iriried applied
L sciences

Article

Effect of Molybdenum on the Microstructures
and Properties of Stainless Steel Coatings by
Laser Cladding

Kaiming Wang !, Baohua Chang * ¢, Jiongshen Chen 2, Hanguang Fu %*, Yinghua Lin 3 and
Yongping Lei 2

1 State Key Laboratory of Tribology, Department of Mechanical Engineering, Tsinghua University,

Haidian District, Beijing 100084, China; kmwangbjut@163.com

School of Materials Science and Engineering, Beijing University of Technology, Number 100, Pingle Garden,
Chaoyang District, Beijing 100124, China; 5201709128@emails.bjut.edu.cn (J.C.); yplei@bjut.edu.cn (Y.L.)
Institute of Laser Advanced Manufacturing, Zhejiang University of Technology, Hangzhou 310014, Zhejiang,
China; lyh351258@163.com

*  Correspondence: bhchang@tsinghua.edu.cn (B.C.); hgfu@bjut.edu.cn (H.E)

Received: 11 September 2017; Accepted: 11 October 2017; Published: 15 October 2017

Abstract: Stainless steel powders with different molybdenum (Mo) contents were deposited on the
substrate surface of 45 steel using a 6 kW fiber laser. The microstructure, phase, microhardness,
wear properties, and corrosion resistance of coatings with different Mo contents were studied by
scanning electron microscopy (SEM), electron probe microanalyzer (EPMA), X-ray diffraction (XRD),
microhardness tester, wear tester, and electrochemical techniques. The results show that good
metallurgical bonding was achieved between the stainless steel coating and the substrate. The amount
of My(C, B)3 type borocarbide decreases and that of MB and Mp3(C, B)g type borocarbides increases
with the increase of Mo content in the coatings. The amount of martensite decreases, while the
amount of ferrite gradually increases with the increase of Mo content. When the Mo content is M,
Mo, C phase appears in the coating. The microstructure of the coating containing Mo is finer than that
of the Mo-free coating. The microhardness decreases and the wear resistance of the coating gradually
improves with the increase of Mo content. The wear resistance of the 6.0 wt. % Mo coating is about
3.7 times that of the Mo-free coating. With the increase of Mo content, the corrosion resistance of the
coating firstly increases and then decreases. When the Mo content is 2.0 wt. %, the coating has the
best corrosion resistance.

Keywords: laser cladding; stainless steel powder; Mo content; microstructure; wear resistance;
corrosion resistance

1. Introduction

Carbon steel and low alloy steel, which have a high strength, good processing performance, and
low price, are widely used in marine environments [1,2]. Due to the complex environment of the
ocean, some damage will inevitably occur on the surfaces of steels. The main failure ways of steel
surfaces include wear, corrosion, and oxidation [3-5]. Hence, surface modification technologies are
necessary to improve the performance of steel parts. The coatings cladded on the surface of steels can
greatly improve the service life of steel facilities in the ocean, which have a significant influence on the
reliability of offshore steel components and can enhance the economic efficiency of the ocean [6].

Laser cladding technology is a new kind of surface modification technology. Coatings with
specific properties can be obtained by melting alloy powder on the surface of a substrate through a laser
beam [7]. Compared to the traditional surface modification technologies such as surfacing welding,
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thermal spraying, etc., the laser cladding process can control the heat input more precisely, has basically
no limits on the alloy powders that can be used, and is suitable for flexible processing. The coatings by
laser cladding have a dense microstructure, lower dilution rate, and less thermal deformation [8-11].
In addition, laser cladding has high material utilization and low energy consumption, and it is
considered as an environmentally friendly materials processing technology. Therefore, the laser
cladding has been widely studied and used for surface modification in recent years [12]. Tan et al. [13]
researched the effect of different Al/Fe,;O3 thermite reactants on the Fe-based coating in laser cladding.
The results showed that Al,O3 ceramic and M;C; type carbide were in situ synthesized by laser
cladding. With the increase of thermite reactants, the amount of Al,O3 ceramic and M;C3 carbide in
the coatings increased gradually. The microhardness and the wear resistance of the coatings could
be improved when increasing the amount of thermite reactant. Ray et al. [14] used three different
Ni-based alloy powders to strengthen the surface of a continuous casting roller by laser cladding.
The on-line results showed that the continuous casting roller exhibited a better performance after being
reinforced by the laser cladding.

