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Study on the optimum technological
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Abstract. In this paper, Fe-based composite coatings were fabricated by laser cladding
on 457 steel substrate. The comprehensive effects of different parameters on the properties were
studied. Results indicated that the coatings were mainly consisted of [Fe-Ni|, Fe-Cr, CosFer,
Feo.6Cri1.7Nij 2Sig.2Mog.1, CugAly. The microstructure and hard particle were both critical to
improve the properties even with the same original powder. Compared with the substrate, the
hardness and corrosion resistance were enhanced obviously. The optimum parameters were identi-
fied as??Eg=7.91KJ/cm2, P=1900W, V=6mm/s, which can not only attained the best properties
but also realized faster cladding efficiency.

1. Introduction

Laser processing is a relatively advanced technique for processing materials by
means of the interaction of laser beams with components. As one of the practical
methods in the filed of manufacturing, laser cladding is a technical process to improve
the substrate properties of corrosion resistance, heat-resisting, wear and oxidation
behaviors and etcetera in this way. As an advanced surface strengthening process,
laser cladding is widely used in automobile manufacturing, mold repair, mining
equipment and other industries. Compared with the traditional process, such as
surfacing, spraying and plasma spraying, it has the advantages of small deformation
of work pieces, high automation and little pollution.
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Fe-based alloy powders are widely used in virtue of their contain certain car-
bon content, which can react with Cr and other elements to form hard phases, on
the other hand, this compound metal surface hardness is changeable and low in
price[1]. Hence, there is a certain significance to research on laser cladding of Fe-
based alloy powder. Weng.et.al[2]. usedFe-base self-fluxing to repair the V-grooves
on ductile cast iron substrate with diode laser cladding technique. Manna, et.al[3].
have made an attempt to explore deposition of Fe-based amorphous/glassy layer
on a plain carbon (AISI 1010) steel by laser surface cladding (LSC) ,and improved
wear and corrosion resistance of the substrate significantly. Zhanget. al[4] inves-
tigated the in situ TiC-VC reinforced Fe-based cladding layer on low carbon steel
surface with Fe-Ti-V-Cr-C-CeQOs alloy powder by laser cladding, they attained a
good cladding layer without defects such as cracks and pores, while the hardness
and wear resistance of the coatings were 16.85 and 9.06 times than that of the sub-
strate respectively.Nevertheless, most of the previous researches in the respect of
Fe-based alloy powder have focused on the analysis of the effect of the cladding of
the sample or some parts, the work both on improving the cladding efficiency and
effect in practical applications has not been fully explored.

In this paper, as common materials used as hydraulic prop, 45# steel was chosen
as the substrate to be cladded with Fe-based alloy powder, the effect of Fe-based alloy
powder on the surface quality of cladding material under different process conditions
and laser specific energy was investigated, the reference properties include the micro-
structure of combination status between the cladding layer and the substrate, the
change of surface micro-hardness and corrosion resistance of cladding layer.

2. Experimental

Laser cladding was performed on a high-power fiber coupled semiconductor laser
processing system (LDF 4000-100) equipped with a powder delivery device[5]. The
output power of the equipment is as high as 4.4KW, which can greatly improve the
processing efficiency. Laser cladding was carried out adopting a 4mm circular laser
spot with a coaxial feeder. Meanwhile, Ar gas was transferred during the process to
prevent the samples being oxidized, air compressor was used to cooling and protect
the laser head. During the cladding process, laser beam diameter was kept constant
with a spot of 4mm. Schematic diagram of laser cladding process can be seen in
Fig.1.454 steel (Si:0.27 , Mn: 0.59 , P: 0.12 , C: 0.44, S: 0.03 , balance Fe) was used
as the substrate with a dimension of 12mmx10mm x5mm, the samples were pol-
ished using abrasive paper and purified by ethyl alcohol prior to their claddind. The
composition of the cladding powder was listed in Tab.1. Before the detection, the
samples were cut along the direction perpendicular to the laser scanning ensuring
that the cross section of the coating is exposed to the surface. Phase composition
of the Fe-based alloy coatings were tested with X-ray diffractometer. Different zone
and lines of coatings from the point of view of microstructure were evaluated us-
ing energy dispersive spectroscopy (EDS). The microstructure and morphology were
observed using metallurgical microscope (Axio Scope.Al) and scanning electron mi-
croscope (SEM, SU5000). For the investigation of microhardness and corrosion
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resistance, Vickers (TMHVS-1000ZVicher’s) and electrochemical workstation were
used respectively. During the research on corrosion resistance of coatings, specimens
were measured in 3.5 wt% NaCl solution at room temperature.

