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Abstract: The mechanisms by which titanium carbide (TiC) improves the properties of tungsten carbide (WC) coatings deposited on
duplex stainless steels using laser particle injection technique were investigated. The relationships between laser process parameters
and the synthesized composite were studied. The morphologies and microstructures of the feedstock powders and composite coatings
were characterized using scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX) techniques. Surface
hardness of the composite layers was determined using the Vickers microhardness tester while its corrosion behaviour in 3.5% NaCl
solution was investigated by potentiodynamic polarization curve measurement method. As a result of the laser treatment,
microstructures characterized by hard ceramic particles with strong bonding to substrate were formed on the surface layer of the
steels. The addition of TiC to WC resulted in microstructures free from cracks, pores and intermetallics which could be detrimental to
the properties of the composites. High microhardness was observed and most of the coatings shifted the corrosion potential to more

noble values with the pseudo-passive curve.
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1 Introduction

There has been considerable development in the in
situ production of stainless steel matrix composites
(SSMMCs) [1-3]. MMCs combine physical, mechanical
and metallic properties (ductility and toughness) [4,5]
with ceramic characteristics (high strength and modulus)
[6,7], leading to greater strength in shear and
compression [8,9] and to higher service temperature
capabilities [10,11]. The use of MMCs in the aerospace
and automotive industries, and other structural
applications, has increased over the past 20 years as a
result of the availability of relatively inexpensive
reinforcements and the development
processing which result in
microstructure and properties [12].

It has been extensively researched and established
that the incorporation of hard, second-phase particles
deliberately added to ferrous matrices using laser melt
injection technique can significantly improve certain
material properties [13—18]. Among several hard
materials that have been studied, WC and TiC have been

of various
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proven to be excellent reinforcing materials for
incorporation into a tough bonding metal matrix. This is
due to their high hardness, low density and
thermodynamic stability [19,20]. WC belongs to the
group of advanced ceramic materials with great
industrial importance and is well known as hardfacing
material with Co or Ni alloys as binders. Also, WC finds
application where wear or corrosion resistant is required
[21]. LIU et al [14] studied WC,/Fe steel by laser melt
injection technique; the results show that WC, exists in
different states in the melt pool. Some particles keep
their original block shape, some particles dissolve
partially, and the others dissolve completely.

ZHOU et al [22] studied an iron-based WC
multi-track coating by laser induction hybrid rapid
cladding; the results show that WC particles dissolve
completely to form W and C atoms and further
precipitate as M;;C and MpCy carbides during rapid
solidification. VEREZUB et al [16] investigated in-situ
synthesis of a carbide reinforced steel by laser melt
injection technology. It was reported that undissolved
WC particles were found on top of the coating layer and
this was attributed to particles hitting the surface of the
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melt pool when it is already nearly resolidified and thus
the particles cannot dissolve in the melt pool. The
decomposition of WC into W,C, C or W as a result of
low heat of formation of WC and low affinity of W for C
remains a concern. Free C in the melt pool could easily
form CO,/CO pores and intermetallic phases such as
Co3;W;C and CogW4C with a detrimental effect on the
mechanical properties of the coating [23].

Although results on the source of the pores usually
conflict whether it was an effect of the physical/
mechanical properties of the material or from an effect
purely related to the processing parameters [24]. BUZA
et al [25] reported that five different pores could be
formed during laser particle injection, surface impurities,
shielding gas, powder injection, overheated liquid and
exothermic reactions and role of oxide layer on particles.
The reasons given are associated with pores formations
which are the injection of powder at high velocities
where particles could drag air cavities into the liquid and
also the presence of thin oxide layer on the metal
powders. ANANDA et al [26] studied the structure—
property correlation on laser surface alloyed AISI 304
stainless steel with WC+Ni+NiCr. It was reported that
the processing parameters in this scanning speed resulted
in the formation of microcracks and porosities as well as
the area fraction of these defects.

The possible addition of TiC to WC for the purpose
of pores and crack elimination has not been studied as far
as available literatures are concerned. HUANG et al [27]
studied the effect of aluminium addition on 316
austenitic stainless steel reinforced. It was reported that
there was a reduction of gas porosity in the clad layer.
This was attributed to the higher affinity of aluminium
for oxygen (the heat of formation of Al,05 at 1500 K is
—1196.58 kJ/ mol and —369.26 kJ/mol for CO,) than
carbon.

