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In-situ nano-submicron TiC reinforced ultrafine-grained Fe-based cladding layers were prepared by laser
cladding gradient particle sizes of ferrotitanium, graphite, and iron powder on the surface of 42CrMo
steel. Microstructures and corrosion resistance were analyzed using X-ray diffraction, scanning electron
microscope, and an electrochemical workstation. Results showed that the average particle size of the in-
situ TiC was 0.25 pm, and ranged from 0.04 um to 1.10 um, with 11.0 % being on the nano scale. The
microstructure of the cladding layer was lath martensite, and the average grain size of the cladding layer
matrix was 4.08 pm, reaching the ultrafine-grained scale. The average hardness of the cladding layer
was approximately 720 HV0.2, which was 425 HV0.2 higher than that of the 42CrMo steel. The
corrosion current density of the cladding layer was more than two times lower than that of the 42CrMo
steel.
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1. INTRODUCTION

As a surface strengthening and repairing technology, laser cladding has the advantages of a low
dilution ratio, small stress deformation, and metallurgical bonding with the substrate. Laser cladding
shows great developmental potential for improving the surface hardness, and the corrosion, and wear
resistance of materials [1-3]. Although Co-based and Ni-based cladding layers have good properties,
their raw materials are rare and expensive. Fe-based cladding materials have obvious price advantages
and are similar to the composition of the substrate, thus, they have broad application prospects.

As an ideal ceramic reinforcing phase, TiC has high hardness, high wear resistance, and stable
thermodynamic properties. It had been widely used in metal matrix composite laser cladding layers, such
as TiC/Al [4-6], TiC/Ni [7], TiC/Fe [8], TiC/Ti [9], TiC/TiAl [10], and TiC/AlCoCrFeNi high-entropy
alloy [11]. It was also reported in other surface modification methods, for instance, TiC plasma-sprayed
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coatings [12], TiC/steel gas tungsten arc cladding layers [13], and TiC/FesAl high-velocity oxy-fuel
coatings [14]. Zhang et al. [15] showed that the TiC/Fe cladding layers showed superior erosion
resistance to that of the low carbon steel substrate. Xu et al. [16] prepared a TiC reinforced Inconel 625
composite layer on the surface of austenitic stainless steel, which exhibited good corrosion resistance.

In our previous studies [17-19], the microstructure and properties of a TiC-VC reinforced Fe-
based cladding layer were studied by optimizing the initial alloy powders particle size. The Ti-V carbides
were refined by decreasing the ferrotitanium-ferrovanadium, graphite, and iron powder particle sizes
[20]. The laser cladding processing parameters have an important effect on the morphology of in-situ
formed TiC [21]. Therefore, the objective of this study was to prepare in-situ nano-submicron TiC
reinforced ultrafine-grained Fe-based laser cladding layers using the gradient particle size of initial alloy
powders by adjusting the heat input per unit volume.

2. MATERIALS AND METHODS

The substrate material used was 42CrMo steel with dimensions of 80 mm x 40 mm x 12 mm.
The surface of the samples was ground with abrasive paper and degreased using anhydrous ethanol
before cladding. The particle sizes of the Fe-based alloy powder with a composition of 53.33 wt.%
FeTi30, 40.27 wt.% reduced iron powder, and 6.4 wt.% graphite (purity 99.5%) powder are listed in
Table 1, and the morphologies of the initial alloy powders are shown in Figure 1. The alloy powders
were mixed two hours using a V-mixer (24 revolutions per minute), and then blended with sodium
silicate binder onto the specimen surface. The thickness of the preset powder layer was approximately
0.4 mm (preset powder layer accuracy achieved by machining a groove with a thickness of 0.4 mm on
the surface of the substrate). Laser cladding was performed using a LASERLINE semiconductor laser
and the processing parameters of cladding are listed in Table 2.

Table 1. Particle size of the initial alloy powders

Reduced iron powder FeTi30 powder Graphite powder
Particle size 75 pm -150 pm 23 pm -38 um 10 um -13 pm

Figure 1. Macro morphologies of (a) reduced iron powder (b) FeTi30 powder and (c) graphite powder
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Table 2. Parameters of the laser cladding process

Laser power nger beam Scanning speed  Overlapping ratio  Argon gas flow rate
iameter
4000 W 4.0 mm 25 mm/s 30% 10 L/min

The phases of the layer were analyzed by X-ray diffraction with a Rigaku D/max-2500Pc
diffractometer (Cu Ka) set to a working voltage and current of 50 kV and 30 mA, respectively. The step
speed was 8 (°)/min. The cladding layers were etched with a 4% nitric acid alcohol solution and the
microstructure and morphology of the cladding layer were observed with a ZEISS SUPRAS5 scanning
electron microscope with a tube voltage of 15 kV and a Keyence (VHX-5000) optical microscope.
Microhardness analysis was performed with a load of 200 g that was applied for 15 s. Polarization curves
of the cladding layer and 42CrMo steel specimens were measured in 3.5 wt.% NaCl solution at 298 K
and were conducted with a scan rate of 0.5 mV/s using a Gamry electrochemical workstation (Interface
1000). A saturated calomel electrode was used as the reference electrode and a platinum electrode was
used as the counter electrode.

3. RESULTS AND DISCUSSION

Top view and cross-sectional view macrographs of the cladding layer are shown in Figure 2. The
cladding layer was well-formed with a thickness of 0.4-0.8 mm, its surface was relatively flat, it had a
good metallurgical bond with the substrate, and it did not have any defects such as cracks or pores.

