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Metallic materials are often subject to sur-
face modifications to enhance their func-
tionability against wear, corrosion, and fa-
tigue, factors they are exposed to under
working conditions. This is the reason why
such procedures have become the focal
point for researchers [1, 2]. In addition, to
conventional heat-treatment, surface modi-
fication procedures include surface coating
techniques, where a layer, harder than that
of the substrate, often with different chemi-
cal composition to the substrate, is formed.
The difference between these surface coating
techniques and other thermal spraying - ion
sourced coating and vapour deposition
coatings - is that the coating layer is con-
nected to the substrate with a strong metal-
lurgical bond. As a result laser-based and
plasma-based coating technologies are rap-
idly progressing. However, the laser tech-
nology used in the surface coating industry
is expensive and its productivity is low,
which limits its usage in the manufactur-

The purpose of this work was to investigate the coatings made of Cr,C,
and SiC powder manufactured on AISI 304 stainless steel applied by the
plasma transferred arc (PTA) welding process. SiC content in the pro-
duced coated layer was varied between 0-100 wt. % and the effect of SiC
concentration on the microstructure and hardness of the coating was
measured experimentally. SEM analyses revealed that the composite
coatings had a homogeneous, nonporous, and crack-free microstructure.
Dendrites and interdendrite eutectics formed on the coating layer, sub-
ject to the temperature gradient and the solidification ratio. There was a
significant increase in the hardness of coating layers with the effect of
the y-(Fe,Ni), Cr,C;, Cr,,Cq, Fe;C,, Cr;Si, CrSi,, Fe, (,Nij 55, CFe,5 4,
C-(Fe,Cr)-Si phases formed in the microstructure. In comparison to the

substrate, the microhardness of the coatings produced by PTA were

2.5-3.5 times harder.

ing environment. Recently, the plasma
transferred arc welding technique (PTA)
has been used more actively as it is cost-
efficient and it yields high performance [3].
The PTA coating method has numerous ad-
vantages, e.g. excellent arc stability, low
heat distortion in components, high process
speed (~2-16 mm/s), high energy density,
and low energy input (105-106 Wem2) [4, 5].
In PTA hardfacing, the metallic powder
placed on the substrate is melted using a
plasma arc. Fusion is created in the sub-
strate in order to form a strong metallurgi-
cal bond between the coating layer and the
substrate [6-8]. This technique is applied to
industry parts such as valves, glass moulds,
extruders, pumps and turbine parts, extru-
sion moulds for brick and tile, hot process-
ing tools, drilling equipment, mining equip-
ment, hydraulic cylinders, etc. [9, 10].
Carbide-based powders are added to the
matrix powder in order to improve the sur-
face properties of the metals during the
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surface coating formation. Cr,C, and SiC
are preferred for coating applications as
they contribute to increased wear and cor-
rosion resistance due to their high melting
points and high hardness values [11, 12].
In a study conducted by Dawei et al. [13]
they formed Cr,C, particle reinforced (per-
centage of weight of 50%) Ni-based com-
posites on the surface of AISI 1045 steel,
using a CO, laser system. The fundamental
factors that enable the composite coating to
gain strength were undissolved Cr,C, par-
ticles in the nickel matrix, the high number
of dendrites formed enclosed by fine eutec-
tics, and the sedimentation of Cr,Cs,
Fe,;(C,B), compounds during the solidifica-
tion of the composite coating.

Numerous studies regarding PTA coat-
ings are available in literature. Sudha et al.
[14] studied the microstructural properties
of AISI 304 stainless steel by coating its
surface with Ni-Cr-B-Si alloy powders, us-
ing the plasma transferred arc method.
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Substrate & powders
AISI 304 steel Cr,C, powder SiC powder
Table 1. The substrate | > | _C 0.035 24.07 27.65
and the chemical 2| Mn 1.24 - -
composition of the g -
coating powders used g Si 0.40 - 72.35
in the coating process 2 Ni 8.73 - -
g
S Cr 18.57 75.93 -
Fe balance - -