On the other hand, Ti/TiC is one of the most stable
carbides in iron at high temperatures, and it does not
form any ternary phases [28]. TiC is widely used as
reinforced phase of composite materials [29]. Addition of
TiC to reinforcing steel matrix composites has been an
advantage to composition and microstructural
modification which could have an impact on a wide
range of properties [30]. LAROUDIE et al [31] studied
the incorporation of C, TiC and SiC powders on 316L
stainless steel. Some large clusters of TiC are distributed
within the composite while faceted crystals of TiC are
uniformly distributed within the composite. VEREZUB
et al [32] investigated the performance of a cutting tool
reinforced with Ti and WC produced by in situ laser melt
injection technique. The results obtained show that the
microstructure of the melted layer seems to be
homogeneous and this is attributed to the high velocity of
Maranon convection of the laser melted pool.

Owing to the problem of pores and crack formation
associated with WC and Ti particles, attempt has been
made to investigate the possibility of adding TiC to WC
to reduce or eliminate pores and crack defects associated
with WC composite coatings on stainless steels and its
effects on some coatings properties.

2 Experimental

2.1 Materials

UNS S32205 duplex (DSS)
specimens were cut to dimensions of 98 mm x 48 mmx
10 mm. The elemental composition is shown in Table 1.
Pure WC—9Co—4Cr, WC-10Ni and TiC powders
supplied by Weartech (pty) Ltd, South Africa, were used
as reinforced carbides (Fig. 1). The mixing ratio of
powder, mixing method, mixer, speed and time used
were reported in Ref. [33].

stainless  steel

Table 1 Nominal composition of UNS S32205 stainless steels
(mass fraction, %)

Cr Ni Mo Si Mn N
21.80 5.70 2.90 0.40 1.43 0.15
Cu S P C Fe
0.15 0.002 0.023 0.020 Bal.

2.2 Preparation of laser coatings

Prior to laser coating, the substrates were
sandblasted to influence absorptivity of the laser beam
radiation [34]. Laser particle injection technique was
carried out using a 4400 W Rofin Sinar continuous wave
Nd:YAG laser with a wavelength of 1.064 pm equipped
with a fibre optic beam delivery system. The powders
were fed laterally using a commercial powder feeder
instrument equipped with a flow balance to control the
powder feed rate. During the laser processing, laser
power of 1500 W, scanning speed of 0.0067 m/s and
beam diameter of 3 mm were selected to create a melt
pool on the surface of the substrate and simultaneously
reinforced carbides were injected into the melt pool just
behind the laser beam creating 5 multiple tracks
overlapping at 50%, shielded with argon gas flowing at 4
L/min. The powders were injected at 2 g/min. Table 2
summarizes the parameters of the specimens.

2.3 Characterization of laser coatings

Specimens for microstructural analyses were
grinded and polished to 1 pm diamond suspension. A
Phillips (XL30 SERIES) scanning electron microscope
(SEM) equipped with a field emission gun was used to
assess the microstructure of the polished samples. A
qualitative elemental composition was conducted by
EDS.
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Fig. 1 SEM images of WC—9Co—4Cr (a), WC—10Ni (b) and
TiC (c)

Table 2 Laser processing parameters

Specimen . o Laser Laser
No. Composition  w/% power/W speed/(ms*l)
E WC-9Co—4Cr 100 1500 0.0067
F WC-10Ni 100 1500 0.0067
WC-9Co—4Cr+

G WC—10Ni 50:50 1500 0.0067

o WOOCHAET o35 1500 0.0067
TiC

I WC_.ION1+ 70:30 1500 0.0067
TiC

Specimens for X-ray diffraction (XRD) were cut to
dimensions and the coated surface was exposed to the
incident rays. XRD scanning was carried out on a
PW1710 Philips diffractometer, using monochromatic
Cu K, radiation at 40 kV and 20 mA. Diffractograms

were collected over a range of 26 between 10° and 90° at
the step size of 0.02°.

2.4 Microhardness measurement of composites

The hardness of the coating layers was measured
using an EmcoTEST DURASCAN microhardness tester
equipped with ecos workflow ultra modern software. A
load of 0.98 N (100 g) at a dwelling time of 15 s was
applied to all the specimens. The microhardness profile
was produced through the depth of the coated zone, heat
affected zone and to the matrix.

2.5 Electrochemical polarization measurements

Specimens for electrochemical analysis were cut to
dimensions of 7 mmx5 mm and prepared according to
ASTM G1-03(2011) [35]. The corrosion behaviour of
the specimens was studied in 3.5% NaCl environment.
Electrochemical measurements were conducted by the
potentiodynamic polarization technique according to
ASTM G5-94(2011)el [36]. All electrochemical
measurements were carried out at room temperature
(25+1) °C using an Autolab Potentiostat (PGSTAT20
computer controlled) with the general purpose
electrochemical software (GPES) version 4.9. Before
potentiodynamic cyclic polarization was taken, the
specimens were immersed in the electrolytes for suitable
time to stabilize at the open circuit potential (OCP).
Potentiodynamic polarization curves were measured at a
scanning rate of 2 mV/S starting from —1.0 V (with
respect to the OCP) to about 1.2 V.

