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The effects of graphite particle size on the microstructure, hardness and corrosion resistance of in-situ
TiC-VC reinforced Fe-based laser cladding layers were studied. Results indicated that the corrosion
resistance of the TiC-VC/Fe laser cladding layers could be improved by optimizing the graphite powder
particle size. As the graphite particle size decreased from 180-270 μm to 1.3 μm, the average particle
size of carbide decreased from 1.73 to 0.46 μm and the microstructure transformed from plate martensite
into lath martensite, and finally into granular bainite. The hardness of the cladding layers decreased
about 130 HV0.2, but the corrosion resistance increased. The cladding layer prepared with a graphite
particle size of 1.3 μm showed the best corrosion resistance, which was about 3.80 times greater than
that of the cladding layer prepared with a graphite size of 180-270 μm.
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1. INTRODUCTION
As a surface strengthening and repairing technology, laser cladding can significantly improve
the abrasion, corrosion and oxidation resistance of a substrate[1-3], enabling specific performance
requirements to be met and reducing the amount of alloy element required [4, 5]. Fe-based alloy powders
are cheaper but have poor corrosion resistance compared to Ni-based and Co-based laser cladding layers.
Theoretical and experimental studies have been conducted with the aim of improving the corrosion
resistance of Fe-based cladding layers. Previous studies [6-9] have optimized the composition of alloy
powders by adding moderate amounts of Cr, CeO2 or La2O3 to increase the corrosion resistance of the
Fe-based cladding layers. However, this increases the cost of Fe-based alloy powders.
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It has been reported that the particle size of alloy powders may affect the properties of the
cladding layers. Deschuyteneer et al.[10] reported that there was a significant advantage in using smaller
particles to improve the wear resistance of NiCrBSi/WC laser cladding coatings under sliding conditions.
Boisselier et al.[11] indicated that the smaller the particle size of 316L stainless steel powder, the finer
the microstructure of the cladding layer. Tanigawa et al. [12] found that the heat-affected zone decreased
with decreasing alloy powder size. It was also found that the corrosion resistance of (TiC-VC)P/Fe laser
cladding layers could be improved by simultaneously optimizing the four initial powders [13]. However,
it has not been reported whether the corrosion resistance of in-situ Ti-V carbide reinforced Fe-based
cladding layers can be improved just by optimizing the size of the graphite particles. Therefore, the aim
of this study was to determine the effects of the graphite particle size on the microstructures, carbide size
and corrosion resistance of (TiC-VC)P/Fe laser cladding layers.

2. EXPERIMENTAL PROCEDURES
Low-carbon steel with dimensions of 80 × 50 × 8 mm was used as the substrate material. The
surface was ground using abrasive paper and degreased with anhydrous ethanol before laser cladding.
Fe-based alloy powder was composed of 26.00 wt% FeTi30, 16.57 wt% FeV50, 6.23 wt% graphite
(purity 99.50%) and 51.20 wt.% iron powder (purity 98.50%). In the molten pool, titanium and vanadium
combined with carbon and the Ti-V carbides separated out as the temperature decreased. The particle
size of FeTi30, FeV50 and pure iron powder was 38 -75 μm, the variations of the graphite powder
particle size are listed in Table 1 and the morphologies of the graphite powders used are shown in Fig.1.
Alloy powders were mixed uniformly using a V-series mixing machine. Mixed powders were pre-placed
onto the specimen surface homogeneously using sodium silicate binder with a thickness of about 1.0
mm. Laser cladding was performed by a LASERLINE LDF-4000 semiconductor laser; the laser power
was 2050 W, the laser beam diameter was 4.0 mm, the scanning speed was 5.0 mm/s and the overlapping
ratio was 25%.

Table 1. Initial graphite powder particle size used in S1-S4 cladding layers
Samples

S1

S2

S3

S4

Graphite size

180 μm -270 μm

38 μm -75 μm

11 μm

1.3 μm
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Figure 1. Morphologies of the graphite powders used in (a) S1 (b) S2 (c) S3 (d) S4 cladding layers
The phases of the layers were analyzed by the X-ray diffraction (XRD) with a Rigaku RINT2000 diffractometer (using Cu Kα) set to a working voltage and current of 40 kV and 150 mA,
respectively. The step speed was 8°/min. The cladding layers were etched with 4% nitric acid alcohol
solution, and the microstructures were observed using a Zeiss SUPRA55 scanning electron microscope.
Microhardness measurements were performed with a load of 200 g applied for 15 s. Electrochemical
properties were investigated using the potentiodynamic polarization in 3.5 wt.% NaCl solution which
were conducted by using a Gamary electrochemical workstation. A saturated calomel electrode, a
platinum electrode, and the treated laser cladding specimens were used as the reference electrode, the
counter electrode and the working electrodes respectively. Before potentiodynamic polarization tests,
the samples were immersed into the electrolyte for about 30 min in order to stabilize the open-circuit
potential. The potentiodynamic polarization tests were conducted at a scan rate of 0.5 mV/s. Corrosion
morphologies after running the polarization tests were observed by SEM.
3. RESULTS AND DISCUSSION
Fig.2 shows the secondary electron images of the cladding layers. The microstructure
transformed from plate martensite in the S1 and S2 cladding layers into lath martensite in the S3 cladding
layer, and granular bainite in the S4 cladding layer. The total surface area of graphite particles increased
and was distributed more uniformly across the cladding alloy powders with decreasing particle size,
which increased the heat absorption and oxidation of graphite during the cladding process. Heigel et al.
[14] and Liu et al. [15] also indicated that there was a higher heat input by the smaller initial alloy
powders because of the higher laser absorption efficiency during laser cladding. This resulted in a
decreased cooling rate and carbon content in the molten pool. Therefore, the microstructure transformed
from plate martensite into lath martensite, and finally granular bainite.
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Figure 2. Secondary electron images of (a) S1 (b) S2 (c) S3 (d) S4 cladding layers
XRD patterns of the cladding layers are shown in Fig.3. Phase analysis suggested that there was
α-Fe, VC and TiC in all cladding layers. Furthermore, the relative intensity of the γ diffraction peaks in
S1 to S3 decreased gradually and disappeared completely in the S4 cladding layer, indicating that the
amount of retained austenite decreased with decreasing graphite particle size. Due to the decrease in
chemical stability caused by carbon and the mechanical stabilization caused by formation of plate
martensite, the amount of retained austenite decreased gradually and disappeared. Zou et al.[7] reported
that the amount of retained austenite increased, which was caused by the increased chemical and
mechanical stabilization in Fe-based composite laser cladding layers.