Fig. 1. Sketch map of laser cladding process

Table 1. Composition of the Fe-based alloy powder

Element | C S Cr Ni Mn Mo Si Co Cu Al Fe
Fe- 0.15 | 0.01 18.42| 8.8 0.31 1.8 0.01 | 0.14 | 0.035 0.04 | bal.
based

powder

The laser specific energy (E;) of the specimens were calculated by the Eq.(1). The
aim was to explore the optimum technological parameters and the higher cladding
efficiency under the premise of industrial application for hydraulic prop, then we
used the picked parameters to make multi-layer lap cladding on the hydraulic prop
to confirm the effectiveness of our test. The parameters chosen for the laser cladding

process were listed in Tab.2.

P
E=vph (1)

where P is the laser power (W), V is the scanning speed(mm/s), D is the spot
diameter (mm).

Table 2. The parameters for laser cladding process
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Specimen Laser Scanning Laser specific | Spot diame-
number power(W) speed{mm/s) energy(KJ/cm?) | ter(mm)

1 2100 2 26.25 4

2 2100 4 13.12

3 2300 6 9.58

4 2100 6 8.75

5 1900 6 7.91

6 1300 6 5.41

7 2100 15 3.50

8 2100 20 2.62

3. Results and Discussion
3.1. Microstructure analysis

Fig.2 shows micrograps of coatings under different parameters. The different
micrographs of eight sets of specimens revealed that the good metallurgical bond
was achieved between the cladding layer and the substrate due to the existence of
bright white long bands situated the coating and substrate. It should be noted that
when the laser specific energy were 3.50 and 2.62, obvious cracking occurred in the
dendrite region of the cladding layer, and of which latter crack was more severe
than that of the former. This phenomenon was probably attributed to the combined
action of the less specific energy and rapid change in temperature of cladding layer.
In sum, the specimens of No.7 and No.8 were not suitable for the needs of practical
applications.

Fig.3 shows the SEM image and constitution diagram of the optical coating,
it exhibited typical rapid solidification microstructure characteristics: transition of
columnar cellular crystal perpendicularly along the interface, thick dendritic colum-
nar crystal, fine equiaxed grains and small cellular structure revealed visibly from
the bonding interface to the top area of claddded layer. This was conducted to the
different solidification cooling rate of different areas in coatings. The higher the
cooling rate, the shorter the solidification time, the finer the cellular or dendritic
structure becomes. So the cellular crystal and cellular dendritic crystal were fabri-
cated in this area, where the solidification and cooling rate were relatively higher
simultaneously. However, the rapid was gradually diminished from the central area
of the coating to the top area, of which grain structure was relatively large. In par-
ticular, large gradient emerged from the heat conduction between the substrate and
cladding layer, consequently, columnar crystals formed vertically along the interface.



STUDY ON THE OPTIMUM TECHNOLOGICAL PARAMETERS 901

Fig. 2. Micrograps of coatings under different parameters: (a) No.1; (b) No.2; (c)
No.3; (d) No.4; (e) No.5; (f) No.6; (g)No.7; (h)No.8

3.2. Phase composition

Fig.4 represents the XRD patterns of the Fe-based coatings. The phase of the
cladded layer are [FB—NI] Fe-Cr CO3F€7 Fe0,60r1_7Ni1.2Sio.zMoo.l CUQA14 which in-
dicated that the active element Ni combined with Fe in the powders forming [Fe-Ni]
compounds during the cladding process. Besides, Fe, Cr compounds formed in terms
of the reactions of Fe, Cr, as the common compounds and phase for thermal spray-
ing, they were conductive to improve the properties of wear resistance and corrosion
resistance.
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Fig. 3. Optical micrographs of the transverse section of sample No.3: (A) the top
area of the cladded layer; (B) the central area of the cladded layer; (C) the bottom
area of the cladded layer

