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Abstract

Objectives: To prepare a wear resistant surface and to induce compressive stress on the AISI 304L steel by depositing tita-
nium-graphite powder in a matrix of AISI 308 steel. Methods/Statistical Analysis: The coating is deposited using manual
metal arc welding (MMAW) process with a current value set at 125 amp and 70 volt. The alloy element titanium is added
upto 1, 1.5 and 2% and carbon content is maintained at 0.3%. The coated samples are heated with oxy-acetylene flame and
impact force is applied on the coated surface during heat treatment, to ensure penetration of the hard particles. Further,
compressive stress is induced on the surface because of the applied impact force. The coated surface is finished in a surface
grinding machine to obtain a flat smooth surface. Hardness assessment is carried out on the coated surface using Rockwell
hardness measuring machine. Findings: A maximum hardness value of Rc55 is obtained for the sample containing 1% tita-
nium and 0.3% carbon. Pin on disc experiment is conducted on the samples to estimate the wear rate. The Scanning Electron
Microscopy (SEM) examination revealed the presence of various carbides in the alloy. Energy Dispersive X-ray Analysis
(EDAX) is performed to find out composition of the coating. Application/Improvements: The wear resistant coating
could be used in corrosive environment. Shafts can be arc deposited and compressive stress can be induced on the surface
using a blunt tool fitted with the tool post of a lathe. This alloy can be used as a wear resistant coat and as a bearing material.
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1. Introduction

The austenitic stainless steel AISI 304L is a weldable
grade stainless steel possessing good mechanical and
corrosion resistant properties. The high temperature
properties coupled with oxidation resistant properties
makes these grades of stainless steels as suitable tubular
material for thermal power plant applications®. Further,
AISI 304L has good ductility and formability. But AISI
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304L possess inferior wear resistant properties. By pro-
viding coatings on the surface, the erosion assisted wear
resistant properties of AISI 304L are enhanced?. Studied
the wear behavior of SUS 304 steel disc by varying load
and sliding speed against Al,O, ceramic ball in a pin on
disc testing machine. Further, the study was carried out
for understanding the effect of strain hardening and wear
properties on the tool life during forming. Wear resis-
tance is enhanced by providing heat-treatments such as
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quench hardening and surface hardening. Further, vari-
ous surface modification techniques are adopted on the
substrate material to obtain hard wear resistant surface.
Among them plasma spraying, oxy-fuel spraying, laser
beam surface modification and arc deposition techniques
are very widely used.

The manual metal arc welding (MMAW) process is
less expensive compared to other processes such as metal
inert gas welding (MIG) and plasma welding. Because
of high heat input the deposition rate is high in both the
processes. The equipment and consumable cost is low in
MMAW. In? performed infiltration of AISI 316 into the
TiC performs having two different grain sizes in a vac-
uum furnace. The maximum hardness value was obtained
in the fine grained TiC. Further, the wear rate was mini-
mum in the fine grain billets. The surface of the wear test
specimens revealed extrusion of the binder AISI 316 and
TiC fragmentation during sliding wear process. *Prepared
Fe,Al coating reinforced with TiB, on alumina substrate
using high velocity oxy fuel spraying technique. A tita-
nium carbide-metal composite was prepared by adopting
powder metallurgy technique®.

In the present study a modified manual metal arc
welding process is used to prepare the alloy and to deposit
on the surface of AISI 304L. The titanium and graphite
powder mixture is supplied at the arc region, so that com-
plete fusion of the powder with the electrode AISI 308
takes place. This alloy can be used as a wear resistant coat
and as a bearing material.

2. Experimental Work

The base metal AISI 304L stainless steel in the form of
flat plate 60 mm wide and 3 mm thick is cut to cuboids of
60x50x3 mm in size. The composition of the base metal
and the filler material AISI 308 coated electrode is given
in Table 1. The composition of the filler metal is varied by
adding titanium and carbon powder at 1, 1.5 and 2%Ti
and 0.3% C. The experimental order is sample 1, sample
2 and sample 3 having 1, 1.5 and 2% Ti, respectively. The
filler metal is deposited with electric arc welding process
using AC power source. The arrow marks shown in Figure
1 represents the chemical reaction between the molten
metal and powder mixture. The welding parameters are
set at 125 Amp and 70 volt. The electric arc deposited
samples are given post heat-treatment using oxy-acet-
ylene flame to obtain homogeneous deposition on the
substrate. A model of the electric arc deposited specimen
is shown in Figure 2.

