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ABSTRACT

This manuscript investigates the influence of powder feeding rate on the microstructure and
properties of vanadium carbide-reinforced fine-grained cladding layers fabricated on nodular cast
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iron by laser cladding. The results indicate that as the powder feeding rate increases, the crack defects

in the cladding layer are significantly improved. All cladding layers are composed of a-Fe and in-situ
synthesized vanadium carbide. With the increase in powder feeding rate, the proportion of in-situ
synthesized vanadium carbide relatively decreases. The hardness of the cladding layer exhibits a
trend of initially increasing and then decreasing with the increase in powder feeding rate. The
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corrosion resistance of the cladding layer enhances with the increase in powder feeding rate. When
the powder feeding rate reaches 6 g/min, the cladding layer demonstrates the best comprehensive
performance, including good formation as well as excellent hardness and corrosion resistance.

Introduction

Nodular cast iron is an engineering material with excellent
properties. Due to its good wear resistance, castability, as well as
good toughness and strength, nodular cast iron is widely used in
multiple fields such as the automotive industry, mechanical
manufacturing, pipeline systems, and agricultural machinery
[1-8]. However, under certain specific working conditions and
long-term natural wear and tear, severe wear and corrosion of
nodular cast iron are easily induced, causing damage and failure
of workpieces, which greatly affects industrial safety and causes
industrial economic losses. In order to further expand the
application range and service life of nodular cast iron, the
research on surface repair and surface modification of nodular
cast iron becomes increasingly important [9,10].

At present, in industry, methods such as electron beam
welding arc welding, and arc spraying are often used to repair
damaged nodular cast iron workpieces. However, since nodular
cast iron contains a large amount of spherically distributed
graphite, under welding and cladding processes, the graphite
particles will melt, resulting in the easy formation of hard and
brittle microstructures in the bonding zone and reducing its
tensile strength [11-14]. Moreover, during the cooling and
shrinking process of welds and cladding layers, relatively high
residual stress will be generated, which is extremely likely to
cause cracking at the interface [15,16].

Laser cladding is an advanced surface modification
technology, which can generate high-performance cladding
layers metallurgically bonded to the substrate through
high-energy-density laser beams and cladding powders.
Commonly used laser cladding powders are three types:
iron-based, cobalt-based, and nickel-based [17-23]. Among
them, iron-based powders are the most widely used due to their
outstanding cost-effectiveness, strong process adaptability, and
good bonding with the substrate. The process characteristics of

laser cladding enable it to achieve precise local modification
without affecting other areas, thereby maximizing material
and cost savings. Moreover, compared with other welding
processes, the high precision and high controllability of laser
cladding can more accurately adjust the heat input, making
the forming quality of the cladding layer more controllable
[24]. At present, the research on nodular cast iron repair is
mostly achieved by optimizing process parameters and
cladding powder compositions to adjust the heat input or
carbon element content, thereby reducing the generation of
hard and brittle structures and cracks. Rui Wang and others
used laser cladding technology to control the heat input by
adjusting the laser power and fabricated defect-free
nickel-based high-corrosion-resistant cladding layers on the
surface of nodular cast iron substrates [25]. Runze Wei and
others eliminated the defects in the nodular cast iron cladding
layer through high-speed laser cladding and greatly enhanced
the comprehensive performance of the cladding layer [26].
The research of Pengcong Yang and others revealed the
relationship between heat input and crack defects in the
iron-based cladding layer of nodular cast iron and prepared
defect-free high-performance cladding layers [27]. However,
at present, the modification and repair of nodular cast iron by
laser cladding are still insufficient. There are few reports on
cladding using low-cost powders. The performance of the
cladding layer or the cladding process has not reached the
optimal state, making it difficult to provide relatively complete
guidance and reference opinions for actual production.

In this paper, by changing the powder feeding rate to
indirectly adjust the heat input and control the dilution rate,
and using the V element to consume the reversely transferred
C element in the substrate to reduce hard and brittle
structures and achieve the purpose of eliminating crack
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defects. The intention is to prepare a defect-free in-situ
synthesized vanadium carbide reinforced Fe-based fine-grained
cladding layer on the nodular cast iron substrate, which can
provide valuable reference for industrial repair of nodular cast
iron.

Experimental

The variable particle size cladding alloy powder is composed of
reduced iron powder and ferrovanadium powder (47.80 wt.% V,
0.50 wt.% Al, 2.00 wt.% Si, 0.078 wt.% P, 0.033 wt.% S, 0.480
wt.% C, balance Fe). According to the change of powder feeding
rate during the cladding process, the samples are divided into
S1-S5. The powder feeding rate and its content ratio are shown
in Table 1. The powder is mixed for two hours at a speed of 30
revolutions/min by a V-type powder mixer to make it evenly
mixed so that each element can quickly and evenly diffuse in the
molten pool during cladding. The substrate is nodular cast iron
QT500-14 (3.3-3.6 wt.% C, 1.8-2.2 wt.% Si, 0.3-0.5 wt.% Mn, P<
0.1 wt.%, S<0.15 wt.%, Cu<0.3 wt.%).