Powders used in laser cladding mainly include Fe-based, Ni-based, and Co-based alloy
powders [15-17]. The Fe-based alloy is widely available and inexpensive, and it is the most widely
used material in industrial production [18]. A good wetting performance and high bonding strength
can be achieved between the coating and substrate by using Fe-based alloy powders on the surface of
steel substrates in laser cladding [19-21]. Wang et al. [22] prepared an FeCrBSi coating on the surface
of 45 steel by laser cladding. The toughness of the coating was improved and the crack tendency was
reduced by increasing the Cr content. The average microhardnesses varied from 760 to 950 HV. Adding a
specific alloy component in the alloy powder could further improve the properties of the laser cladding
layer [23]. Incorporating hard particles like WC [24], VC [25], TiC [26], and TiB [27] in the coating could
improve the wear resistance of the coating. Rare earth elements like CeO, [28] and Y,Oj3 [29] could refine
the grain and improve the properties of the coating. Mo could refine the grain, increase the toughness,
enhance the plasticity, and reduce the crack sensitivity of the coating, and was beneficial for improving
the performance of the coating [30,31]. Ding et al. [32] studied the effect of Mo on the microstructure and
wear resistance of laser cladded Ni-based alloys on Q235 steel. The results indicated that Mo could refine
grains and synthesize polygonal equiaxed grains. The microhardness and wear resistance of Ni-based
coatings were improved greatly by the addition of a moderate amount of Mo.

Although the beneficial effect of Mo on the coating has already been demonstrated for some alloy
powders, the influence of Mo content on the performance of the laser cladded coating of the stainless
steel alloy powder has not been well investigated up to date. In this paper, the stainless steel coatings
with different Mo contents were laser cladded on the surface of 45 steel, and the microstructure,
hardness, wear resistance, and corrosion resistance of the coatings were studied. The obtained results
could provide theoretical guidance for the industrial applications of stainless steel coatings.

2. Materials and Methods

2.1. Specimen Preparation

Laser cladding was carried out using a fiber laser cladding system, which consisted of an IPG
YLS-6000 fiber laser (IPG Photonics Corporation, Oxford, MA, USA), powder feeding system, cooling
system, and control system. The laser head was integrated with an ABB-4600(Asea Brown Boveri)robot
(Asea Brown Boveri Ltd., Zurich, Switzerland). A DPSE-2 powder feeding system (Beijing Institute
of Aeronautical Manufacturing, Beijing China) and a coaxial nozzle (HIGHYAG Corporation, Berlin,
Germany) were used to feed powders into the molten pool by argon gas. The gas flow was 15 L/min
and the purity of argon gas was > 99.9%. The substrate material was 45 steel (Baosteel Corporation,
Shanghai, China). The nominal composition of the 45 steel plate is shown in Table 1. The dimension of
the specimen was 150 mm x 150 mm X 12 mm. The surface of the substrate was abraded on SiC grit
paper (Suzhou suboli grinding material Co. Ltd, Suzhou, China) with the mesh of 200 # and 400 #, and
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acetone was then used to clean the surface of the substrate before the experiment. The cladding alloy
material was 431 stainless steel alloy powder (Hogands Corporation, Skane, Sweden) with a particle
size of 50-105 um, and the nominal composition of 431 stainless steel alloy powder is shown in Table 1.
The Molybdenum element for the experiment was provided by Mo-Fe powder (Qinghe Xinbao Alloy
Material Co., Ltd, Xingtai, China). The composition of Mo-Fe powder is as follows: 50.30 wt. % Mo,
0.37 wt. % C, 0.031 wt. % P, 0.016 wt. % S, Fe: Bal. The size of the Mo-Fe powder was less than 50 pm.
In this paper, the Mo-Fe powder with the mass fraction of 4%, 8% and 12% was mixed with 431 alloy
powder, and the Mo content in the composite powder was 2%, 4%, and 6%, respectively. In order to
ensure that the powder was mixed evenly, the composite powders were mixed using the ball mill
(Changsha planetary machinery and equipment factory, Changsha, China). The milling speed was
160 r/min and milling time was 11 h. The size and morphology of the 431 and Mo-Fe powders were
basically not changed by the ball milling process. The powders were placed in a drying stove (Suzhou
Jiangdong precision instruments Co., Ltd., Suzhou, China) and dried at 100 °C for about 2 h before the
laser cladding experiments.