The hardness assessment is carried out in a Rockwell
hardness testing machine using ‘C” scale. A test load of
150 Kg is applied while assessing hardness values. The
metalography and hardness specimens are cut to cuboids
of size 15x10x5 mm. The metallography specimens are
prepared by polishing with silicon carbide abrasive sheets
having grit size 180, 220, 320, 400, 600, 800, 1000 and
1200. These samples are further finished in a disc polish-
ing machine using 0.1 and 0.05 micron alumina slurry.
The polished specimens are etched with a mixture con-

Table 1. The chemical composition of the base metal and filler metal
Element Wt % C Cr Mn Ni P S Si
AISI 304L 0.03 18 2 8 0.05 0.03 1
AISI 308 0.08 20 2 11 0.05 0.03 1
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Figure 1. (a). A schematic diagram showing the electric arc deposition and

(b) model of the arc deposited sample.

taining 5ml HCI+10 ml HNO,+2%Picral+0.05g NH,HF.,.
The wear test is conducted based on the ASTM standard
G-99¢. The wear test specimens of 8x8x3 mm square
section are prepared and a cylindrical shank portion is
prepared by welding a mild steel pin with the cuboid wear
test specimen. The sliding speed is maintained at 2 m/s for
all the experiments.

3. Results and Discussions

3.1 Optical Microscopy

The micrograph shown in Figure 2 reveals the presence
of titanium carbide as greenish round particles. These
particles are dispersed throughout the matrix. At few
places these particles are finer and a few places they
are coarse. Along with TiC at the grain boundary
and closer to the grain boundary brown particles are
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seen. These particles are chromium carbides (CrC).
The microstructure consists of coarse grains and few
fine grains. At few places small grains are noted, these
grains are formed because of recrystalization and grain
refinement during solidification. At the grain boundary
triple points segregation of carbides are noted. The grain
boundaries and triple points are the high energy regions
where chemical reaction takes place because of migration
of chromium atoms. Few grain boundaries are visible
and at the other regions they are suppressed because of
difference in etch rate.

Figure 2 fines green and brown colour particles are
seen throughout the matrix. These particles are TiC and
CrC. The titanium carbides are grayish in colour and
irregular in shape’. Intermetallic compounds such as Ti
Fe, and Ti Ni, are identified as Laves phase which pre-
cipitates intragranular and exists as globular particles’. At
few places very fine grains are noted and these grains are

Indian Journal of Science and Technology | 3 -
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Figure 2. Optical micrographs of the samples coated with (a) 1%Ti
and 0.3%C powder, (b) 1.5% Ti and 0.3%C (b) powder and (c) 2% Ti

and 0.3%C powder.

formed because of recrystalization and grain refinement
during solidification. In comparison with the Figure 2, the
microstructure presented in Figure 2 has more amounts
of carbides. The rise in titanium carbide content is attrib-
uted to increase in titanium upto 0.3% Ti addition in the
AISI308 steel. At few regions very fine dark particles are

- 4 | Vol 10 (23) | June 2017 | www.indjst.org

seen and these particles are identified as titanium oxide
(TiO,).

The very small grains in green shade are rich with
titanium and other alloying elements. These grains are
formed because of recrystalization and grain refinement
during solidification. The austenite grains are very small
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compared to the grains observed in Figure 2. At the bot-
tom side of the micrograph a dark line which is identified
as a grain boundary is visible. On either side of the grain
boundary epitaxial growth is noted at few places across
the length of the line. This indicates dendrite formation in
the solidified metal further, the discontinuous dendrites
are noted because inoculants such as titanium and carbon
in the alloy.