Top view

Cross sectional view
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Figure 2. Macrograph of the cladding layer: top view and cross-sectional view
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The X-ray diffraction patterns of the cladding layer are shown in Figure 3, and the phases of the
cladding layer were determined as a-Fe, y, and TiC. In combination with the microstructure of the
cladding layer shown in Figure 4, the cladding layer phase was determined as lath martensite, retained
austenite, and TiC.
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Figure 3. X-ray diffraction spectra of the cladding layer

Figure 4 (a) and (b) show the secondary electron images of the cladding layer and the distribution
of the TiC particle size is shown in Figure 4 (c). The microstructure of the cladding layer was lath
martensite, therefore, the cladding layer possessed high strength and toughness. The particle size of TiC
ranged between 0.04 pm and 1.10 pum, and the average particle size was 0.25 um. Moreover, 98.9% of
the TiC was on the submicron scale and 11.0 % was on the nano scale. The acquisition of the nano-
submicron TiC could be attributed to the fllowing two reasons: one was the gradient particle size of the
initial alloy powders and the other was the high cladding and cooling speed. It has been previously shown
that the refinement of carbides was mainly controlled by the graphite particle size, i.e., as the graphite
particle size decreased from 180-270 um to 1.3 um, the average particle size of carbide decreased from
1.73 to 0.46 um [20, 22]. Emamian et al. indicated laser parameters have crucial role in establishing the
TiC morphologies [23]. As a larger laser power and higher cladding speed were used, there was a higher
cooling speed for the molten pool, which caused a higher supercooling degree for the TiC, and
consequently, the nucleation rate of TiC increased [24].
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Figure 4. Secondary electron images of the cladding layer (a) magnified 5000 times (b) magnified 20000

times (c) the distribution of the TiC particle size
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Figure 5. (a) Optical microscopy images and (b) the grain size distribution of the cladding layer matrix

Figure 5 shows the optical microscopy images of the Fe-based cladding layer matrix and its grain
size distribution. The grain size of the cladding layer matrix ranged from 1.86 pum to 6.90 um, with an
average value of 4.08 um. The TiC and austenite possessed the same crystal structure for the face
centered cubic and, as the TiC nucleated and separated from the molten pool, it provided nucleation sites
for the Fe-based layer matrix [25]. The lower the particle size of TiC, the greater the number of
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nucleation sites. As the TiC reached the nano-submicron scales, the number of crystallites of the cladding
layer matrix increased significantly; thus, the grain size was refined.

Figure 6 shows the microhardness distribution curve on the cross-section of the cladding layer
along the depth direction. The microhardness distribution curve was similar to a step-life function, which
corresponded to the microhardness of the cladding layer, the heat affected zone, and the 42CrMo
substrate. The average hardness of the cladding layer was approximately 720 HV0.2, which was much
higher than that of the 42CrMo substrate. This high cladding layer hardness could be attributed to the
dispersion strengthening effect of the nano-submicron scale TiC and the fine grain strengthening of the
ultrafine-grained Fe-based cladding layer matrix.
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Figure 6. Microhardness distribution on the cross-section of the cladding layer along the depth direction

Figure 7 shows the potentiodynamic polarization curves of the 42CrMo substrate and the
cladding layer in 3.5 % NaCl solution. The curves were fitted using the Tafel method, and the fitting
results are shown in Table 3. The corrosion potential of the cladding layer was higher than that of the
42CrMo steel; therefore, it had a smaller thermodynamic corrosion tendency. The current density of the
cladding layer was 45.18 pAmp-cm, which was more than two times lower than that of the 42CrMo
steel. In the 42CrMo steel, corrosive cells formed between the ferrite and cementite, with Figure 8 (a)
showing that the ferrite was corroded and contained many corrosion pits and trenches. As the TiC was
refined into nano-submicron scales, although there were different corrosion potentials between the TiC
and the cladding layer matrix, the galvanic corrosion effect was greatly reduced. Figure 8 (b) also shows
that the surface of the cladding layer after corrosion was relatively flat compared with that of 42CrMo.
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Figure 7. Potentiodynamic polarization curves of the 42CrMo substrate and the cladding layer in 3.5%
NaCl solution

Table 3. Fitting results of the potentiodynamic polarization curves

Samples E(V) | (WAmp-cm?) Corrosion Rate(mm/a)
42CoMo -0.582 10.80 0.126
Cladding layer -0.494 45.18 0.053

Figure 8. Corrosion morphologies of (a) 42CrMo substrate and (b) the cladding layer after running the
polarization tests

4. CONCLUSIONS

This present study showed that the nano-submicron TiC reinforced ultrafine-grained Fe-based
laser cladding layers were prepared on the surface of 42CrMo steel and that the cladding layer was well
formed and free from defects such as porosity and cracks. The microstructures of the layer were
composed of lath martensite, retained austenite and TiC. The average particle size of TiC was 0.25 um
and ranged from 0.04 pm to 1.10 um. Moreover, 98.9 % of the TiC reached the submicron scale, with
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11.0 % reaching the nanoscale. The average grain size of the Fe-based matrix was 4.08 pm, which
reached the ultrafine-grained scale. Compared with the 42CrMo substrate, the hardness of the cladding
layer increased by 425 HV0.2 and the corrosion resistance increased to 2.39 times.
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