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Abstract

Tungsten inert gas (TIG) surface modification with Fe-based alloy can give protection against wear and
corrosion of metallic component material. In this study, an attempt has been made to explore deposition
of Fe-based alloy on commercial purity titanium (CP-Ti) by TIG torch melting process to improve
resistance of substrate to wear. Three different powder blends with nominal composition of 97Fe2C1Si,
94Fe 4C2Si and 91Fe6C3Si were separately melted on CP-Ti using a conventional TIG welding torch
produced at 100 A and energy input 1350 JJmm. Analysis of the results showed that TIG torch
produced melt pools geometry with good metallurgical bonding with the substrate. The melt
microstructures consisted of variety of different TiC precipitates. Pores were conspicuously seen on the
melt microstructure modified with highest carbon content. Both micro hardness and wear resistance
showed a significant improvement particularly after TIG coating with 94Fe4C2Si. Thus, it appears that
an optimized composition of TIG coated with 94Fe4C2Si was best to control abrasive resistance and for
the application of cylindrical liner.
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1. Introduction

There has been an increasing interest in light
weight structural automotive material to
achieve a reduction in average fuel
consumption over the last ten decades.
Titanium with its good strength to weight
ratio and low density is a potential candidate
material to realize this, but its surface
properties need to be tailored in order to meet
specific challenges in an engine block such
as abrasive wear, corrosion resistance and the
emission caused by lubricating oil [1]. Owing
to this, several surface technologies have
been suggested by engine manufacturers.
Among these technologies, TIG modification
IS a promising cost effective technique that is
capable of solving problems such as wear,
corrosion and thermal stability which could
restrict titanium material for cylinder liner
application [2-4]. To ensure good thermal
conductivity and to keep the temperature of
the inner surface of the liner sufficiently low,
a good metallurgical bonding between the
liner and the engine block is one of the most
critical factors [5]. Advances in surface
modification of industrial part with TIG have
shown a huge success in this aspect [6]. A
coated surface obtained by TIG technique
has the potential to produce a dense coating
with good metallurgical bonding to the base
material. Tungsten inert gas by means of
surface modification is a process by which an
alloy powder of desirable composition is
homogeneously deposited onto the surface of
soft materials (usually titanium or low alloy
steel) by melting with a view to increasing

hardness and wear resistance without
significant loss in the bulk material
properties.

The reduction of friction losses in automotive
engines offers big potential when looking for
possibilities to cut down fuel consumption.
Iron based alloy provides itself a good
tribological coating material. In recent years,
many investigations have been carried out on
iron based alloy as coating material to
improve the hardness and wear resistance of
industrial part [7-9]. The important features
of Fe-based alloy are its good wear
resistance, high hardness and good

wettability. The two alloying elements such
as carbon and silicon are responsible for
carbide formations with improve wear
resistance. In the Fe-Cr-C-Si coating
improved on CP-Ti with TIG method
depending on processing conditions, it was
found that the as deposited coatings
contained higher volume fractions of
carbides which gave rise to increase in micro
hardness and wear resistance [4]. Wang et al.
[10] investigated the wear properties of in
situ TiC/ FeCrBSi composite coating using
TIG process on AISI 1045. They reported
that TiC reinforced composite coatings gave
better hardness and wear resistance. Sabet et
al. [8] investigated the microstructure and
wear resistance of Fe-Cr-C on AISI 1010
mild steel using TIG melting process. The
result showed a significant improvement in
both hardness and wear resistance.

In this study, an attempt is made to explore
the preparation of coating on CP-Ti using Fe-
C-Si ternary mixture preplaced powder on
CP-Ti under TIG melting. A detailed
investigation concerning the evolution of
microstructure, melt geometry  and
mechanical properties (in terms of micro
hardness and wear resistance) were
examined.

2. Materials and Experimental Method

Commercial purity titanium (CP-Ti) was
used as a substrate in the form of 50 mm x 40
mm? with a 10 mm thickness in TIG
processing experiments. Before coating, the
specimens were ground and cleaned with
acetone. Three different elemental mixtures
of Fe-C-Si powder blends were used as the
coating materials. The compositions of CP-
Ti along with the powders used for surface
coating are given in Table 1. The powder
preplaced mixture (PPM) was first made
using a pasty mass by mixing with alcohol
and then applies to the substrate surface. The
powder coated substrate was melted under a
constant operating current of 100 A and
energy input 1350 J/mm using TIG torch
process. Detail information on the processing
procedures can be found in the literature [6].
Conventional characterization techniques
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such as scanning electron microscope
(SEM), EDX, X-ray diffraction were
employed for studying the microstructure
and analysis of the modified layer.
Microhardness values with 500 gf load were
taken across the modified zone. Due to slight
variation in the hardness values, three
different points for each reading were taken
and average value was recorded. The dry

modified were determined at room
temperature using ball-on-plate wear tester
under a constant load 10 N and varying
sliding speeds. The counterpart was alumina
steel with a hardness of 1750 kg/mm? and a
ball diameter of 6 mm. Worn surfaces were
analyzed using SEM and wear rate were
calculated according to the equation in
literature [11].