The micrograph shown in Figure 2 corresponds to the
sample 3. The austenite grains are coarse and only few
grains are seen in this micrograph. The carbide segrega-
tion along the grain boundaries are less, therefore, the
grain boundary is thin. At few places spherical carbides
are seen, adjacent to the grain boundary brown shaded
regions are seen which are rich with TiC and CrC type of
carbides”. The grain matrix has several such brown shaded
regions. In this micrograph at several places the presence
of needle like phase is noted. This phase is a mixture of
TiC and identified as B-titanium rich with elements such
as Fe, Cr, Ni and Si. The reason for presence of this phase
is increase in Ti addition in this alloy which is upto 0.5%.

3.2 SEM Microscopy

The SEM micrograph shown in Figure 3 reveals the pres-
ence of titanium carbide which is in the form of dark
particles and these thick particles are dispersed through-
out the matrix. The fine white particles are identified as
CrC. These particles are distributed evenly throughout
the matrix. The formation and morphology of chromium
carbide is as in the cited work® Further, at few places
white round particle are seen and these particles are TiO,.
The matrix is grey in colour which is surrounded by dark
particles. These particles are thick and are precipitated
along the grain boundaries. The micrograph shown in
Figure 3 is taken at higher magnification corresponds
to the sample 1. A dark wedge like profile is seen in the
micrograph which is rich with CrC and TiC carbides.
At the top and bottom ends of the wedge white particles
are seen and these particles are TiC and TiO,. The car-
bon solubility in o and B-Ti is in the range of 0-0.4% and
0-0.2%, respectively which is presented by® in the phase
diagram drawn between carbon and titanium. Titanium
has greater affinity to carbon, therefore, TiC (10-19.3%C)
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and Ti,C (10-12.4%C) type of carbides are formed. A
dark grey region is seen on the top side of the micro-
graph which is rich with -Ti. Further, this region is rich
with B-stabilizing elements such as Fe, Cr, Ni, Si and Mn.
‘Revealed (in the phase diagram drawn between Ni-Ti
and Fe-Ti) the formation of B-Ti because of presence of
0-12%Ni and 0-24.7% Fe. Large austenite grains and fine
white TiC particles are seen in the matrix.

The SEM micrograph shown in Figure 3 reveals fine
white particles which are identified as TiC. These par-
ticles are distributed homogeneously in the micrograph.
At the centre of the micrograph a dark grey region rich
with Cr ,Cand Cr,,C_ is seen. '°Noted cast dendritic struc-
ture formation during solidification of the molten TiC
and AISI 304. A similar structure is observed in the SEM
micrograph shown in Figure 3. Adjacent to this on the left
side of the micrograph a white elongated region is noted
which is rich with TiC. "Discussed sufficient Ti content
is essential so that all the carbon present in the alloy is
transformed to TiC, otherwise M, C, carbides could be
formed. Presence of chromium carbides and titanium
carbides corroborates the observations made''. The grey
region is more in volume than white region in this micro-
graph. This region is rich with p-stabilizing elements such
as Fe, Cr, Ni, Si and Mn. Figure 3 a white curvy region is
noted and this region is identified as austenite grain. At
the bottom side a dark region is seen which is rich with
intermetallic compounds such as Fe Ti, and FeCrTi type
o-phase. The SEM micrograph taken at higher magnifi-
cation reveals the presence of a curved region rich with
carbides in the austenite grain. This region is broken
into small parts and the edges are whitish in colour. The
white border lining is rich with TiC and TiO,. The phase
diagram between Titanium -Oxygen by*? revealed the sol-
ubility of oxygen in B-Tiand a-Ti as 0-0.3% and 0-13.5%,
respectively. A crack like grain boundary is visible
because of more etching time given to the sample. At the
grain boundary triple point a dark region is visible which
is rich with CrC an TiC. Further, several fragmented dark
grey regions are observed. Furthermore, these region are
rich with B-stabilizing elements such as Fe, Cr, Ni, Si and
Mn. Few grayish white region are noted which are large
y-grains.
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Figure 3. SEM images of the samples coated with (a)-(b) 1% Ti and 0.3%
C powder, (c)-(d) 1.5% Ti and 0.3%C powder and (e)-(f) 2% Ti and 0.3%C

powder.