Figure 3. XRD spectra of S1-S4 cladding layers
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In addition, it can also be seen that the particle size of in-situ carbides decreased as the graphite
particle size decreased from 180-270 μm to 1.3 μm. Fig.4 shows that the average particle size of carbide
in S1, S2, S3 and S4 was 1.73 μm, 0.85 μm, 0.68 μm and 0.46 μm, respectively. The greater the
uniformity of the graphite distribution and the lower the carbon content, the greater the degree of carbide
nucleation supercooling, which further increased the carbide nucleation rate. As a result, the carbide was
gradually refined. Masanta et al. [16] indicated that the smaller the initial powder size of TiO2 in the
precursor, the smaller the synthesized TiB2-TiC-Al2O3 ceramic particles, resulting in coatings with
superior mechanical properties.

Figure 4. Average particle size of carbides in S1-S4 cladding layers

Figure 5. Microhardness distribution curves on the cross section in S1-S4 cladding layers
Microhardness distribution curves on cross sections of cladding layers are shown in Fig.5. The
average hardness of S1, S2, S3 and S4 was 744 HV0.2, 719 HV0.2, 665 HV0.2 and 607 HV0.2, respectively,
indicating that the average hardness decreased with decreasing graphite particle size. As the carbide
particle size decreased, the carbon content in the cladding layer also decreased. The hardness of the S1
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and S2 cladding layers could be attributed to the large amounts of plate martensite, and the relative
softness of S3 and S4 was due to the transformation of the microstructure.
Fig.6 shows the potentiodynamic polarization curves of cladding layers in 3.5 wt% NaCl
solution. The fitting results, obtained with the Tafel method, are shown in Table 2 where I0 is the
corrosion current density and E0 is the corrosion potential. The corrosion potential shifted positively
from S1 to S4, and the corrosion rate suggested that the general trend in corrosion resistance was a
gradual increase. Because of the different corrosion potentials, galvanic corrosion between the cladding
layer matrix (the anode) and the carbide (the cathode) was generated. In previous studies [13], corrosion
morphologies showed there to be many pronounced corrosion marks around large carbides, which were
accelerated by galvanic corrosion. As the carbide particle size decreased across S1-S4, the cathode area
in a single corrosion cell decreased, reducing the total galvanic corrosion and improving corrosion
resistance. Overall, the corrosion resistance of the cladding layer was negatively correlated with the
carbide particle size, within a specific range.

Figure 6. Polarization curves of S1-S4 cladding layers in 3.5 wt.% NaCl solution

Table 2. Fitting results of the polarization curves

Samples

I0/(μA/cm2)

E0/V

Corrosion rate/(mm·a-1)

S1

55.74

-0.59

0.65

S2

51.74

-0.57

0.60

S3

18.16

-0.56

0.21

S4

14.67

-0.53

0.17

Fig.7 shows the corrosion morphology of the S2 and S4 cladding layers. The S2 cladding layer
had many corrosion holes and obvious corrosion marks around the large carbides, indicating that severe
galvanic corrosion occurred between the cladding layer matrix and large carbides. The surface of the S4
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cladding coating was relatively smooth with a small number of long-strip corrosion pits, which indicated
that the corrosion behavior primarily occurred at the grain boundaries in the cladding layer matrix.
Therefore, galvanic corrosion was the main type of corrosion in the cladding layers, regardless of the
size of the carbides.

Figure 7. Corrosion morphologies after running potentiodynamic polarization test (a) S2 and (b) S4
cladding layer

4. CONCLUSION
The microstructure of TiC-VC/Fe laser cladding layers transformed from plate martensite into
lath martensite, and finally granular bainite as the graphite particle size decreased from 180-270 μm to
1.3 μm. The particle size of in-situ carbide decreased gradually. The hardness of the cladding layer
decreased gradually with decreasing graphite particle size and the general trend was increased corrosion
resistance. The cladding layer prepared with a graphite particle size of 1.3 μm showed the greatest
corrosion resistance.
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