Figure 1. SEM images of the powders used in the coating process, a) Cr;C,, b) SiC

o5 Production parameters

EE Mlxture of electrode diameter (mm) 4.6
g2 coating powders
. shielding gas flow rate, Ar (I/min) | 15
Table 2. PTA coatings
and production 1 100 wt.-% Cr,C, plasma gas flow rate, Ar (I/min) | 0.2
parameters | 5 | 75\wt-% Cr,C, - 25 wt.% SiC current (A) 150
3 | 50 wt-% Cr;C, - 50 wt.-% SiC voltage (V) 20
4 100 wt.% SiC production speed (mm/s) 2.2
plasma gas =~ clectrode

g 13

shielding gas

torch body cooling water

Figure 2. Schematic
illustration of PTA preplaced
weld-surfacing process powder

arc
coating layer

Apart from the y-Ni solid solution the re-
searcher observed primary phase Cr,B,
Cr,C;, and Cr;C, carbides as well as bo-
rides in the microstructure. They estab-
lished that the coating hardness of the
solid phases in the structure reached
700 HV. The Cr,C, distributed within the
matrix increased the wear resistance and
hardness of the coating layer. Huang et al.
[15] coated the surface of low carbon steel
with a Ni-based alloy + 30 % Cr;C, compos-
ite powder mixture, using plasma trans-
ferred arc welding. This research estab-
lished that the microstructure of the coat-
ing changed from a hypoeutectic structure
to a hypereutectic structure with the addi-
tion of Cr;C,, and that the levels of hard-
ness and wear resistance were higher than
that of the Cr;C, free coating. Buytoz and
Ulutan [16] coated the surface of AISI 304
stainless steel with various amounts of SiC
powder, using gas tungsten arc welding
(GTAW). They established that primary
phase M,C; carbides formed in the micro-
structure, and the hardness of the coating
layer changed from 890 HV and 1210 HV,
because of these carbides. Guo et al. [17]
coated the surface of low carbon steel with
SiC powder containing various fine and
coarse particles, using the plasma melt in-
jection process. The hardness and wear re-
sistance of the coating increased in com-
parison to the substrate. They established
that the wear resistance of the coating
formed using coarse SiC particles was
higher in comparison to the coating formed
using fine SiC particles. Thawari et al. [18]
coated the surface of medium carbon steel
with SiC powder by laser surface alloying
process. Fe,C;, Fe,C, Fe,Si, and Fe,Si
phases were formed in the microstructure,
and the wear resistance of the coating was
excellent in comparison to the substrate.

In this study, Cr;C,+SiC composite
coatings were formed on the surface of
AISI 304 stainless steel by plasma trans-
ferred arc (PTA) coating method. Scanning
electron microscope (SEM), X-ray diffrac-
tometer (XRD), and energy dispersive spec-
troscopy (EDS) were used to for characteri-
zation of the microstructure and chemical
composition of the coating. The change in
microstructure and hardness was analyzed
by adding various amounts of SiC powder
to Cr,C, powder.

| Experimental
100 mm x 20 mm x 10 mm AISI 304 stain-

less steel was used as substrate material in
the surface coating process. The surfaces of
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: : aC-Cr-Si WFeSIC pC-FeSi aFeC, ACrC, 8Cr.Si
specimens were air blasted to remove WFe,oNi,, ®CFe,. (e Ni) 0Crg, s Y

stains and other contaminants from their 1800

surface, then rinsed with acetone, prior to " ﬁé 2 ‘f
plasma transferred arc coating. Cr;C, and o u’L p sic
SiC powders, whose chemical compositions 2
are illustrated in Table 1, were used as i) 5 Ao iy
coating powders. g X :;#‘(‘ N A« cresowi-s%sic Figure 3. XIE‘DC
= atterns of Cr.
Figure 1 illustrates SEM images for each = 5 i ¥ an Sic C({aﬁflg;
powder. Both coating powders were pro- 8 [ L g = produced by PTA
duced with gas atomisation and had a = o CrCr25w-%SiC
sharp-edged morphology. The grain size for 5 ‘; @
Cr,C, was -70+5um, and for SiC was A e o
. . 0 = crC
-60+15 um, respectively. The mixed pow- . ; . : . ' S

20 30 40 50 60 70 80 90
Theta (degrees)

ders were pasted onto the surface of the
specimens using a small amount of alcohol
in order to keep powders on the surface un-
der the flow of argon during the PTA sur-
facing. Then, the alcohol containing pow-
der mixtures were dried at 50 °C for 1 h.
Table 2 summarizes the PTA coatings and
the production parameters. Figure 2 illus-
trates the schematic diagram of the PTA
weld-surfacing process.

