different ilmenite
to graphite molar ratios of (a) 4, (b) 6, (c) 8. Due to the difficulty of differentiating between the peaks of ferrite
and martensite, the relevant peaks are labeled by Fe.

the study of phase transformations in the three mo-
lar ratios. As can be seen in Fig. 4.a, the formation
of a mixture of oxide and carbide phases can be
confirmed under the stoichiometric graphite con-
tent. It can be concluded that the amount of car-
bon is not sufficient to accomplish the steps of il-
menite carbothermic reduction, under the applied
LST conditions. In comparison to sample 4-100,
the height of the peaks of Ti2O3 was decreased in
sample 6-100 (graphite/ilmenite molar ratio of 6).
Alternatively, the presence of excess graphite re-
sulted in an increase in the intensity of TiC peaks.
According to the relative intensity of XRD lines,
the amount of retained austenite in sample 6-100
was higher than 8-100 (Figs. 4.b and 4.c). On the
other hand, the peaks of cementite emerged in
the XRD profile of sample 8-100 and the higher
carbon content resulted in the formation of more
Fe3C and TiC. This is in agreement with SEM
studies of sample 8-100.

It should be mentioned that the process of re-
duction in our study occurs in a liquid medium.
Studies of finite element simulations of TiC laser

cladding process calculated the temperature of
the surface of melt to be 2810 °C [32], or even
as high as 4500 °C [33]. The substance with the
lowest melting point in this system is ilmenite.
Therefore, the ilmenite particles firstly start to
form a melt pool. Afterward, the pool will be di-
luted by iron from the substrate. Graphite with a
melting point higher than 3500 °C [34] would be
the last part to dissolve. A better understanding of
the process can be achieved by the aid of Fe-Ti-C
ternary phase diagram. As can be seen in Fig. 5
[35], the first phase which can be generated in
the melt pool is TiC. By decreasing temperature,
the amount of TiC increases until the composi-
tion of the melt pool reaches the triple point be-
tween TiC, d-Fe, and y-Fe. A prerequisite for the
increase in TiC is a further reduction of ilmenite.
If the composition of the melt becomes rich with
titanium, the melt can cool down through path
A in Fig. 5. But due to the supply of excess car-
bon from graphite, path B is more probable. In
this way, more austenite will form. Afterward,
this austenite can be transformed to martensite
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or o+Fe3C. From the kinetic point of view, the
increase of available carbon content can shorten
the diffusion path. Sufficient graphite content can
also provide enough reductant CO gas. On the
other hand, it is stated that undissolved graphite
particles can remain in the melt pool [20]. While
free graphite particles were not detected in this
work, unnecessary increase of graphite/ilmenite
molar ratio to higher than 8 may result to leave
undissolved graphite particles and damage the
mechanical properties of the coating.

Fe L 2 5 B pegm ]

Fig. 5. The liquidus projection of Fe-Ti-C phase diagram in
the Fe rich corner [35]

3.2. The effects of mechanical activation on
precursor and coating

The images of initial ilmenite powder and
the blended mixture after 100 hours of milling
can be seen in Figs 6.a and 6.b, respectively.
The size of particles became about two orders
of magnitude smaller. This refinement exponen-
tially increases the contact area between mixed
graphite and ilmenite phases, which decrease
the length of diffusion. This can be an import-
ant factor in the reduction of ilmenite during a
fast process such as laser treatment. However,
the decrease in particle size may not be sufficient
for complete carbothermic reduction. As will be
discussed, mechanical activation and accumula-
tion of crystalline defects have a supplementary
effect. The XRD patterns of the powder mixtures
activated for 5, 50, 100, and 200 hours are shown

B & f o

in Fig. 7.a. It can be seen that by milling the pre-
cursor up to 200 hours, no new peak emerged
and therefore no important mechanochemical
reaction occurred between ilmenite and graph-
ite. On the other hand, the milling process can
dramatically affect the microstructure of existing
phases. The increase of activation time resulted
in a decrease in the intensity of the graphite main
peak, which can be due to partial amorphization.
The changes in ilmenite main peak are displayed
in Fig. 7.b. It can be seen that by increasing ac-
tivation time the peak’s intensity was decreased
and it became wider simultaneously, which is a
sign of grain refinement and/or increase of inter-
nal microstrain [36].

