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Abstract

The purpose of this study was to improve the performance of 304 stainless steel by ap-
plying a wear-resistant coating. For this purpose, in-situ composite coatings of TiC-Al;Ogs, as
well as TiB2-TiC-Al, O3, were applied on the surface of 304 stainless steel by using combining,
welding and self-combustion synthesis with different current welding. The microstructural in-
vestigations of the coated layers showed that due to the high incoming welding temperature
in all the samples, by performing the combustion synthesis reaction, significant reinforcing
particles were formed on the 304 stainless steel surface. Also, in all heat inputs, cubic tita-
nium carbide particles formed inhomogeneously on AloO3 particles or spontaneously in the
austenitic matrix of 304 stainless steel. The reinforcing of TiC and TiB: particles formation
in both 3Ti02-4Al-3C and 3TiO2-4Al-B4C layers led to an increase in surface hardness and

wear resistance up to 2.5 versus the substrate.

Key words: gas tungsten arc welding (GTAW), composite, 304 stainless steel, microstruc-

ture

1. Introduction

Considering the mechanical properties, corrosion
resistance, and cost efficiency of austenitic stainless
steels, they are commonly used in industries. Never-
theless, in many applications, they exhibit low surface
hardness and inadequate wear resistance [1, 2]. AISI
304 stainless steel is known to have low wear resistance
and hardness, given its specific features, including
proper machinability and aqueous corrosion resistance
[3]. Consequently, we can use surface treatments for
improving the surface properties of this type of steel.
There are mainly two available techniques to combine
reinforcement particles in the matrix of MMCs. One
is solid state processing, and the other technique is an
in-situ organization of the reinforcement phase within
the matrix of material [4]. The main fabrication meth-
ods for solid-state processing of metal matrix com-
posites are powder blending and consolidation. In-situ
reinforced coatings are considered more useful, given
proper reinforcement matrix interfaces and thermo-
dynamic stability in the matrix in comparison with

external additives. The reinforced particles are also
finer in size and their distribution in the matrix of the
substrate is even more uniform [5]. A cost-effective
approach is an application of wear-resistant and hard
coatings via weld deposition from different alloys or
metals on metallic substrates, particularly for expen-
sive and large components. The coatings are deposited
as thick alloy coatings via weld deposition, ranging
from 750 um to a few mm in size [6].

The gas tungsten arc welding (GTAW) process is
recognized as the most convenient surface modifica-
tion method that allows preparation of crack-free sam-
ples in coating layers and good metallurgical proper-
ties at the interface between the coated layer and sub-
strate [7]. Given their great stiffness, toughness, high
specific strength, and high wear resistance, major at-
tention is being directed towards metal matrix com-
posites (MMCs) reinforced by ceramic. These com-
posites are also associated with low costs of fabrica-
tion, adequate high-temperature stability, and desir-
able isotropic features [8]. They may also be applied
as high-temperature structural compounds and wear-
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resistant parts. TiC, TiBg, and Al;Og3, as ceramic par-
ticulates, exhibit great hardness, and adequate chem-
ical and thermal stability, excellent wear resistance,
and high melting points. Therefore, they can be poten-
tial compounds for incorporation in multi-component
coatings to enhance resistance to mechanical and ther-
mal wear [9].

Due to low energy consumption and high purity of
products, self-propagation high-temperature synthe-
sis (SHS), as one of the techniques of the synthesis of
reinforcing ceramic particles, has attracted the atten-
tion of many researchers [10]. Recently, various stud-
ies have concentrated on (TiC-Al;O3)/Al and (TiBs-
-Al;03)/Al reaction synthesis in Al-TiO2-X systems
(X is B, C, or B303) [11]. In recent years, several
research groups have shown interest in GTAW coat-
ing/alloying by using TiC as reinforcement on vari-
ous substrate materials like 1020 steel [12], AISI4340
[13], AISI304, and 1020 [14]. Chatterjee et al. [13] in-
tegrated the SHS and the laser-welding processes to
coat Al;O3-TiB2-TiN composite on the surface of soft
steel. Hou et al. [15] used the Al-TiO2-B3Og3 reaction
system and plasma-cladding process to make a com-
posite coating on the surface of Q235A steel. Nam