The deposited specimens prior to metal-
lographic examination preparation were
first cut perpendicular to the coating sur-
face. For microstrukture studies the cross-
sections of coatings were polished using
mechanical procedures, and were electro-
lytically etched using a 50 % HNO; + 50 % a) b)
alcohol solution. The microstructures of
the clad coating were examined by scan-
ning electron microscopy (JEM-2100F,
JEOL, Japan) with X-ray energy dispersion
(EDS) attachment, which was used to ana-
lyze the chemical composition of the clad
coating. The phases in the clad coating
were analyzed using an X-ray diffractome-
ter (Bruker AXS D8 Advanced System, Ger-
many). A microhardness device (Future-
Tech FM 700, Japan) with a testing load of
1.96 N was used to measure the hardness,
along a line from the coating layer towards
the substrate at 250 um intervals with a
loading time of 10 s.

Figure 4. SEM images of sample 1

Figure 5. SEM image of points 1 and 2
on coating 1

| Results and Discussion

Figure 3 illustrates the XRD patterns of the
Cr,C, + SiC coating, produced by PTA. The
microstructure of coatings produced on the
surface of the AISI 304 stainless steel are
formed from the phases y-(Fe,Ni), Cr,Cs,
Cr,;Cy, FesC,, CrySi, CrSi,, Fey(4Nij 44,
CFe,5;, and C-(Fe,Cr)-Si. SiC and Cr,C,
peaks were not identified in the XRD pat-
terns. This suggests that the coating pow-
ders dissolved completely in the melt pool.

Figures 4 to 11 illustrate the SEM micro-
structures of PTA coatings, which were

crack-free. There is a planar structure Figure 6. SEM images of sample 2
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found at the interface (Figure 4a). Process-
ing towards the coating surface, in order,
with a cellular structure and dendrites
with a columnar structure in various direc-
tions (Figure 4b). The structural change is
associated with the solidification rate (R) of
the metallic liquid in the PTA melt pool,
and the temperature gradient (G) [15]. The
G/R ratio of the interface between the coat-
ing layer and the substrate, whose temper-
ature gradient is high and its solidification
rate low, is significantly high. Hence, the
interface displays a planar structure. Due
to the fact that the interface has a planar

Figure 7. SEM image of points 3 and 4
on coating 2

Figure 9. SEM image of points 5 and 6
on coating 3

Figure 11. SEM image of points 7 and 8
on coating 4

structure, the metallurgical bonding be-
tween the substrate and the coating layer
is ideal. The solidification rate increases
rapidly after planar solidification, and the
temperature gradient that was at its maxi-
mum value at the beginning, starts to de-
crease rapidly. In conclusion, the G/R ratio
decreases causing the formation of a cellu-
lar structure. Dendritic solidification oc-
curs after cellular solidification. The direc-
tion and dimensions of the dendrites vary
in regions near the surface [19-21]. The
convection and Marangoni effect of the pro-
tective atmosphere, during the coating pro-

a)

Figure 8. SEM images of sample 3

Figure 10. SEM images of sample 4

cess, causes the dendrites to solidify in
random directions [18, 22]. Figures 4a, 6a,
8a, and 10a illustrate the change in the mi-
crostructure subject to the temperature
gradient and solidification ratio (G/R).

The EDS analysis of 100 wt-% CrsC,
based coating was taken of points 1 and 2 as
illustrated in Figure 5. Table 3 displays the
results of EDS analyses. Dendrites and in-
terdendrite eutectics were established
throughout the microstructure. The Cr,C,
in the coating layer produced from 100 %
Cr,C, metallic powder by PTA was totally
dissolved. Table 3 illustrates the chemical

.