Figure 3 dark needle like structure adjacent to the
austenite grains are seen. These needles are identified as
B-phase. This phase is rich with B-stabilizing elements
such as Fe, Cr, Ni, Si and Mn. Among the SEM micro-
graphs shown in Figure 3 have very fine austenite grains.
At few places dark round and elongated particles are seen
and these particles are CrC and TiC. The amount of car-
bides, intermetallic compounds and oxides such as TiC,
CrC, Fe,Ti, i and FeCrTi type o-phase are more because
of more percentage of Ti addition in the AISI 308 alloy.
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The presence of these phases is confirmed®. The SEM
micrograph shown in Figure 3 is taken at higher magnifi-
cation. Many fine needles like dark elongated regions are
seen. These needles are rich with p-stabilizing elements
such as Fe, Cr, Ni, Si and Mn. Further, more amounts of
TiC and CrC carbides are present in this region. The grey
regions in the micrograph are identified as y-grains. A
large circle is visible at the centre which is identified as
TiC. Further, at one or two places dark islands are visible
and these regions are rich with various carbides.
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3.3 Energy Dispersive X-Ray Analysis

The energy dispersive X-ray analysis (EDAX) performed
on the surface revealed the presence of titanium and car-
bon on the coated material along with elements present
in the AISI 308 steel. The point scan performed on the
surface indicated the presence of the elements such as Fe,
Ni, Cr, Si, Mn, Ti, and C. Carbides such as TiC and CrC
are formed when carbon is present along with Ti and Cr.
Further, Ti readily forms intermetallic compounds Fe Tij,
Ni, Ti and FeCrTi in liquid state with Fe and Ni. The point
scan details of the EDAX report is given in Table 2. A
maximum of 2.26% Ti is present at a point on the coated
material.

Therefore, presence of compounds such as Fe Ti,
FeCrTi, TiC and CrC type of carbides are inevitable. The
EDAX report presented in the work" confirmed the pres-
ence of the above mentioned phase. Further, the EDAX
report shown in Figure 4 reveals the presence of oxygen
in the coating material. During arc welding process infil-
tration of interstitial element oxygen cannot be prevented.

Further, CrO, is present on the surface of the base metal
AISI 304 L stainless steel which gets dissolved during arc
melting of the filler metal. Therefore, presence of oxides
such as TiO, and CrO, is confirmed with EDAX report.
In the EDAX report shown in Figure 4 oxygen is not
present. This indicates effective shielding of the molten
metal from interstitial elements such as oxygen, hydro-
gen, nitrogen and other gases. This indicates the base
metal surface is effectively cleaned to remove CrO, with
buffing process before arc deposition. The point scan
performed on the surface of sample 2 indicated the pres-
ence of the elements such as Fe, Ni, Cr, Si, Mn, Ti, and
C. Titanium has greater affinity to form carbide than
chromium. Therefore, TiC and CrC type of carbides are
formed when carbon is present along with Ti and Cr.
Also, Ti readily forms intermetallic compounds in liquid
state with Fe and Ni. A maximum of 1.44% Ti is present at
a point on the coated material. The decrease in Ti content
is attributed to dilution of the titanium from the coated
metal and segregation of the element because of the tech-

Table 2. The EDAX report taken on sample 1 and 2 at two points

Sample 1 Sample 2
Element Point 1 Point 2 Point 1 Point 2

Wt % Wt % Wt % Wt %

Iron 63.36 63.99 66.93 67.01
Chromium 16.91 17.07 16.74 17.15
Nickel 7.29 7.37 7.47 7.89
Carbon 5.7 5.81 5.65 4.57
Titanium 2.21 2.23 1.16 1.32
Oxygen 1.78 0.00 0.00 0.00
Manganese 1.58 1.6 1.49 1.59
Silicon 0.72 0.73 0.7 0.83