Table 1. Composition ratio and variable parameters of cladding
powder.

Sample FeV50 Fe Powder Feeding
Rate

S1 48.57 wt.% 51.43 wt.% 2 g/min

S2 48.57 wt.% 51.43 wt.% 4 g/min

S3 48.57 wt.% 51.43 wt.% 6 g/min

S4 48.57 wt.% 51.43 wt.% 8 g/min

S5 48.57 wt.% 51.43 wt.% 10 g/min

The cut and polished specimens are subjected to phase
analysis using an X-ray diffractometer (Shimadzu XRD-6100).
The working voltage, working current, and step speed are set at
40 kV, 30 mA, and 6°/min respectively. The ultra-depth-of-field
optical microscopy system (VHX-5000) is used to observe and
analyze the microstructure of the cladding layer. The
micro-Vickers hardness tester (HXD-1000TMC) is used to
measure the hardness of the cross-section of each specimen.
The test force is 1.96 N and the holding time is 15 s.

The corrosion test is completed using the Gamary Interface
1000 electrochemical workstation. The corrosion solution is 3.5
wt.% NaCl solution at 293 K. The reference electrode is a
saturated calomel electrode, and the working electrode is the
treated cladding layer sample. Firstly, an open circuit potential
test is carried out, and the time is set to 1800 s. After the open
circuit potential is stabilized, the potentiodynamic polarization
curve and impedance spectrum test are carried out. The
scanning rate of the potential-potentiodynamic polarization
curve is 0.5 mV/s. The impedance spectrum test is carried out at
the open circuit potential of the sample with an amplitude of 10
mV and a frequency range from 100 kHz to 0.01 Hz.

Results and Discussion

The surface formation and cross-sectional macroscopic
morphologies of each cladding layer are shown in Figure
1(a)-(e). The thickness of the S1-S5 cladding layers gradually
increases with the increase of powder feeding rate, and the
cladding layers are well bonded to the substrate. The surfaces of
each cladding layer are continuous and flat, the weld bead
distribution is uniform, and the surface formation is good.
There are some pores in each cladding layer. It is analyzed that
this is because the graphite particles in the substrate melt and
react with oxygen in the air to produce some carbon monoxide.

During the cladding process, the solidification speed of the
molten pool is too fast, and the gas has no time to escape and
form pores. A small amount of crack defects are found in the S1
and S2 cladding layers. In the S3-S5 cladding layers, due to the
increase of powder feeding rate, the crack defects are
significantly reduced. It is speculated that this is because the
dilution rate of the nodular cast iron substrate is reduced,
reducing the carbon content in the cladding layer and inhibiting
the formation of hard and brittle structures.

Figure 1. Surface formation and cross-sectional macroscopic
morphologies of each cladding layer. (a) S1 cladding layer (b) S2 cladding

layer (c) S3 cladding layer (d) S4 cladding layer (e) S5 cladding layer.

Figure 2 shows the X-ray diffraction patterns of each
cladding layer. Analysis reveals that each cladding layer is
composed of a-Fe and in-situ synthesized VsCs. It can be seen
that a certain amount of in-situ synthesized vanadium carbide
has been successfully generated by relying on the reversely
transferred C element in the substrate during the cladding
process. By comparing the heights of the main peaks of a-Fe and
V6Cs in the S1-S5 cladding layers, it is found that the relative
content of V6Cs gradually decreases with the increase of powder
feeding rate. This indicates that the dilution rate of the nodular
cast iron substrate is reduced, and the C content in the cladding
layer decreases with the increase of powder feeding rate. This
explains the alleviation of crack defects in the cladding layer.

+ o-Fe
.
*V.Cq
S5 o :L LI S . b4
3
s
L
= | S4 o . . . . *
g .
w
-}
2
2 |58 + * . X
g o R e . + .
.
*
S1 . ¢ - 4 b4 *
T T T T T
30 40 50 60 7 80 90

20/degree

Figure 2. XRD patterns of the cladding layer.
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Figure 3(a)-(e) shows the microstructures in the
upper-middle part of each cladding layer. As shown in the
figure, S1 is mainly composed of dendrites and equiaxed grains,
while the S2-S5 cladding layers are mainly composed of a large
number of equiaxed grains. There is a large amount of
precipitated in-situ synthesized vanadium carbide at the grain
boundaries of the S1 cladding layer. However, for the S2-S5
cladding layers, due to the increase in powder feeding rate, the
increase in the powder participating in melting reduces the
energy acting on the substrate, resulting in a reduction in the
dilution rate and a decrease in the C content in the molten pool,
leading to a reduction in in-situ synthesized vanadium carbide.

b, o Ca %, g Pt o)

The average grain size of the S1-S5 cladding layers (Figure 4)
shows a trend of first decreasing and then increasing. With the
increase in powder feeding rate, more powder will enter the
molten pool during the cladding process. While these powders
absorb heat and melt, they will also take away a part of the heat,
which will reduce the overall temperature of the molten pool
and accelerate the cooling speed of the molten pool, reducing
the grain growth time. When the powder feeding rate continues
to increase, excessive cladding powder needs to be completely
melted, which prolongs the existence time of the molten pool
and increases heat accumulation, creating an opportunity for

grain growth [28].