Chemical composition (wt.-%)
. Phases
Table 3. EDS analysis C Si Cr Fe Ni
at points 1 and 2 on -
coating 1 point 1 2.37 - 22.90 64.98 9.74
point 2 11.04 - 44.11 40.52 4.33
Chemical composition (wt.-%)
Phases
Table 4. EDS analysis C Si Cr Fe Ni
of points 3 and 4 on
coating 2 point 3 2.15 2.19 18.67 68.65 8.33
point 4 10.72 0.27 57.23 30.17 1.61
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composition of dendrites and interdendrite
eutectics, the chemical composition of den-
drites was 2.37% C, 22.90% Cr, 64.98 % Fe,
and 9.74 % Ni, and the chemical composition
of interdendrite eutectics was 11.04% C,
44.11% Cr, 40.52% Fe, and 4.33 % Ni. The
microstructure elements of the coating layer
were distributed heterogeneously. Because
of the high cooling rate in PTA coatings, and
the rapid solidification of steel, there is not
enough time for the elements to distribute
homogeneously [23, 24]. While nickel con-
tributes towards an austenitic solidification,
chrome contributes towards the formation of
interdendrite regions. The dendrites and in-
terdendrite eutectics were composed of
¥(Fe,Ni)/Cr,;C, + Cr,C; + Fe;C, phases.

Figure 6 illustrates the SEM image for
the PTA coating, produced by adding 25 %
SiC (in weight) to Cr;C,. As shown in the
SEM image, the density of the interden-
drite eutectic increased after adding 25 %
SiC. Table 4 illustrates the EDS analysis of
the dendrites (point 3) and the interden-
drite eutectics (point 4) as demonstrated in
Figure 7. The chemical composition of
point 3 was 2.15% C, 2.19 % Si, 18.67 % Cr,
68.65 % Fe, and 8.33 % Ni, and the chemical
composition of point 4 was 10.72% C,
0.27% Si, 57.23% Cr, 30.17% Fe, and
1.61 % Ni. The silicium in the microstruc-
ture proves that SiC dissolved during the
coating process. Both the EDS analysis re-
sults and the XRD analysis results showed
(Figure 3) that Cr;C, and SiC dissolved in
the microstructure totally. XRD analyses
established that in comparison to coating 1,
Cr,Si and CrSi, silicas were formed in the
microstructure with the addition of SiC.
Wang and Duan [25] determined Cr;Si
phase in the microstructure of coating lay-
ers produced using Cr-Si-Ni powders.
Zhang and Wang [26] established Cr,Si pri-
mary dendrites and Cr;Si/Cry;Ni;Si, inter-
dendrite eutectics in the microstructure in
the conclusion of their study using Cr-Ni-Si
powders.

Figure 8 shows the coating layer, inter-
face, and substrate regions of Cr,C, + 50 %
SiC based PTA coating. As can be seen in
the SEM images, planar crystallisation was
observed at the interface. Cellular den-
drites, columnar dendrites, and randomly
oriented dendrites were found opposite the
heat flux from the interface to the coating
surface. Table 5 shows the results of EDS
analysis of dendrites and interdendrite eu-
tectics formed in coating 3. The chemical
composition of point 5 (Figure 9) was
2.91%C, 3.29 % Si, 18.80% Cr, 66.58 % Fe,
and 8.42 % Ni, and the chemical composi-
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tion of point 6 was 9.06% C, 0.88% Si,
38.56% Cr, 46.85% Fe, and 4.65% Ni.
When compared, it is obvious that the
amount of Si increased proportionally to
the amount of SiC added to coating 2 and
coating 3. While the amount of Si in the
dendrite region of coating 2 was 2.19 %, it
was found to be 3.29 % in the dendrite re-
gion of coating 3. According to coating 3
XRD analysis results, Cr;Si and CrSi, sili-
cas were formed.

