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Figure 5. Cross sectional morphologies of a single-bead cladded specimen produced at the scanning
speed of 10 mm/s: (a) Overall view; (b) an enlarged view of region B in (a); (c) an enlarged view of
region C in (a); (d) an enlarged view of (c).
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Figure 6. Element distributions of the cladding layer obtained at the scanning speed of 10 mm/s.

EPMA point scanning results showed that the chemical compositions of the dendrites at point
1 in Figure 6 was Fe76.7Mo6.9Cr14.7Co2.8C3.5B0.5Y0.2Si0.8 (wt.%), which was dominated by Fe and Cr,
with traces of Mo, C, and a little B. The chemical composition of the precipitates at point 2 in Figure 6
was Fe52.4Mo19.3Cr15.0Co3.5C6.5B1.9Y0.8Si0.6 (wt.%). Combined with the XRD phase analysis results, it
can be inferred that the dendrites were mainly γ-(Fe, Cr) solid solution and the network-like precipitates
were composed of carbides M23(B, C)6 and M7C3. Zeisig et al. obtained a similar carbide network
precipitation when laser cladding the Fe-Cr-Mo-V-C alloy [23].

In summary, as the scanning speeds increased, the microstructures of the laser cladding layers
exhibited three distinct microstructure characteristics. For the scanning speed of 6 mm/s, the cladding
layer was a mixture of amorphous and crystalline regions. When the scanning speed was increased to
8 mm/s, the cladding layer was mainly composed of a block grain structure. As the scanning speed
was further increased to 10 mm/s, the cladding layer was composed entirely of dendrites. Combined
with the XRD test results, it can be found that the glass forming ability decreases as the scanning speed
increases. A large number of studies have shown that there are two main factors affecting the ability to
form amorphous phases, i.e., the composition and the cooling rate [24–26]. The absence of amorphous
structures can be attributed either to a cooling rate experienced by the coated layer, which is lower than
the critical value required to form a glassy microstructure, or to a substantial solute redistribution or
compositional changes within the molten pool or across the coating-substrate interface by dissolution
or inter-diffusion.

The cooling rate ∂T/∂t during the laser cladding process can be approximately estimated using
the Rosenthal solution proposed by Steen and Mazumder [27]:

∂T
∂t

= 2πk
[ v
P

]
(T − T0)

2, (2)

where k is thermal conductivity; v is scanning speed; P is power density; and T0 is the initial temperature
of the substrate. From the formula, it can be inferred that the cooling rate increases as the scanning
speed increases. For a more quantitative study, the cooling rates were numerically computed in the
present study using the finite element software JWRIAN developed by JWRI [28,29]. Figure 7 presents
the thermal histories of points at the deposit/substrate interface and at the top surface of deposits for
three scanning speeds. At the deposit/substrate interface, the cooling rates from 1000 ◦C to 500 ◦C for
the three scanning speeds (6 m/s, 8 m/s, and 10 m/s) were 819.7, 1087.0, and 1388.9 ◦C/s, respectively.
At the top surface of the deposits, the cooling rates from 1000 ◦C to 500 ◦C for the three scanning speeds
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were 847.5, 1111.1, and 1388.9 ◦C/s, respectively. Obviously, at both locations, the predicted cooling
rates increased for the increased scanning speeds, which was the same as the analytical solution. Hence,
increasing scanning speeds is theoretically favorable to the formation of an amorphous structure. Jin
et al. [30] experimentally demonstrated that a higher scanning speed favored the formation of an
amorphous phase in their work. However, the results in this study showed the opposite to the above
deduction, where an amorphous microstructure tended to form at relatively lower scanning speed
(6 mm/s) while dendrites formed at a higher speed (10 mm/s). Therefore, the main factor affecting
the microstructures and amorphous forming ability of the deposits is more likely to be the change
in the composition, but not scanning speed. As the laser scanning speed increased from 6 mm/s to
10 mm/s, the dilution ratios of the cladding layers increased significantly (by more than four times)
as presented in Table 2. Consequently, more elements migrated from the substrates to the cladding
layers, causing the compositions of the cladding layers to deviate from the nominal compositions of
the Fe-based amorphous alloy powder, resulting in a decrease in the ability to form an amorphous
phase. Li et al. [20] also showed that a coating with a lower dilution rate exhibited a larger volume
fraction of the amorphous phase.

Figure 7. Thermal histories of points at: (a) deposit/substrate interface; (b) top surface of the deposits
for the three scanning speeds obtained by finite element analysis.