3 Results and discussion

3.1 Microstructural characterization of laser
reinforced S32205 DSS with WC

The microstructures of the WC coatings are
presented in Figs. 2—4 at different magnifications. Figure
2 shows the SEM images of specimen E (532205 DSS+
WC-9Co0—4Cr) laser particle injected coatings. The WC
particles were homogeneously distributed in the matrix
of the steel due to high wettability of WC in the melt
pool. One can see the presence of cracks and pores from
Fig. 2(a). This is due to formation or entrapment of gases
as a result of dissolution of WC to W and C. The
formation of cracks can also be attributed to a high
degree of thermal mismatch between the coated layer
and the substrate, which increases the thermal stress, thus
the propensity for cracking. This is evident from SEM
images in Figs. 2, 3 and 4 as cracks propagate from the
substrate to the coated zone. Gas pores formed can also
be attributed to the interaction of residual carbon present
in the WC particles and in the melt pool with dissolved
atmospheric oxygen trapped during melt injection [37].
The cracks propagate from the pores to the interface of
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the coatings and matrix. According to ANANDA et al
[26] the volume expansion as a result of dissolution of
WC particles and formation of dendrites (Figs. 2(b) and
(d)), the difference in coefficient of thermal expansion
and large cooling rate could lead to development of
compressive residual stresses in the alloyed zone. A
microstructure with alternating layers was observed in
Fig. 2(c), which is associated with thermal behaviour of
laser processing with multiple overlap tracks. The first
track deposited fine WC particles in Co matrix [21]
forming a free dendrite growth in the matrix. Dendritic

growth pattern formation is characterized by a complex
interplay of heat/solute diffusion processes and interface
curvature effects that are all occurring on different length
scales. In free dendritic growth, the latent heat and the
solute are both rejected into a uniformly undercooled
liquid surrounding the growing dendrite [38]. As the
dendrite propagated, the crystalline solid grew and
rejected its excess solute, which flew away from the
interface by chemical diffusion through the surrounding
melt or solution. According to GLICKSMAN and
LUPULESCU [39], the latent heat flew away from the
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dendritic interface by transport processes such as thermal
conduction and convection. When the second track of
WC particles with 50% overlap was injected, some part
of the first track was remelted and a fine cooperative
equiaxial dendrite formed (Fig. 2(d)), reducing the WC
particles to submicron size. The increase in W contents
from the second track deposition resulted in the equiaxial
dendrite [40] and as more WC dissolved in the melt pool,
the undercooling resulted in precipitation of WC as
equiaxial dendrite and seemed to represent a form of
M;C (Fe;W;C) carbide as reported by RIABKINA-
FISHERMAN et al [19] and LIU et al [14].

Figure 3 shows the SEM images of specimen F. A
uniform distribution of fine WC particles with cuboidal,
needle-like, dendritic and lamellar morphologies
throughout the matrix can be observed, which indicates a
precipitation reaction from the liquid phase. The
formation of lamellar morphology is noticeable also in
Fig. 4 and can be attributed to the presence of Ni in the
powder. As it could be seen, the cracks formed propagate
through the pores to the surface of the coating. Most of
the pores are found at the middle and bottom of coated
zone. Figure 4 shows both low and high SEM images of
specimen G. It can be seen that the admixed powder has
effects on the size, number and distribution of pores in
the matrix. Large pores and cracks can be seen close to
the interface of the coating/ matrix while small pores
could be found close to the top and middle zone of the
coating. This can be attributed to the large volume of
carbides and intermetallics present which could prevent
the escape of trapped CO, gas coupled with high
solidification rate of the melt pool. Cracks could be seen

propagating parallel to the direction of laser scan and
closer to the interface of coating and matrix and also
running through the pores found at the bottom.

3.2 Effect of TiC addition on elimination of pores and
cracks

Microstructures of specimens H and I (WC-9Co—
4Cr+TiC and WC—10Ni+TiC) are shown in Figs. 5 and 6.
The addition of TiC to WC particles using the same laser
processing parameters (laser power of 1500 W and
scanning speed of 0.0067 m/s) changed dramatically the
microstructures compared with Figs. 2, 3 and 4. Pores
and cracks associated with single WC coatings have been
reduced/completely eliminated. This could be due to the
presence of TiC added to the WC particles. The presence
of TiC particles could reduce air cavities being dragged
into the melt pool during injection of the particles which
did not have enough time to escape due to high
solidification rate [17]. As reported by OBADELE et al
[33], the agglomeration in the feedstock powder could
also improve the uniform distribution of the carbides in
the melt pool and these could also lead to
reduction/elimination of pores and crack formation in the
melt pool. A similar work was conducted by HUANG et
al [27] who reported that aluminium powders were added
to WC/Ni to eliminate pores formed.