Figure 10 illustrates the SEM image of
the coating produced on the surface of
AISI 304 stainless steel after addition of
100 % SiC by PTA. There was a white layer
between the coating layer and the sub-
strate. This layer illustrated the excellent
metallurgical bond between the coating
overlay and the substrate [27]. As with the
other coatings (coating 1, 2, and 3), micro-
structure was formed as a result of repeti-
tion of dendrites and interdendritic eutec-
tics. Table 6 shows the results of EDS
analysis of dendrites and interdendrite eu-

tectics formed in coating 3. The chemical
composition of the dendrites (point 7) was
2.68%C, 3.61% Si, 17.80% Cr, 67.32% Fe,
and 8.50 % Ni, and the chemical composi-
tion of the interdendrite eutectics (point 8)
was 12.91% C, 52.11 % Cr, 33.40 % Fe, and
1.55 % Ni. Taking advantage of the data of
XRD, and due to the 100 % SiC addition,
these structures were CrSi, and Fe;SiC
phases. As shown in Figure 11, Fe;SiC
(iron silicon carbide) has a lamellar struc-
ture. Fe;SiC is an amorphous phase formed
by the transformation of cementite [28].

Figure 12 depicts the change in micro-
hardness from the coating overlay towards
the substrate for coatings 1, 2, 3, and 4,
produced by PTA. An increase was ob-
served in the microhardness values re-
corded for the substrate towards the coat-
ing layer.

The average microhardness recorded
for substrate and coating 1, 2, 3, and 4
were 200 HV,,, 545HV,,, 592 HV,,,
662 HV,,,, and 710 HV,,, respectively. A

- Chemical composition (wt.-%)
ases C Si Cr Fe Ni Table 5. EDS analysis
- of points 5 and 6 on
point 5 2.91 3.29 18.80 66.58 8.42 coating 3
point 6 9.06 0.88 38.56 46.85 4.65
Chemical composition (wt.-%)
Phases i
C Si Cr Fe Ni Table 6. EDS analysis
N of points 7 and 8 on
point 7 2.68 3.61 17.89 67.32 8.50 coating 4
point 8 12.95 - 52.11 33.40 1.55
—=— 1, coatin
800 ~ : 9
e 2. coating
—a— 3, coating
700 - v 4. coating
. 600
=
<
o 500 -
23 Figure 12. The change
5 in microhardness from
© 400 4 the coating overlay
S towards the substrate
3]
= 300
=
200 - ) :
coating layer substrate
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coating layer 2.5-3.5 times harder than
the substrate was obtained as a result of
PTA coating. There was a significant in-
crease in the hardness value, due to the
increase in the amount of SiC in the mix-
ture. The reasons for this change were the
CrSi,, Cr;Si, and Fe;SiC phases in the
microstructure, caused by the addition
of SiC, and the microstructure change
caused by rapid solidification. The formed
phases displayed reinforcement element
characteristics in the 7y-(Fe,Ni) matrix,
and caused an increase in hardness [29].
The reason for the increase in hardness
from the interface towards the top section
of the coating overlay was the increase in
the intensity of hard phases, due to the
change in cooling rates in the regions
from the top section of the coating overlay
towards the interface, and the shrink in
size of the dendrites. This situation is as-
sociated with the fact, that the Fe content
was scarce in coating area, and higher in
interface area. The presence of carbide
and silica phases was the reason why the
hardness of the coating layer occured at
different peaks [30-32].

| Conclusions

Based on the results of this investigation,

the following conclusions can be drawn:

1. Homogeneous, crack-free, and nonpo-
rous Cr,C, + SiC based coatings were
formed on the surface of AISI 304 stain-
less steel by the plasma transferred arc
(PTA) surfacing method.

2. The metallurgical bond between the
coating layer and the substrate was
ideal. Various shaped dendrites and
interdendrite eutectics formed sub-
ject to the temperature gradient and
the solidification ratio of the coating
layer. According to XRD analyses,
Cr,C;, Cry,C4, Fe,ySiC, CrySi, CrSi,,
Fe;C,, CFe,5,, C-(Fe,Cr)-Si, y-(Fe,Ni),
and Fe, (,Ni, ;4 carbides, silicas, and
complex phases were formed in the
microstructure.

3. In comparison to the substrate, the mi-
crohardness of the coatings produced
by PTA was 2.5-3.5 times harder. Micro-
hardness increased with the increase of
the amount of SiC added, as a result of
metallographic phases, such as CrSi,,
Cr;Si, and Fe;SiC, formed in the micro-
structure.
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