3.3. Microhardness

The hardness distributions in the thickness direction for the cladding layers with different scanning
speeds are shown in Figure 8. It can be found that the hardness decreased from the cladding layer to
the heat affected zone and then to the substrate for all three scanning speeds. The cladding layer had
an extremely high hardness of about 1300 HV0.2 for the scanning speeds 6 mm/s and 8 mm/s, and a
lower high hardness of 700 HV0.2 for 10 mm/s. When the scanning speed was 6 mm/s, there was a
sudden decrease in hardness to about 700 HV0.2 at 200 μm from the substrate, which was because the
test point was located just in the crystallization zone in the cladding layer. Overall, the hardness of
the cladding layers was significantly improved when compared to the substrate, and the hardness
distribution in the cladding layer was quite stable. Both the amorphous phase and the block grain
structure had extremely high hardness. The high hardness of the block grain structure formed at
8 mm/s may mainly be attributed to the formation of Mo2C and other carbides [31].
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Figure 8. Variation of microhardness in the thickness direction of laser claddings produced with
different scanning speeds.

3.4. Wear Resistance

Figure 9 shows the wear volume losses of the substrate and the coatings obtained at different
scanning speeds. It is clear that the wear volume losses of the cladding layers increased gradually
with an increase of the scanning speeds. The wear volume losses of coatings at the three scanning
speeds were much smaller than that of the substrate, indicating that the cladding layers significantly
improved the wear resistance of the substrate. With the scanning speed of 6 mm/s, the cladding layer
had the smallest wear volume loss of 0.71 mm3, while that for the substrate was 5.60 mm3. The wear
resistance of the substrate was increased by 7.9 times.

Figure 9. Volume losses in the wear tests for the substrate and the cladding layers produced with
different scanning speeds.

Figure 10 shows the morphologies of the worn surfaces of the substrate and the coatings obtained
at different scanning speeds. Deep furrows with a peeling of large oxide patches could be observed in
the worn surface of the substrate. The worn substrate surface (given in Figure 11a) had a composition
of mainly Fe, O, Cr, Si elements using the EDS spectrum results in Figure 11. Significantly, a higher
silicon content indicates that silicon was transferred from the upper sample to the substrate, indicating
that adhesive wear had occurred. It can be inferred that the main wear mechanism of the substrate was
adhesive wear and oxidative wear. At the scanning speed of 6 mm/s, there was only a small number of
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light grooves and a small amount of oxide particles on the surface of the cladding layer (Figure 10b).
Its main wear mechanism was abrasive wear. The formation of the high hardness amorphous phase
gave it the highest wear resistance. At the scanning speed of 8 mm/s, the surface of the cladding layer
was uniform, and deeper grooves than those at 6 mm/s could be observed (Figure 10c). The wear
resistant was high because of the presence of the high hardness Mo2C, M7C3 carbides in the cladding
layer. This is mainly due to abrasive wear, and the carbide particles falling off from the cladding layer
may be the source of the abrasive. When the scanning speed increased to 10 mm/s, the wear resistance
of the cladding layer was notably reduced due to its lower hardness when compared to those obtained
at scanning speeds of 6 mm/s and 8 mm/s (Figure 10d). Large oxides (of which the EDS results are
given in Figure 11b) and furrows appeared on the worn surface, which indicated that adhesion and
oxidative wear occurred on the cladding layer surface.

Figure 10. SEM micrographs of the worn surfaces of the substrate and the claddings obtained with
different scanning speeds: (a) Substrate; (b) cladding at 6 mm/s; (c) cladding at 8 mm/s; (d) cladding at
10 mm/s.
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Figure 11. EDS results of different zones in Figure 10: (a) Zone 1; (b) Zone 2.

4. Conclusions

An Fe-based amorphous coating was successfully prepared by laser cladding of powder with
a chemical composition of Fe46.8Mo22.7Cr13.6Co7.6C4.8B2.3Y1.2Si1.0 (wt.%) on a 3Cr13 stainless steel
substrate. The influences of laser scanning speed on the microstructure and properties of the coatings
were investigated. The main results can be summarized as follows:

(1) The laser cladding layers exhibited three distinct microstructures at various scanning speeds.
At the scanning speed of 6 mm/s, the cladding layer was a mixture of amorphous and crystalline
regions. For a scanning speed of 8 mm/s, the cladding layer was mainly composed of a block
grain structure. For a scanning speed of 10 mm/s, the cladding layer was composed entirely of
dendrites. The dilution ratios were more dominant than the scanning speed in determining the
resultant microstructures.

(2) Compared with the hardness of the substrate of 200 HV0.2, the cladding layers had an extremely
high hardness of about 1300 HV0.2 at scanning speeds of 6 mm/s and 8 mm/s, and a lower high
hardness of 700 HV0.2 at the scanning speed of 10mm/s.

(3) The wear resistance of the cladding layers was much higher than that of the substrate, and the
wear resistance of the cladding layers could be improved by using a lower scanning speed due to
the formation of high hardness wear resistant phases.
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