sliding wear resistance of the surface
Table 1. Chemical compositions of CP-Ti and powders preplaced mixtures (PPM) for surface modification
(Wt.%)

Chemical component Ti Fe C Si H 0 N

CP-Ti 99.425 | 0.3 | 0.08 | - | 0.015 | 0.15 | 0.03

97Fe2C1Si (PPM1) - 97 2 1 - - -

94Fe4C2Si (PPM2) - 94 4 2

91Fe6C3Si (PPM3) - 91 6 3

3. Results and Discussion

A. Melt
microstructures.

The widths and depths of the PPM tracks
processed  under  different  powder
compositions are given in Table 2. The depth
and the width of the melt zone showed that
the geometric configuration of these re-
solidified melt layers were influenced by the
amount of preplaced powder mixtures where
the melt width and depth showed a complete
variant with different powder compositions
at the same energy input (1350 J/mm).
Comparing the results obtained from PPM2
with that of PPM1 and PPM3, it can be seen
that track processed with PPM2 produced a
melt depth of 1.52 mm and a higher thickness
of 1.2 mm than other two PPMs CP-Ti
modified surface. The formation of larger
melt depth is presumed to be associated with
reactive nature of carbon with titanium in the
melt matrix. With higher amount of carbide
formation, a larger amount of thermal energy
released which eventually resulting in larger
melt depth under PPM2 in this investigation.
In the sample processed with PPM1 under the
same energy input, the decreased melt depth
observed can be explained in terms of carbon
concentration in the melt pool. At lower
carbon concentration (PPM1), a smaller
amount of carbide is expected to form which
ultimately release lesser exothermic energy

configuration and

with shallower melt depth. In PPM3 track,
the decreased melt depth observed in
comparison with PPM2 and PPML1 is due to
reduction of solubility of carbon in Ti melt
matrix. At higher amount of silicon in PPM3,
the possibility of formation of carbides
reduces as silicon reduces the solubility of
carbon in Ti melt matrix [12]. As a result, less
amount of carbide was formed resulting less
amount of thermal energy as compared to
that of PPM2 track with higher population of
carbides. Hence, shallower melt depth was
obtained for PPM3. On the other hand, the
melt width size for PPM3 track was about 1.4
times greater than PPML1 track. For different
preplaced powder mixtures, the melt size
does not increase linearly with the increased
in powder compositions. In general, the melt
size is controlled by different processing
parameters such as operating current,
electrode speed and arc length [13], thus, the
width size varies with different powder
preplacement mixtures.

Fig. 1 shows the melt configuration for the
three different PPM tracks at energy input of
1350 J/mm. The melt cross-sections obtained
were found to be hemispherical in shape. The
Gaussian energy distribution which is
responsible for providing greater heat
intensity in the middle of the melt and
gradually decreases to both edges leading to
the formation of hemispherical shape melt
pool. This phenomenon was also explained
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by other researchers using laser and TIG
melting processes where the hemispherical
melt pool shapes are formed by the Gaussian
energy distribution in the coating [13]. The
continuous fusion line observed between the

coating layer and the substrate (Fig. 1)
proved that good metallurgical bonding was
incurred in the melt zone due to appropriate
mixing and dissolving of PPM (Fe, C and Si).

Table 2. Melt depth and width of PPM tracks produced

Energy input J/mm PPML1 track PPM2 track PPM3 track
1350 Depth [mm] | Width [mm] | Depth [mm] | Width [mm] | Depth [mm] | Width [mm]
1.27 8.30 1.52 8.27 1.26 115

(2)
Figure 1 Melt configurations demonstrating good metallurgical bonding with the CP-Ti substrate at different
PPM tracks: (a) PPM1, (b) PPM2 and (c) PPM3.

Melting of commercial purity titanium with
preplaced powder mixtures produced
dendritic microstructures in the melt pool.
Fig. 2 shows the dendrites produced with
three different PPM tracks. The vertical
section of the track produced with PPM3
showed needle like microstructures which
are different from PPM1 and PPM2 tracks
whereby puny like and armed typed
microstructures were obtained respectively.
With PPM3 powder mixture incorporation,
the melt pool layer was characterized with
pores and voids which were generally absent
in PPM1 and PPM2 tracks. The presence of
pores on this track suggests that the
formation is associated with amount of PPM
powder mixtures in the melt. During
solidification, the presence of precipitation of
carbides which had further increased the
viscosity caused sudden freezing of the melt
and gas evolution resulting in pore formation.