Vol 10 (23) | June 2017 | www.indjst.org

Indian Journal of Science and Technology | 7 -



Alloy Formation by Arc Deposition of AISI 308 Reinforced with Titanium-Graphite Powder and Wear Properties of the Alloy

Surface Coat

(a) cps/eV

cps/ev
] 1 2 4 5
10
.
] Mn
6 [T N0

Cr Na Al

Cr Mn [Ee

Figure 4. (a) The EDAX report for the sample 1 and (b) for the sample 2.

nique adopted. In “Estimated the amount of carbon and
oxygen in the composite by performing EDAX on the
surface of the wear tests samples. The oxygen and carbon
content is measured and presented in accordance with
the work'. Therefore, presence of compounds such as
TiC, CrC, Fe,Ti, Ni,Ti and FeCrTi are inevitable. Further,
the EDAX report for the sample 2 taken at two points is
given in Table 2 which reveals the absence of oxygen in
the coating material. Therefore, presence of oxides such
as TiO, and CrO, is not observed in the EDAX report.
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This indicates effective shielding of the molten metal from
interstitial elements such as oxygen, hydrogen, nitrogen
and other gases.

3.4 Rockwell Hardness Values

The hardness values were measured across the length of
the coated material. The average hardness value of the
base metal AISI 304 L is only Rc15 in Rockwell ‘C’ scale.
After depositing the AISI 308-Ti-C coating on the surface

Indian Journal of Science and Technology
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the surface Rockwell hardness values were on the rise. A
graphical plot between the distance across the length of
the coated sample and the Rockwell hardness values in
C scale are shown in Figure 5. A maximum of Rc 55 was
recorded on the surface at a point. At the recrystallized
zone the average hardness value was 55 on hard surface.
In *Observed the hardness of the metal matrix compos-
ite AISI 304 and TiC was on the rise with respect to rise
in TiC content in the composite. In the present study the
hardness values are on the rise for the alloy having more
Ti addition which indicates presence of more amounts of
carbides such as TiC, Cr,C and Cr,,C.

In the weld metal hardness values were on the rise
because of diffusion of interstitial elements such as oxy-
gen, hydrogen and nitrogen into the weld metal. Further,
elements like titanium and carbon diffuses from the base
metals to the weld metal, thus increased hardness values
were realized. The rise in hardness value is attributed to
the formation of intermetallic compounds, carbides and
oxides on the coating. At the recrystallized zone fine

Vol 10 (23) | June 2017 | www.indjst.org

A graphical plot of Rockwell hardness values on the surface of the coated samples.

grains were formed, these small grains increase hardness
value up to 52-55. “Performed surface modification on
steel for raising the wear resistance properties with TiC
and realized a maximum hardness of Rc 70. *Observed
during vapour deposition technique Ti and C diffused
into tool steel in austenitic state at a temperature range of
900-1050 °C to form TiC. In the current work a maximum
hardness of Rc55 is realized because of in homogenity in
the distribution of Ti and lack of complete transforma-
tion of TiC in the deposited metal. Further, Ti addition is
only 1-2% because of this a and B-Ti might have formed
instead of hard intermetallic compound formation.

3.5 Wear Resistance

The graphical plot shown in Figure 6 is drawn between
the load and the wear loss. As the load on the pin is raised
the wear loss increases and reaches a maximum value for
the sample 1. The wear loss estimated for all the three
samples reinforced with Titanium and carbon is very

Indian Journal of Science and Technology I 9 -
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Figure 6. A graphical plot between (a) applied load vs. co-efficient of friction, (b) sliding distance vs.
co-efficient of friction, (c) load vs. wear loss and (d) sliding distance vs. wear loss.