et al. [14] studied on TiC-Al;O3 and (Ti,W)C-Al;O3
ceramic reinforced MMC fabricated by gas tungsten
arc cladding. They found that the reinforced particles
formed by the in-situ reaction were maintained at a
smaller size than the original particles. Sharifitabar et
al. [16] investigated the fabrication of Fe-TiC-Al;O3
composites on the surface of steel using a TiO2-Al-C-
-Fe combustion reaction induced by gas tungsten arc
cladding. They show that this composite substantially
improves the substrate hardness. Mastana et al. [17]
studied the microstructure and properties of TiBo-
-TiC-Al;O3 coating prepared by laser-assisted SHS
and subsequent cladding with micro-/nano-TiOy as
precursor constituent. They reported that nano-size
TiOy improves the hardness and wear resistance of
the coating. Cai et al. [18] studied the influence of
CeO3 on tribological behavior of TiC/Fe-based com-
posite coating. They found that the micro-hardness
and wear properties of the cladding layer had a close
relationship with the shape, size, distribution, and the
form of TiC ceramic particles.

For the first time, this study investigates in-situ
TiC-Al;O3 and TiBs-TiC-Al,O3 composite fabrica-
tion using the GTAW process to increase the wear

Fig. 1. SEM micrograph of powders: (a) TiOgz, (b) Al, (¢) B4+C, and (d) C.
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Table 1. Chemical composition of mixtures used during
coating (wt.%)

Table 2. The coating process parameters

Sample  Current  Heat input  Welding speed
Mix TiO2 Al C B4C code (A) (kJ mm™1) (mms™1)
1 62.50 28.12 9.38 - S1,T1 100 1.6 1.1
2 59.45 26.79 - 13.76 S2,T2 120 1.9 1.1
S3,T3 140 2.3 1.1

resistance and hardness of AISI304 stainless steel.
Finally, the microstructural features and the phase
characterization of the coated samples were investi-
gated by using optical and electron microscopy and
X-ray diffraction analysis. The mechanical proper-
ties of coated layers were studied by Vickers micro-
hardness and pin-on-disk wear tests.

2. Experimental procedure

A sample of 304 stainless steel, measuring
130mm x 30 mm X 5 mm, was used as the substrate
material. It contained 0.04 C, 0.52 Si, 18.50 Cr, and
8.00 Ni. The powders used as reactants in the present
study were TiOs, Al, C, and B4C with an average
particle size of 1, 20, 20, and 10 wm, respectively.
The morphology of the powders is shown in Fig. 1.
The component ratios of the mixer (1) and mixer (2)
are listed in Table 1. To probe the feasibility of self-
propagation synthesis by gas tungsten arc welding,
the prediction of thermodynamic oxidation of metal
oxide by aluminum was investigated separately for
both powdery compositions. A study by Merzhanov
[19] proved that for self-propagation synthesis, the cal-
culated adiabatic temperature in chemical reactions
should be above 1800 K. In most researches, this tem-
perature is known as the Merzhanov criterion. The
adiabatic temperatures obtained for reactions by Egs.
(1) and (2) were 2390 and 2423 K, respectively. There-
fore, both reactions have the ability to advance.

3TiO3 + 4Al + 3C — 3TiC + 2Al,0s,
AG° = —1088538 + 64.01T (J), (1)
3TiO, + 4Al + B4C — 2A1,03 + 2TiB, + TiC,
AG° = —128289 + 108.017, (J). (2)

The two-step method was applied for coating. To
remove machining marks, an emery paper was used
for polishing the surface of the specimen. Following
milling with a ball-milling machine, polyvinyl alco-
hol (4 wt.%) was used to blend the mixed powder;
then, the mixture was agitated for paste formation.
The paste was deposited on the AISI-304 stainless

steel substrate surface to a thickness of 0.8 mm. The
coated substrate was then dried at 100°C in a furnace
for 1 hour to remove moisture. Table 2 presents the
parameters.