The melt microstructure of this track
consisted of prominent ferrite phase grains.
The emergence of this ferrite phase is
attributed to reduction of carbon solubility in
titanium melt matrix by higher amount of
silicon content. With the increased in silicon
content in Fe-C ternary alloy system, the
graphitization reaction occur with the
decreased tendency for metal to form
thermodynamically stable microstructure
[12]. Silicon also has the effect of raising

eutectoid temperature in iron-carbon alloy
system and hence with higher amount of
silicon content more ferrite structure is
formed [15]. At lower powder preplaced
mixtures (PPM1), the dendrite size was very
small but much larger with (PPM2). The
enlarged or extended dendrites in the PPM2
track are thought to be associated with the
increased carbon content in PPM. The
amount of carbon is believed to have
influenced the growth of dendrites and their
concentration in the melt. At energy input
1350 J/mm, the melt is assumed to absorb
more PPM resulting greater concentration of
carbon in the melt pool forming larger
dendrites. The formation of flow loops in the
melt cross-section with high concentration of
dendrites is due to the Maragoni convectional
fluid flow [16]. The preplaced powder
mixture flowed along the loop in the melt
resulting in high concentration of PPM in the
melt. Lowering powder preplaced mixtures
(PPM1) in the melt at the same energy input
subsequently increased the cooling rate,
which is believed to be a factor in producing
fewer and smaller dendrites puny particles in
the microstructure. Therefore, the feature of
the microstructure is suggested to be related
to nucleation and growth Kkinetics of the
dendrites  which  depends on the
concentration of PPM in the melt pool and
the cooling rate.
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Fig. 3 shows the EDX analyses along with
the X-ray diffraction pattern of modified
track. Elemental analysis within the dendrite
in PPM track is depicted in Fig 3 (a) which
shows Ti and C only. This indicates that the
dendrites are mainly TiC. This is due to
strong tendency of Ti and C to react
compared to Fe and Si in the melt pool. The
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Figure 2 SEM micrographs showing melt microstructure of the modified CP-Ti at different
PPM;s : (a) PPM1, (b) PPM2 and (c) PPM3

EDX in Fig 3 (b) showed dissolution of
preplaced powder mixture in Ti melt matrix.
As it can be seen, Fe C and Si were
conspicuously present in titanium melt
matrix. X-ray diffraction pattern taken from
the surface of the sample processed with
PPM2 shows TiC (dendrites), SiC, FesC and
Ti3SiC; as the main phases of modified layer.
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Figure 3 (a) EDX analysis within the dendrite phase,
diffraction pattern of PPM2

B. Microhardness and wear properties of
surface modified CP-Ti

Fig. 4 shows the microhardness value along
with the tribological behaviour of PPM
tracks. The Vicker hardness values of the
various melt cross-sections (PPM) are
measured from the surface towards the
vertical melt depth. The hardness values
plotted against the melt depth are shown in
Fig. 4 (a). The surface processed with PPM2

(b) Elemental analysis within Ti melt matrix and (c) X-ray
track at energy input 1350 J/mm.

track showed a maximum hardness of ~800
HVoskgr Which is 3.5 to 4 times the base
hardness (200 HVos k). The high
microhardness value obtained is due to the
formation of hard phases such as TiC, FesC,
SiC and TizSiC> in the modified layers shown
in Fig 3 (b), detected by X-ray diffraction,
among which titanium carbides play a higher
effective role. With the powder preplaced
mixture (PPM3 track), the maximum
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hardness developed was 470 HV o5 kgf and
slightly drops later to 300 HV oskgf at 300
um depth. Compared to the hardness profile
produced for PPM1 track, the maximum
hardness developed for PPM3 track was
lower. The addition of PPM3 created some
pores in the Ti melt matrix. The fluidity of
the melt reduces with increasing powder
preplaced mixture. This low fluidity viscous
melt caused difficulty for excess gas to
escape from the liquid melt during

HI:IZ-“ -

solidification which has been reported as the
cause of pore formation in the melt matrix
area. Wang et al. [10] reported that reduction
of hardness is mainly due to defects and
incomplete fusion of the added particulates in
the melt pool layer. The powder
preplacement mixture and TIG melting
method can produce a thin layer of ~1.2 mm
thickness when processed with PPM2 with a
developed maximum hardness of about 800
HV 0.5 kgf.
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Figure 4 (a) Microhardness of modified layer, (b) Effect of wear rate of modified layer on sliding speed and (c)

Frictional behaviour of modified layer at 200 RPM.