less when it is compared with the test results of AISI 304
stainless steel. In this case the wear is less because of the
formation of intermetallic compounds and carbides such
as TiC, CrC, Fe,Ti, Ni,Ti and FeCrTi in a softer austenite
matrix. The wear test specimens were observed through
optical microscope for wear pattern. The maximum wear
rate of 0.034 g/min is obtained for the sample having
1% Ti and 0.3% C and a minimum wear rate of 0.024 g/
min is recorded for the sample having 2% Ti and 0.3% C.
The wear test specimens were observed through optical
microscope for wear pattern. The micrographs shown in
Figure 7 for the sample 1 reveals scratch marks and wears
at localized regions. This indicates the softer phase is
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worn out and the hard phases present in the alloy are left
as it is on the surface. The broken and torn away regions
seen in the micrograph reveals the area where such hard
phases are present more. A minimum wear los is noted
for the sample 1 because of more amounts of titanium and
carbon present in the alloy. Wear loss s indirectly propor-
tionate to the alloy content and amount of intermetallic
compounds and carbides present in the alloy. The average
co-efficient of friction value obtained from the pin on disc
experiment is 0.398.

A graphical plot shown in Figure 6 is drawn between
the sliding distance and wear loss. As the sliding distance
of the pin is increased the wear loss increases and reaches

Indian Journal of Science and Technology
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Base nietal

Figure 7. The optical micrographs shows wear pattern of a) the sample 1, b) sample 2

and c¢) sample 3.

a maximum value for the sample 1. The wear loss esti-
mated for all the three samples reinforced with Titanium
and carbon is very less when it is compared with the test
results of AISI 304 stainless steel. In this case the wear is
less because of the formation of intermtallic compounds
and carbides such as TiC, CrC, Fe Ti, and FeCrTi in a
softer austenite matrix. A minimum wear los is noted for
the sample 3 because of more amounts of titanium and
carbon present in the alloy. Wear loss s indirectly propor-
tionate to the alloy content and amount of intermetallic
compounds and carbides present in the alloy.

Vol 10 (23) | June 2017 | www.indjst.org

The wear test specimens were observed through opti-
cal microscope for wear pattern. The micrographs shown
in Figure 7 reveals very fine scratches marks and wear at
localized regions. This indicates the softer phase is worn
out and the hard phases present in the alloy are left as it is
on the surface. The broken and torn away regions seen in
the micrograph reveals the area where such hard phases
are present more. The wear track observations are in
accordance with the observations made!”. The wear pat-
tern formed on the surface of the specimen 2 is shown in
Figure 7.
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The micrographs showed in Figure 7 reveals very fine
scratches marks in comparison with the Figure 7 and
minimum wear at localized regions. This indicates wear-
ing of the softer phase in small amounts because more
amounts of hard phases are present in the alloy than in
the sample 1. The micrographs showed in Figure 7 reveals
very fine scratches marks in comparison with the Figure 7
and minimum wear at localized regions. This micrograph
corresponds to the sample 3. This indicates wearing of the
softer phase in small amounts because more amounts of
hard phases are present in the alloy than in the sample 2.
In the micrograph a small hole is seen which is formed
because of removal of interemtallic compounds from the
softer matrix austenite phase.

The broken and torn away regions seen in the micro-
graph reveals the area where such hard phases are present.
In *Revealed during wear testing relative motion existed
between disc and pin which ensured adhesive bonding
between contacting surfaces, because of this fracturing
of the softer phases resulted. Tearing of the softer phase
is observed at the contact points where hardness is less
and adhesive bonding existed. Wherever abrasive wear is
observed the wear track is in the form of scratch marks.
As the hardness values are more the scratches are light
and at the regions where hardness is less deep scratches
are observed.

4. Conclusion

o The surface modification on AISI 304 L base met-
als with AIST 308 and Ti-C is successfully carried
out with arc deposition technique. The trans-
formed alloy was having homogeneous phase
distribution of secondary phases in it.

o The microscopic examination of the samples
revealed the presence of carbides, oxides and
intermetallic compounds in the coated material.

o Presence of intermetallic compounds such as
Fe Ti, FeCrTi, and carbides namely TiC and CrC
are noted. Further, presence of oxides such as
CrO, and TiO, were noted.
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o A maximum hardness of Rc 55 is obtained for the
sample deposited at 125 Amp and 40 V because
of formation of hard intermetallic compounds and
carbides.

o The wear properties are enhanced with the addi-
tion of Ti-C powder because of formation of hard
carbides and intermetallic compounds in the alloy.
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