Fig. 6. (a) The initial ilmenite powder

(b) The mixture of graphite and ilmenite with the molar
ratio of 8 after 100 hours of milling
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Fig. 7. (a) X-ray diffraction patterns of the mixture of graphite and ilmenite powders at the molar ratio of §,

activated for 5, 50, 100 and 200 hours (b) Changes in the shape of ilmenite main peak by the increase in the milling time

Besides the mentioned decrease in particle
size (Fig. 6), the increase in milling time resulted
in refinement of crystalline domains inside each
particle. Scherer [37] and Williamson-Hall [38]
methods were used to calculate the size of crystal-
line domains and lattice microstrain of ilmenite.
The variations of crystallite size versus activation
time are plotted in Fig. 8.a. The minimum domain
size was somewhat in agreement with that report-
ed by Li and co-workers [39] using Rietveld re-
finement. (It should be mentioned that the results
of various X-ray diffraction line analysis methods
may be somehow different [40].) The developed
network of grain and subgrain boundaries can act
as easy diffusion paths of carbon. On the other

40
38 g (a)
36 4
34
32 4
30 4
28 1
26
24 4
22
20 A

—&— Sherer
—0— Williamson-Hall

Crystalline Domain Size (nm)

18

Activation Time (h)

hand, ball milling resulted in an increase of lattice
microstrain (Fig. 8.b), which is calculated by the
Williamson-Hall method. This indicates the accu-
mulation of lattice defects in ilmenite crystallites.
The increase of crystalline defects in ilmenite and
amorphization of graphite results in a rise in their
internal energy level [41], which makes them
more reactive.

As could be seen in previous SEM images, the
uniformity of particle distribution in the coatings
with 100 hours of milling was not completely sat-
isfactory. Micrographs of coatings with 5 and 50
hours of mechanical activation can be seen in Figs
9.a and 9.b, respectively. As is seen, large agglom-
erations of embedded particles exist. Conversely,

0.6 4 (b)
0.5

0.3

0.2 A

Lattice Microstrain (%)

0.1

0.0

0 50 100 150 200 250

Activation Time (h)

Fig. 8. The effects of the increase in the mechanical activation time on

(a) ilmenite crystalline domain size (b) ilmenite lattice microstrain
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SEM investigations showed that the clusters of
particle were relatively fewer in sample 8-200.
A low magnification image showing the distribu-
tion of particles in this sample can be seen in Fig.
9.c, while an image with relatively higher details
is presented in Fig. 9.d. The improvement of the
homogeneity of distribution of particles can be
due to better grinding and mixing of the reaction
agents, besides the mentioned changes in diffu-
sion paths and particles internal energies.
Microstructural aspects of the final coating in
sample 8-200 can be seen in Fig. 10. A series of
solidification microstructures can be detected in
Fig. 10. a. Planar, cellular, dendritic, and eutec-
tic regions were formed from the substrate inter-
face toward the coating surface. The fine lamellar
structure of eutectic region near the top surface is
shown in Fig. 10.b. It is obvious that TiC parti-
cles with different morphologies are embedded in

this lamellar matrix. The formation of the eutectic
region can be a consequence of directional solid-
ification, in which carbon and other solute atoms
were rejected from the solidification front toward
the surface. Development of the eutectic micro-
structure (structure of white cast iron) is in agree-
ment with a previous study on laser-surface alloy-
ing of iron with graphite [42]. However, it is not
possible to completely eliminate the clusters. This
may be due to the high speed of LST which does
not allow sufficient convection in the melt pool.
Round shapes were observed at the boundary of
some clusters, as can be seen in Fig. 10.c. Ema-
mian and co-workers stated that rapid temperature
reduction can cause a semi-solid region in the Fe-
Ti-C melt pool [43]. Therefore, the round shape of
boundaries can be a result of fluid flow around the
clusters, which was not sufficient to completely
dissolve them.