Figure 3. Microstructure morphologies of the cladding layers (a) S1 cladding layer (b) S2 cladding layer (c) S3 cladding layer (d) S4 cladding layer (e)

S5 cladding layer.
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Figure 4. Average grain size of each cladding layer.

The hardness of the S1-S5 cladding layers is shown in
Figure 5. The average hardnesses of the S1-S5 cladding layers are
758 HVo.2, 835 HVo.2, 774 HVo.2, 364 HVo.2, and 351 HVo.2
respectively, showing an overall trend of first increasing and
then decreasing. When the powder feeding rate is increased
from 2g/min to 4g/min, the dilution rate of the substrate is
reduced, and at the same time, the grains become finer, which
increases the hardness of the cladding layer. However, as the
powder feeding rate continues to increase and the dilution rate
is further reduced, the C element reversely transferred from the
substrate also decreases correspondingly, resulting in a
reduction in the in-situ synthesized vanadium carbide
generated in the cladding layer, which causes the hardness of the
cladding layer to decrease. The hardness of the S3 cladding layer
gradually increases from the surface to the fusion zone.
Combined with the change trend of grain size, it indicates that
the main reason for this change is that the duration of the
molten pool of the S3 cladding layer is too short. While
hindering grain growth, it also hinders the uniform diffusion of
in-situ  synthesized vanadium carbide, resulting in the
accumulation of hard phases in the bottom area of the molten
pool close to the substrate.
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Figure 5. Hardness diagram of each cladding layer.

Figure 6 shows the polarization curve images of the S1-S5
cladding layers. The traditional Taffel method is used to fit the
polarization curves, and the fitting results are shown in Table 2.
Analyzing the data, it can be found that when the powder
feeding rate is gradually increased, the self-corrosion potential
of the cladding layer has a positive shift trend, and the
self-corrosion current density is significantly reduced.

The more positive the self-corrosion potential is, the
weaker the corrosion tendency of the cladding layer. The
smaller the self-corrosion current density is, the better the
corrosion resistance of the cladding layer. When the powder
feeding rate reaches 10g/min, the cladding layer shows the best
corrosion resistance. The self-corrosion potential is -0.52242 V,
and the self-corrosion current reaches 1.5516 wA/cm?, which is
only 18.3% of that of the S1 cladding layer. The corrosion
resistance is improved by 5.43 times compared to the S1
cladding layer. The reason for the improvement of the corrosion
resistance of the cladding layer with the increase of powder
feeding rate is mainly due to the reduction of the dilution rate of
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the substrate during the increase of powder feeding rate, which
makes the content of reversely transferred C element
continuously decrease. This leads to a reduction in the
generated in-situ synthesized vanadium carbide and alleviates
the erosion of the corrosion galvanic cell generated by the
substrate and the hard phase. Corrosion mainly occurs
preferentially at the grain boundaries. However, for the S1-S3
cladding layers, due to the gradual refinement of grains, the
proportion of grain boundaries increases, so the improvement
in corrosion resistance is relatively small.
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Figure 6. Polarization curves of each cladding layer.
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Table 2. Fitting results of polarization curves.

C ion Rat
Sample Ecorr (V)  Icorr (uA/cm2) orrosion ate

(mm/year)
S1 -0.56279 8.4267 0.10593
S2 -0.57583 7.9759 0.09271
S3 -0.49541 7.0125 0.08151
S4 -0.50165 2.0497 0.02382
S5 -0.52242 1.5516 0.01359

Conclusions

With the increase of powder feeding rate, the thickness of the
cladding layer gradually increases, bonds well with the
substrate, has a continuous and flat surface and uniform weld
bead distribution. However, there are some pores in each
cladding layer. When the powder feeding rate is increased from
2g/min to 4g/min, the dilution rate of the substrate is reduced
and the grains are finer, which increases the hardness of the
cladding layer. But when the powder feeding rate continues to
increase, resulting in a decrease in the hardness of the cladding
layer. With the gradual increase of powder feeding rate, the
self-corrosion potential of the cladding layer moves positively
and the self-corrosion current density decreases significantly.
When the powder feeding rate reaches 10 g/min, the cladding
layer shows the best corrosion resistance.
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