Fig. 4 (b) shows the variation in wear rates
under different sliding speed for CP-Ti
modifying surface. Other parameters such as
load, relative humidity are kept constant. It
can be seen that the surface modified CP-Ti
had a lower wear rate compared to untreated
CP-Ti. An increase in sliding speed was
noted to lead to an increase in wear rates and
loss of the material. The increase in wear rate
is due to increase in sliding speed throughout
the test. The wear rate is directly related to
the melt depth and hardness value of the
modified layer. The sample processed with
PPM2 showed the lowest wear rate. This is
attributed to formation of highest melt depth
and hard carbides in the melt pool layer
which lead to higher hardness obtained for
this specimen. For the specimen processed

with PPM1 a significant reduction in wear
rate was also noticed. The lower wear rate
recorded for this sample might be due to
population of TiC in the microstructure with
the corresponding lower melt depth.
Comparing PPM3 with PPM1 and PPM2,
TIG surface melting of PPM3 showed
highest volume wear rate. This is directly
attributed to low hardness and defect that
characterized this specimen.  Thus, the
amount, size and bond between the substrate
and modified layer are significant parameters
in the resistance of material against wear.

Fig. 4 (c) shows the frictional behaviour of
CP-Ti and modified layers at a constant
sliding speed of 200 RPM. It can be seen
that the friction coefficient of commercial
purity titanium was higher than the modified
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layers. During sliding, the temperature
between the contact surfaces gradually
changes as the sliding speed increases. This
phenomenon leads to the formation of an
oxide layer on the sample contact surface
thereby resulting lower coefficient of
friction. Yoon et al. [17] have reported that
during sliding the tribochemical reaction
causes the formation of oxides which can
also contribute to the reduction of the friction
coefficient that was noticed. The friction
coefficient for the substrate is 0.58. The
friction coefficient of the surface modified
with PPM1, PPM2 and PPM3 are 0.32, 0.26
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Fig. 5 shows the wear scar of the CP-Ti
substrate and the surface modified layer with
different powder compositions sliding
against alumina (Al20z) ball under 10 N
normal load. According to Fig. 5 (a) the
morphology of the worn surface of the CP-Ti
substrate is different to that of the modified
layer. For CP-Ti substrate, an extensive
typical adhesive wear dominated by plastic
deformation is observed while modified layer
shows relatively less severe deformation.
Due to low hardness and metallic bond nature
of the untreated CP-Ti substrate, its surface
can be easily plastically deformed, ploughed

and 0.39 respectively. The friction
experiment indicates that increasing the
amount of powder composition particles in
the coatings can effectively reduce the
surface friction coefficient and consequently
improves the surface friction resistance for
coatings. The significant reduction in friction
coefficient recorded can be attributed to
higher volume fraction of carbides and
hardness in the coating. The effect of higher
hardness is to reduce the load transferred to
the subsurface, which cause the applied load
to be borne mainly by the modified layer.
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Figure 5 SEM micrographs showing worn surface: (a) CP-Ti, (b) PPM1, (c) PPM2 and (d) PPM3.

and transferred resulting in the detachment of
large chips and adhesive wear debris.
However, for the sample reinforced with
PPM1, PPM2 and PPM3, a mild wear surface
was observed which indicates that severe
plastic deformation and adhesion was
prevented. The PPM particles in the Ti melt
matrix formed intermetallic compounds
which improve the bonding strength between
the PPM particles and Ti matrix interface. As
a result, the hard carbides formed on the CP-
Ti surface do not easily pull out from the
matrix during wear sliding. Therefore, the
composite coating is found to possess a much
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high wear resistance to plastic deformation
which increases the resistance to plastic
deformation. The modification of titanium
offers several advantages in comparison with
the conventional method of using cast iron
liner. The coating thickness (1520 pwm) and
hardness (800 HV) of TIG coating of
titanium is significantly higher in comparison
with thermal sprayed cast iron liner (500 um
and 400 HV) [18]. In addition a high
dendritic structure with good metallurgical
bonding of TIG coating gives excellent
condition as compared to ferrite phase
structure obtained for thermal sprayed
coating of traditional cast iron liner.

4. Conclusions

In this study Fe-C-Si coatings were
fabricated on commercial purity titanium
using TIG torch melting technique. The
following conclusion may be drawn from the
results obtained.
= Three different powder preplaced
mixtures 97Fe2C1Si, 94Fe4C2Si and
91Fe6C3Si were successfully modified on

CP-Ti. Surface modification  with
94Fe4C2Si  developed larger melt
geometry.

= The melt pool geometry was
hemispherical in shape and dendritic
microstructure with hard layers containing
TiC, FesC, SiC and TisSiC> phases were
observed on surface modified CP-Ti.
Coatings produced by TIG with premixed
powders showed a good metallurgical
bonding with the substrate.

= Due to the presence of hard phases,
the hardness of the modified layer reached
a value as high as 800 HV o5 kgr which was
almost 3 to 4 times as compared to CP-Ti
base material.

= TIG surface modification with
97Fe2C1Si, 94Fe4C2Si and 91Fe6C3Si
on CP-Ti improve the wear resistance,
although the surface modified with
94Fe4C2Si is more effective.
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