3.3 EDS and XRD analysis of MMCs

Figure 7 shows the XRD patterns of WC coatings.
High tungsten content was detected in the interdendritic
region by EDS and point analysis on the specimens
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Fig. 6 SEM images of WC—10Ni+TiC mixed powders injected into UNS S32205 duplex stainless steel

indicates the presence of the W-rich carbides. EDS
analysis indicates high peaks of Fe and W which show
that WC melt has high wettability in the melt pool
[41,42]. XRD result confirmed the rich phase of FesWC
peaks (Fig. 7(c)). The dissolution of WC to form free W
and C resulted in the formation of FesWCs. LIU et al
[14] explained the Fe—W—C phase diagram shown in the
following reaction:

M+WCHW — FegW,C (1)

where M represents the high temperature solvent
containing W, C and Fe. Peak of Co was detected by
XRD and peaks for the reaction Co with C and W to
form the CogW¢C [43].

3.4 Microhardness profile

The hardness of the composite was measured along
the depth from the irradiated surface to the matrix, and
the result is shown in Fig. 8. The Vickers hardness (HV)
for specimen H ranges from HV,; 1150 to HV,; 926
while for specimen I it ranges from HV,; 1091 to HV,
949, while S32205 DSS reinforced with TiC alone, from
HV,,584 to HV(;432. The hardness generally decreases
further down to the heat affected zone (HAZ). Addition

of WC particles increased the hardness by almost 3 times.

The increase in hardness confirms the high wettability of
WC in the melt pool and the homogeneous distribution
of these carbides in the melt pool [39].

3.5 Electrochemical polarization measurements
Figure 9 shows the potentiodynamic polarization
curves for the carbide reinforced steel and the
as-received S32205 DSS in 3.5% NacCl solutions at room
temperature. It could be seen that the anodic polarization
performances of the coatings and the as-received
specimen are quite different. They exhibit different
anodic polarization performance with the coatings
showing more shift towards positive potential. All the
coatings (specimens E, F, G, H and 1) displayed the
pseudo-passive regions in the range of 0.4 V to —0.25 V
except for specimen A (as-received) which showed a
significant passivation region. Polarisation curves of
specimens E and H were very similar, indicating little
effect of the TiC addition on a positive shift of the
potential. The little effect could also be attributed to the
presence of carbides from Co—Cr binder used as there
was a significant shift to positive potential for specimen I
which also contained the same amount of TiC from
—0.590 V (specimen F) to —0.502 V. From Table 3
corrosion current density (J) and corrosion potential
(¢corr) for specimen A were 2.0x10”7 A/em? and —87 V
respectively, while @, for specimens H and I increased
significantly to —0.64 and —0.50 V, respectively. For the
coatings, the current does not decrease or remains
constant with increasing potential, but increases only
slightly. Nevertheless, the corrosion resistance depends
critically on the laser processing parameters [44].
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Table 3 Corrosion data obtained from electrochemical tests at room temperature in 3.5% NaCl solution

Specimen Composition Peor/V  Joow/(A-cm™®)  Laser power/W  Scanning speed/(m's ")
A S32205 DSS —0.873 2.0x1077 - -
E $32205 DSS/WC-9Co—4Cr —0.629 4.8x10°° 1500 0.0067
F S32205 DSS/WC—10Ni —0.590 8.2x107° 1500 0.0067
G $32205 DSS/WC-9Co—4Cr+ WC—10Ni —0.560 4.6x10°° 1500 0.0067
H S32205 DSS/WC-9Co—4Cr+TiC —0.638 2.1x10°® 1500 0.0067
I S32205 DSS/WC—10Ni+TiC —-0.502 44x10°° 1500 0.0067

4 Conclusions

1) The optimum laser processing parameters for
WCHTiC reinforced S32205 DSS is laser power of 1500
W and scanning speed of 0.0067 m/s. Generally, depth of
the melt increases with the decrease of beam scanning
speed.

2) Phases such as CogW4Cs and FegW4Cg and W,C
are confirmed in the WC, which indicates dissolution of
the WC particles in the S32205 DSS. Pores and cracks
are present as a result of formation of CO/CO, gas
trapped in the melt pool.

3) The addition of TiC to WC produces crack and
pore-free stainless steel composites with enhanced effect
on the hardness of the matrix. The XRD analysis
confirms the presence of only the desirable phases. The
microhardness of the composites is significantly
improved.

4) @cor of the coated specimens shifts in the noble
direction from —0.873 V of the as-received specimen to
—0.50 V of the coating with the formation of a pseudo
passivation region.
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