The coating was achieved using a GTAW torch.
For this purpose, a 2 % thoriated tungsten electrode
was used (nozzle diameter, 6 mm). To provide an inert
environment and prevent oxidation, argon (flow rate,
10 1min~—!) was directly blown to the molten pool, as
well as the coating-processing site. According to Ta-
ble 2, to achieve the most favorable mechanical proper-
ties, samples with different welding currents were used
in both powder compositions. The samples coated by
mixed powders (TiO2, Al, C) and (TiO, Al, B4C)
were named by the letters “S” and “T”, respectively.
After applying the coated layers on the substrate sur-
faces, for microstructure studies of the coated layers,
due to the fact that the reinforcing phases were not
visible in the coated layers with optical microscopy,
scanning electron microscope (SEM) equipped with
elemental analysis by energy dissipation spectropho-
tometry was used to determine the elements formed
and to provide the elemental analysis of the phase par-
ticles at the surface substrates and their distribution.
To determine the formation of phases in the coated
layers, X-ray diffraction analysis was used. The micro-
hardness of the samples was measured by using a 100 g
load for 10s. Also, a pin-on-disk wear test was used to
examine the wear properties of the coatings. The pin
was held against the counter face of a rotating disk
with wear track diameter 100 mm. The disk was made
of the steel hardened up to HRC 63 with a diameter of
50 mm. The wear test for all specimens was conducted
under the normal loads of 10 N, with a sliding speed
of 60 rpm and at a distance of 250 m.

3. Results and discussion

The amount of heat input applied to the workpiece
affects the microstructure, penetration, and shape of
the weld region. The macrostructures of the coated
samples are presented in Fig. 2. As it is evident, in
both the reaction powder samples (S1, S2, S3, T1, T2,
and T3), by increasing the heat input from samples
S1 to S3 and T1 to T3, the width and the penetration
depth of the coated layer increased. Table 3 shows the
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Fig. 2. Macrostructures of the coated samples: (a) sample S1, (b) sample T1, (c) sample S2, (d) sample T2, (e) sample
S3, and (f) sample T3.

Table 3. Effect of heat input on the width and penetra-
tion depth of weld

Sample Heat input Weld width Penetration depth

code (kJ mm) (mm) (mm)
S1 1.6 ~6 ~ 2
S2 1.9 ~8 ~ 2.8
S3 2.3 ~9 ~3
T1 1.6 ~ 6.5 ~ 2
T2 1.9 ~8 ~3
T3 2.3 ~9 ~ 3.5

approximate value of the width and the penetration
depth of the coated layer measured for the S1, S2, S3,
T1, T2, and T3 samples.

Figure 3 shows the different weld zones of the sam-
ple S2. Figures 3b,c show the variation of J-ferrite
morphology in the fusion zone of sample S2. It is clear
that two different kinds of lathy J-ferrite and skeletal
0-ferrite were formed in the austenite matrix of sam-
ple S2. Similar J-ferrite morphologies were observed
in the fusion zone of all the coated samples. This phe-
nomenon is dependent on various thermal cycles and

cooling rates in the welding zone. Where the cooling
rates were moderate, skeletal §-ferrite morphology was
formed. This was attributed to the advances of ferrite-
consuming austenite before ferrite was adequately en-
riched in ferrite-promoting elements (e.g., chromium)
and depleted in austenite-promoting elements (e.g.,
nickel); in case of limited diffusion, it showed stability
at lower temperatures. However, at high cooling rates,
a lathy d-ferrite morphology was formed [20, 21]. Since
the cooling rate is higher in the welding center than
the other welding zones, a lathy J-ferrite was formed.
A skeletal o-ferrite was formed as far as the weld cen-
ter and near the interface of the coated layer and the
base metal due to lower cooling rates. Figure 3c shows
the skeletal ferrite. The lathy morphology was formed
due to restricted diffusion during the ferrite-austenite
transformation. Decreasing the diffusion distances in-
creased the efficiency of the transformation to proceed
and therefore decreased the spaced laths [15].

Figure 3d shows the interface between the weld
metal and the substrate, which is austenitic stainless
steel. An epitaxial growth in this region was observed
for all the coated samples (S1, S2, S3, T1, T2, and
T3). This type of growth is useful for connecting the
grain of the weld zone to the base metal and prevents
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Skeletal & ferrite

Lathy o ferrite
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Fig. 3. Microstructure of (a) welding zone, (b) center of coated layer (zone A), (c) near the interface of coated layer and
base metal (zone B), and (d) interface of coated layer and base metal of sample S2 (zone C).

the concentration of stress in the weld and the heat-
affected zones. One of the main characteristics of this
growth is the similarity of the crystalline structures
and the chemical compositions of the weld metal and
the base metal, which can prevent the formation of
stress in the joint [21, 22].