Fig. 9. BSE images showing the distribution of particles in
(a) sample 8-5 (b) sample 8-50 (c) sample 8-200 (d) sample 8-200
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20 jm

Fig. 10. FESEM images of sample 8-200 (a) General microstructure and its regions

(b) particles and matrix in the eutectic section of coating (c) a cluster of particles

Besides the precursor powder, the effects
of mechanical activation on the coatings were
studied via XRD analysis. Fig. 11 shows the
XRD profiles of the coatings which were syn-
thesized from powders by the minimum and
the maximum applied activation times. It can
be clearly seen that the intensity of TiC peaks
was increased. There was also a small shift in
the position of peaks. Holt and Munir [44] re-
ported that the increase of carbon content in
TiCx from 0.5 to 0.91, increases the cubic lat-
tice parameter from 4.299 to 4.329 Angstroms.

Relative Intensity

Saidi and co-workers [45] also reported an in-
crease from 4.321 to 4.328 A by increase of
x from 0.65 to 0.90. The lattice parameters
of samples 8-5 and 8-200 were calculated to
be 4.3214 and 4.3254 Angstroms, by Bragg’s
law [36]. It can be concluded that the carbon
content of TiCx particles in this study was in-
creased from about 0.65 to about 0.80. The
increase of C/Ti ratio can mean that the dis-
solution of oxygen in titanium carbide lattice
is decreased. This phenomenon implies more
progress in the steps of reduction.

e Fe < FeC
o TiC * graphite
+ austenite

20 30 40 50
2 Theta (degrees)

Fig. 11. XRD pattern of the coatings formed from the powder mixtures with a molar ratio of 8,
(a) sample 8-5 (b) sample 8-200
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3.3. Microhardness of coatings

Finally, the microhardness measurements
were applied to study the effect of excess graph-
ite and mechanical activation on the mechanical
properties of the coatings. In sample 4-100, the
hardness at regions that were free of synthesized
particles was about 550 HV, which can be a re-
sult of the martensitic matrix. It was hard to find
regions with no embedded particles in sample
8-100. Therefore, the minimum hardness was
measured in regions with the lowest density of
particles, which was about 800 HV. This increase
can be due to the existence of small particles of
cementite, besides TiC particles. On the other
hand, the maximum values of hardness (in re-
gions with a high density of embedded particles)
were measured and presented in Fig. 12.a. The
increase of hardness of clustered regions by in-
crease of graphite concentration can imply a rise
in the proportion of TiC particles in clusters, rath-
er than oxide phases. This is in agreement with
the analysis of XRD profiles. On the other hand,
it can be seen in Fig. 12.b that the increase of
milling time resulted in the continuous increase
of average microhardness of coatings. This can
be due to an increase in the proportion of car-
bide particles which also have higher C/Ti ratio.
Conversely, the maximum hardness remained al-
most constant after 100 hours of mechanical ac-
tivation, while the difference between the max-

2000

1800 (a) 1748
1600
= 1400 |
- 1206
Zz 1200 4
-
T 1000 933
=
< 800 -
=
=2
= 600
400
200 160
0 T r T
1020 steel 4.100. 6,100, 8100,
Sample

imum and average hardness is decreased. This
can mean that the microstructure of the coating
became more uniform. This can also confirm the
positive effect of prolonged mechanical activa-
tion on the uniformity of particle distribution.

4. CONCLUSIONS

The Fe-TiC composite coating is synthesized
on AISI 1020 steel in this research. In-situ syn-
thesis of TiC particles was conducted by carbo-
thermic reduction of ilmenite via laser surface
treatment. The mechanical activation of ilmen-
ite-graphite powder mixture was also applied
prior to the coating process. It was determined
that the ilmenite reduction did not accomplish at
graphite to ilmenite molar ratio of 4, which is the
stoichiometric ratio. The increase of driving force
by mechanical activation was not sufficient for the
completion of the reduction during laser surface
treatment, as well. The process was improved by
the increase of the molar ratio to 6 and was com-
pleted at the molar ratio of 8. Consequently, the
average microhardness of coatings improved to
more than 1300 HV. On the other hand, by me-
chanical activation of powder mixture for 200
hours in an attritor ball mill, notable improvement
is achieved on the uniformity of distribution of
reinforcing particles. In this way, a hard coating
with TiC reinforcing particles is synthesized by a
novel in-situ route.
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