By contrast to the spot scanning energy spectrum analysis were shown in Fig.5
and EDS results listed in Tab.3. Thecontent ( wt.%) of Cr Mo, Si Al Cu in area
B(dendrite region) were higher than that of area A (intergranular region),whichwas
considered there were CugAlyand large amounts of Fey ¢Cry 7Nij 2Sig.oMog. 1 deposited
in area B from the observation of XRD results. Based on the previous studies[9],
it was concluded that the solid solubility of Fe and Cr is mainly deposited in the
dendrite region, which can further explained the integration phenomenon of Fe-Ni
Fe-Cr CosFe7in area A of Fig.3. Therefore, the difference between dendrite region
and intergranular region was not only embodied in morphology, but also in con-
stituents. In this process, we had not identify severe component segregation, which
can be attributed to the emergence of Marangonicconvection,of which mechanism
was as follows: in the process of laser cladding, affected by the combined action of
shear stress and buoyancy caused by the gradient of the surface tension in the weld
pool, the solution in the bath interior and surface migrated, thus convection current
formed. Owing to the convection current, the liquid composition in the bath was
homogenized, while the dendrite tip broke accompanied by the grain refined, accord-
ingly the segregation of alloy was obviously decreased in distance and magnitude.
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Fig. 4. XRD pattern of cladded layer

Combining with the line scanning energy spectrum analysis of cladding layer as
shown in Fig.5, it is obvious to find that the main components in the cladding layer
are Fe and Cr compounds, because of which diffraction peak were apparently higher
than others. This could be explained by the EDS results of some typical points in
the coatings as listed in Tab.3, of which large weight percentage represented in the
powder .
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Fig. 5. Spot scanning energy spectrum analysis of cladding layer

Table 3. EDS results of some typical points in the coatings
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CK SiK MoL. CrK MnK FeK CoK NiK

A Weight % | 7.65 0.29 0.45 10.58 0.45 T72.77 0.68 5.59
area

Atomic % | 27.67 0.46 0.20 8.84 0.35 57.20 0.50 4.14

B Weight % | 7.93 0.39 2.05 13.74 0.50 67.22 0.70 5.32
area

Atomic % | 27.90 0.58 0.90 11.17 0.38 53.78 0.50 3.83

3.3. Microhardness

The microhardness distribution of the cladding coatings under different process
parameters is illustrated in Fig.6. The results indicated that the hardness of coat-
ings were obviously higher than the substrates, the values were roughly three times
than the substrate, of which average value was 550-600HVq o,which was attributed
to the presence of reinforcements in the Fe-based coating. It was found that vari-
ation tendency of microhardness changes showed similarity under different param-
eters: higher in the cladded coatings while decreased in the substrate. Which can
be contributed to that the cooling rate of cladded layer is decreased with the dis-
tance to surface during the cladding process. It is worth noting that the average
hardness of the cladding layer increased with the increase of laser specific energy
roughly.With the existence of a certain amount of Cr in the original powder, the
reinforcement of solid solution produced on the coating during the laser cladding
process. Besides, with the great temperature gradient deriving from the course of
rapid heating and cooling, fine structures such as crystalline and equiaxed grains
distributed in coatings, they were favourable to improve the mechanical properties
of coatings. Combining with the EDS results (Fig. 5 and Table.3), the dendrites
could be identified as Feo,6Cr1,7Ni1,QSi0_2M00A1and Cr302.
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Fig. 6. Microhardness distribution of the cladding coatings under different process
parameters
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3.4. Corrosion resistance

Fig.7 shows the polarization curves of Fe-based coatings of No.1-8 specimens and
the substrate immersed in 3.5wt.%NaCl,whether coatings or the substrate, the curve
trend was analogous. However, corrosion resistance of coatings under different pa-
rameters were variant. From the Tafel curves, we observed that the potential peak
of the coatings of No0.2,N0.3,No0.6,No.8 were all lower than that of substrate, which
indicated that the corrosion resistance of these did not improved. This was because-
amounts of Fe included in powders, which were detrimental to the improvement of
corrosion resistance.

On the contrary, containing the same compositions of No.1,No4,No.5,No.7coatings
showed the higher value of potential than substrates. Combining with the microstuc-
ture results, these 4 group coatings possessed more compact microscopic structure
and less composition segregation, which made the distribution of Cr,Ni,Al more uni-
formity. Among these elements, Ni was helpful to enhance the thermodynamic stabil-
ity of the alloy and greatly improve the corrosion resistance of the reducing medium
in the cladding, while as an element with high passivation ability, Cr could improve
the passivation ability of coating, thus enhancing the corrosion resistance of coatings.
It was worth mentioning that despite No.7 (Eg=3.50KJ/cm2,P=2100W,V=15mm/s)
coating showed higher corrosion potential and better corrosion resistance, consider-
ing to its crack existed in the cladded layer, which was not suitable for the practical
application, further research on it was not considered.