Figure 4 shows the X-ray diffraction pattern pre-
pared from the surface of the samples S1, S2, and S3.
In all the coated samples in reaction 1 (3TiO5-4Al-
-3C), the combustion synthesis was carried out on the
surface of the coating layer due to the high tempera-
ture of the welding, which resulted in the formation
of significant reinforcement phases on the coated sur-
faces. According to Fig. 4, the X-ray diffraction pat-
tern related to the surface of the coating layer includes
two high-intensity peaks that are related to austenite
and d-ferrite and two low-intensity peaks, which indi-
cate the TiC and AlyO3 phases on the surface. The
TiC- and Al;Oz-phase peaks indicated that due to
the reaction of combustion in 3TiO3-4Al1-3C powder
mixture, significant heat was produced due to Al and
TiO4 reactions [23]. As previously said, the adiabatic

temperature obtained to produce the TiC-AlyO3 ce-
ramic is 2390 K. This temperature is higher than the
calculated adiabatic temperature 1800 K in chemical
reactions for self-propagation synthesis. Therefore, re-
actions to produce the TiC-Al,O3 have the ability to
advance. The reaction is initiated by a reaction be-
tween TiO5 and aluminum. The sequence of reactions
is thought to be, the aluminum phase melts and reacts
with the TiOg, and the titanium reacts with the free
carbon to produce the TiC-Al,O3 ceramic.

The microstructures of the center of the coated
layers in the samples S1, S2, and S3 are shown in
Fig. 5. In all the samples, titanium carbide particles
were mainly formed with cubic morphology. For all
the samples, these particles are indicated with the cir-
cle mark in Fig. 5. The approximate average volume
per cent of titanium carbide in the coated layers of
S1, S2, and S3 were 4.51, 4.97, and 3.87, respecti-
vely. Therefore, sample S2 is most suitable for weld-
ing parameters. Figure 6 shows the particle size of
the titanium carbide in the coated layer of the sample
S2. According to the SEM micrograph, the maximum
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Fig. 4. X-ray diffraction pattern of the samples: (a) S1, (b)

S2, (c) S3.

size of cube-shaped particles was 3.31 4 0.35 um. Ac-
cording to Fig. 7a, a dark point was observed in the
center of some particles of the primary titanium car-
bide. Some primary titanium carbide particles were
non-homogeneously formed on Al;O3 particles. Given
that the free energy of the formation of Al,O3 was
less than that of TiC at the same temperature, fine
particles of Al,O3 were formed in the early stages of
nucleation and remained in the melt. When there are
enough elements to form the titanium carbide in the
melt, aluminum oxide can act as the preferred primer
for non-homogeneous titanium carbide nucleation [9,
24, 25]. Figures 7b,c show the EDS analyses of TiC
and Al;O3 particles in Fig. 7a. Due to the lightness of
oxygen, carbon, and boron, as well as their inability
to be identified under an electron microscope, it can
be said that the titanium-rich particles are titanium

Fig. 5. SEM micrograph of coated layer of: (a) S1, (b) S2,
(c) S3.

carbide. Also, the cubic particle center was rich in alu-
minum, indicating the presence of AlO3 at the TiC
center (non-homogeneous TiC nucleation on Al;O3).

TiBs is characterized by high chemical and ther-
mal stability up to 1700°C, great hardness, high melt-
ing point, good wear resistance, and high strength-to-
-density ratio [26]. Therefore, for the second sample,
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Fig. 6. TiC particle size in a matrix of sample S2.

Element Ti Fe Al Cr Ni
L;"w“:;"/‘:' 6423 | 1621 | 12,61 | 432 | 2.63

(c)
Element Ti Fe Al Cr Ni
(?ﬂ:;E' 1215 | 523 | 71.01 | 7.13 | 4.48

Fig. 7. (a) SEM micrograph of TiC and Al,Os particles in
sample S2, (b) EDS analysis of TiC, and (c) EDS analysis
of Al,Os.

a 3Ti02-4A1-B4C powder mixture was used to form a
TiB,-TiC-Al;O3 composite coating on the 304 stain-
less steel surface. Figure 8 presents the X-ray diffrac-
tion (XRD) spectra of T1, T2, and T3 coated lay-
ers. The phases in the coatings were detected as TiC,
TiBs, and AlyO3 after GTAW melting. Therefore, in
the austenite matrix of 304-stainless steel, it is possible
to synthesize a mixture of multiple TiC-TiB3-Al503
ceramic phases in situ.
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Fig. 8. The X-ray diffraction pattern of the samples: (a)
T1, (b) T2, and (c) T3.

Solid-liquid reactions, solution precipitation, and
solid-solid interface reactions may be the mechanisms
involved in TiBs and TiC reinforcement in situ in the
stainless steel matrix [27]. The liquid phase exists at
1130 and 1174°C in Fe-Ti-C and Fe-FeyB systems, re-
spectively. During the solid-liquid reaction first, the
nucleation of the TiC occurs via titanium diffusing
into the carbon and precipitating out as carbide via a
solid-liquid reaction (above 1130°C). Second, the TiB,
reinforcements are formed when the liquid melt in
Fe-FesB system surrounds the Ti powder parti-
cles, and TiBy occurs via boron diffusing into the
Ti and precipitating out as a boride via solid-
-liquid reaction (above 1174°C). Thus, the liquid
metal phase favors the solid-liquid interface reactions.
The TiC and TiBy combination was stable thermody-
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Fig. 9. SEM micrograph of the coated layer of: (a) T1, (b)
T2, and (c) T3.

namically up to 2600°C at which point a pseudo bi-
nary eutectic reaction was found [28]. In other words,
the first reaction in the 3Ti05-4A1-B4,C powder mix-
ture was the reaction of Al with TiOs, which led to
the extraction of Ti from its oxide. Owing to greater
diffusion of C than B, C first reacts rapidly with Ti
and TiC is formed. Then the released B reacts with

AlLO:; particle

Element Ti Fe Al Cr Ni
Wit% 1032 | 432 | 77.30 | 6.23 | 1.83

Fig. 10. (a) SEM micrograph of TiC and Al;Os particles in
sample T2, (b) EDS analysis of TiC, and (c¢) EDS analysis
of A1203 .

the remaining Ti, and in the austenite matrix of 304
stainless steel, it is formed as the TiBs or TiB phase
[28]. The microstructures of the coated layers in the
T1, T2, and T3 samples are shown in Fig. 9. Like in
the first powder reaction, titanium carbide particles
were mainly formed with cubic morphology in each of
the coatings in this powder reaction as well. For all
the samples (T1, T2, and T3), these particles are in-
dicated with a circle mark in Fig. 9. The approximate
average volume per cent of titanium carbide in the
coated layers of T1, T2, and T3 was 4.13, 5.21, and
2.42, respectively. Therefore, the heat input used in
sample T2 was found to be most suitable due to the
formation of a higher amount of reinforcement parti-
cles.

Figure 10a shows one of the particles in the austen-
ite matrix that is shown at a larger magnification. In
this figure, the gray particle marked with the arrow
shows the TiC particle. Figure 10b presents the EDS
analysis of the TiC particle. The black particle in-
dicated by an arrow in Fig. 10b is the Al,O3 parti-
cle. Figure 10c presents the EDS analysis of AlyO3.
The TiBs phase was not detectable in the electron
microscopic images of the coating layer. Therefore, to
demonstrate the existence of this phase, we could see
the analysis of the diffraction pattern from the surface
of the coated layer. Figure 11 shows the gray particle
EDS analysis in the coated layer of sample T2. It con-
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Fig. 11. Element mapping results in the coated layer of sample T2.
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Fig. 12. The hardness distribution profile of (a) sample S1, S2, and S3 and (b) samples T1, T2, and T3.

the different welding areas in the coated samples. The
hardness was measured at a depth of 200 um from the
surface of the base metal. According to the hardness
profile illustrated in Fig. 12a, due to the formation of
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Fig. 13. Weight loss of base metal and samples S2 and T2.