0.2

0.3 H No.8— = — Eg=2. 62Ky/cm2, P=2100W, V=20mm/s
No. 7 * — Eg=3. 50KJ/ o2, P=2100W, V=15em/s

Potential (V)

0.4 [ Mo 4 Eg=5.41K)/cn2, P-1300W, V-6’5
No. 5 ¥ Eg=7. 91KJ/cn2, P=1900N, V=brm/s
= || No.a— @ Ege8. 75K/cn2, P=2100W, V=tem/s)
No.3 4 Eg=9. 56K/ on2, P=2300W, V=bem/s
No. 2 »— Eg=13, 12KJ/cn2, P=2100W, V=dam/s

No. 17 ® — Eg=26, 25KJ/om2. P=2100. V=2am/s

Sibstrate |
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Fig. 7. Polarization curves of Fe-based coatings of No.1-8 specimens and the
substrate

After fitting the electrical polarization curve of the No.1,No.4,No.5 specimens,
the data were obtained by Tafel shown in Tab.4. According to the fitting results,
the self corrosion potential of the three sets of specimens moved about 70-80mV
relative to the substrate, which indicated that their corrosion resistance were much
better than that of substrates. The major reason was the fabrication of the amor-
phous phase in the coating ,which possessed excellent corrosion resistance. On the
other hand, the effect of alloy strengthening and fine grain strengthening made the
corrosion resistance of coating improved to a certain extent. Last but not the least,
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Cry03 was formed in the coating, which could effectively prevent further corro-
sion of the coating. By contrast with other Ecorr and Icorr of coatings, the No.5
coating (ES=7.91KJ/cm2,P=1900W, V=6mm/s) showed the best corrosion resis-
tance, of which Eccor was maximal (-73.4mV) while the Iccor was relatively lower
(1.8412A /cm?). The disordered grain boundary dislocation was useful to form the
continuous protective passivation film.

Table 4. Electrochemical polarization parameters for coatings of No. and substrate

Number of | Ecorr (V) TIcorr (A/cm?)
specimens/Eg(KJ/cm?)

No.1/Eg=26.25 -0.0736 3.0696E-06
No.4/Eg=8.75 -0.0809 6.9522E-06
No.5/Eg=7.91 -0.0734 1.8412E-06
Substrate -0.1519 1.1422E-05

Due to the high scanning speed of the No.4 and No.5 coatings under the premise
of their good properties, which was the most important factor in improving the
efficiency, so they can satisfy the need of practical production. The morphology
of the multi-layer with the chosen parameters on hydraulic prop was illustrated in
Fig.8, macroscopically, under the condition of this set of parameters, the surface of
hydraulic prop achieved good cladding effect. Besides, the average hardness of the
surface measured by hand hardness tester was about 550HV o, thus the accuracy
of the experimental results in this paper was verified.

Fig. 8. Micrographs of the central area in different coatings by SEM??(A)the
coating of No.1; (B) the coating of No.4; (C) the coating of No.5

4. Conclusions

In this paper, Fe-based composite coatings were fabricated on hydraulic support
454 steel substrate by laser cladding. Results indicated that the coatings mainly
consisted of [Fe-Ni], Fe-Cr, Co3Fe7, Fe0.6Cr1.7Nil1.2Si0.2Mo00.1, Cu9Al4, good met-
allurgical bonding was obtained under the chosen 8 sets of parameters. Compared
with the substrate, the coatings showed higher hardness while 3 coatings showed
better corrosion resistance than substrate. The parameters were found obviously
influencing the properties such as microstructure, hardness and corrosion resistance
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of the cladding layer, of which hardness was 3 times higher than substrate and the
self corrosion potential was better than that of 70-80mV. This can be conductive to
the existence of Cr oxide and the existence of Feg gCrq 7Nij 2SigoMog.1 CugAly. In
conclusion, we chose the the specimens of No.4 and No.5(No.4: ES=8.75KJ/cm2,
P=2100W, V=6mm/s; No.5: ES=7.91KJ/cm2, P=1900W, V=6mm/s) with higher
cladding efficiency and effect as the optimum parameters.
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