TiC-Al;03 composites in the coated layers, the hard-
ness of 304 stainless steel substrate (about 198 HV)
increased in the coated samples (332, 383, and 315 HV
for samples S1, S2, and S3, respectively). Therefore,
the most optimal welding parameters for coating were
in sample S2, which in terms of microstructure and
the rate of reaction were produced by the combustion
synthesis, produced the most hardness on the steel
surface. Figure 12b shows the hardness distribution
profile in the T1, T2, and T3 samples. In this sample,
a composite coating of TiC-Aly03-TiBs was formed
on the surface due to the change in the composition
and use of B4C powder in the powder composition
as the carbon source. The formation of the composite
coating on the surface of the specimens increased the
hardness of the T1, T2, and T3 samples to 350, 421,
and 326 HV, respectively. The difference in hardness
between samples S2 and T2 was due to the presence
of TiBs in the coating layer. It could be seen that in
both mixtures, with increasing heat input, the hard-
ness first increased and then decreased. According to
Figs. 4 and 8, reinforcement particles were formed un-
der all conditions, but with increased heat input, the
dilution increased, and the reinforcement volume per
cent decreased.

Since the coated samples of S2 and T2 had higher
hardness, these samples were selected to examine the
wear behavior and comparison with the 304 stainless
steel substrate. Figure 13 shows the weight loss in the
coated and substrate samples after the wear test. The
improvement in the wear behavior of the samples was
directly related to their hardness. Under the same
conditions, the coated samples’ wear behaviors were
nearly 2.5 times that of the austenitic 304-stainless
steel substrate. Considering the presence of reinforc-
ing particles (e.g., TiC-Al,O3 on the coated surface
of sample S2 and TiC-Al;O3-TiBs on the surface of
sample T2) because of the higher surface hardness and

Fig. 14. Surface wear of (a) base metal, (b) sample S2, and
(c) sample T2.

lower ductility, which make material less prone to suf-
fer plastic deformation under abrasive wear, material
wasting on the surface of samples S2 and T2 was less
than on the substrate. The lower weight loss of sam-
ple T2 as compared to sample S2 was also due to the
high average hardness of sample T2 than sample S2,
which increased the wear resistance of the surface of
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this sample. Also, owing to particle bonding to the
matrix and no indication of brittle failure, no wear
debris of TiBy and TiC was found on the surface of
the coated layer. It seems that ceramic particles have
good bonding strength with the matrix, and do not
easily pull out from the matrix during wear test.
Figure 14 shows the surface area of the wear sam-
ples. As it can be seen, the plastic deformation was
modified through the cutting mechanism as well as
the formation of the wedge at the edges of the grooves.
Such mechanisms have been reported previously [29].
In these types of mechanisms, abrasive particles usu-
ally sink in the softness of the matrix, and by mov-
ing the counterface plate, it leads to the creation of
grooves in which their edges appear in plastic deforma-
tion and sometimes in the form of a wedge. The depth
and the intensity of the groove and wedge formations
depend on the physical shape and the hardness of the
abrasive particle as well as the hardness and the mi-
crostructure of the sample. The grooves created on the
surface of the coated layer are marked with an arrow in
Figs. 14b,c. Therefore, with regard to the appearance
of the surfaces, it can be concluded that the dominant
mechanism for wearing, in this case, was plowing [27].

5. Conclusions

The present study investigated TiC-Aly;O3 and
TiBs-TiC-Al;O3 composite coatings in-situ to im-
prove the wear resistance and hardness of AISI3O,
stainless steel via the GTAW process. The research
findings showed that:

1. The microstructure morphology of the coatings
in the weld center, due to the high cooling rate, was
lathy é-ferrite and the microstructure had changed to
the skeletal J-ferrite near the substrate with the de-
crease in the cooling rate.

2. Cubic titanium carbide particles formed inho-
mogeneously on Al,Os particles or spontaneously in
the austenitic matrix of the 304 stainless steel.

3. In all the coated samples, hardness was increased
due to the formation of the composite coatings. How-
ever, among the coated specimens, the most opti-
mal mode of coating parameters in terms of hardness
and wear resistance for 3Ti05-4Al1-3C and 3TiO5-4Al-
-B4C mixtures was obtained with a heat input of
1.9kJmm~1!.

4. The formation of reinforcing particles in both
the layers of 3Ti02-4Al-3C and 3TiO2-4A1-B4C mix-
tures resulted in the increase in the wear resistance
of the surface up to 2.5 in comparison to that of the
substrate.
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