Table 1. Chemical composition of the 45 steel substrate and 431 stainless steel alloy powder (wt. %).

Element C Cr Ni Si Mn B Co Fe

45 steel 0.44 0.15 0.15 0.24 0.69 - - Bal.
431 powder 0.19 18.44 2.40 0.75 0.26 0.87 0.53 Bal.

On the basis of previous experiments [33,34], the laser cladding process parameters were chosen as
follows: the laser power, the scanning speed, and the feeding powder rate were 2000 W, 240 mm /min,
and 15 g/min, respectively. Specimens for metallographic examinations were cut, ground, and
polished according to standard procedures and etched with a solution consisting of HCI (3 mL) (Beijing
Chemical Works, Beijing, China) and HNOj (1 mL) (Beijing Chemical Works, Beijing, China) for 50 s.
After the completion of etching, the residual etching solution was washed with water, and the surface
was then dried with a blower (PHILIPS, Amsterdam, Netherlands).

2.2. Microstructure Observation

The microstructure of the coating was investigated by an OLYMPUS BX51 optical metallographic
microscope (OM) (OLYMPUS Corporation, Tokyo, Japan) and Quanta FEG650 scanning electron
microscope (SEM) (FEI Company, Hillsboro, OR, USA). Element distributions were analyzed by energy
disperse spectroscopy (EDS) (FEI Company, Hillsboro, OR, USA) and an electron probe microanalyzer
(EPMA) (SHIMADZU Corporation, Kyoto, Japan). The phase identification of the coatings was carried
out on a Shimadzu XRD-7000 X-ray diffractometer (XRD) (SHIMADZU Corporation, Kyoto, Japan).
The detailed parameters of XRD were as follows: Cu-K« radiation at 40 kV and 200 mA as an X-ray
source. Specimens were scanned in the 20 range of 20°~80° in a step-scan mode (0.02° per step).

2.3. Hardness and Wear Resistance Test

The microhardness of the coating was measured by a MICRO MET-5103 digital microhardness
tester (Shanghai Nazhi Electronic Technology Co., Ltd, Shanghai, China) with a load of 5 N and holding
time for 10 s. Each sample was measured and the microhardness of the coating was the average of
ten measurements.

The wear test was carried out on an M-200 wear test machine, of which the schematic diagram is
shown in Figure 1. The size of the sample was 10 mm X 10 mm x 12 mm and the grinding ring material
was GCr15 steel (its chemical composition: 1.03% C, 1.49% Cr, 0.35% Mn, 0.27% Si). The hardness
of GCr15 steel was 60.5 HRC. The detailed measuring parameters of the wear test were as follows:
the test load 294 N, the test machine speed 200 rpm, the experiment temperature 20 °C, the test time
30 min. The weight loss of the sample was weighed by TG328B balance (Shanghai Liangping Co.,
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Ltd , Shanghai, China). The weighing range and the precision of the balance were 200 g and 0.1 mg,
respectively the wear resistance of the coating was the ratio of wear time/weight loss. The greater
the value, the better the wear resistance of the coating. The microstructure of the worn surface was
investigated by Quanta FEG650 SEM.

Figure 1. Schematic diagram of wear tester. 1—Rotating ring, 2—The coating, 3—45 steel
substrate, 4—Load.

2.4. Electrochemical Corrosion

The surfaces of the coating were machined to a size of 12 mm x 12 mm using a wire cutting
machine, and were then well polished. Electrochemical measurements in 3.5% NaCl (Beijing Chemical
Works, Beijing, China) solutions were carried out on an electrochemical workstation (Parstat 2273,
AMETEK, Berwyn, PA, USA) at 25 °C. The potentiodynamic polarization curves were measured at
a scanning speed of 0.5 mV/s from —1.0 to 0.5 V. The conventional three-electrode cell was used,
with the coating or matrix sample as the working electrode, the Ag/AgCl electrode as the reference
electrode, and the platinum electrode as the counter electrode.

3. Results and Discussion

3.1. Microstructure Analysis

In order to identify the phase composition of the coatings with different Mo contents, XRD
analysis were conducted on the coating. The XRD spectra are presented in Figure 2. With the increase
of Mo content, the phases in the coating are changed and the intensity of the diffraction peak becomes
weaker. The phases in the Mo-free coating are «-Fe, MyB (M = Fe, Ni), My3(C, B)g, and M7(C, B)s.
Another «-Fe peak appears near the main peak when Mo is added into the coating. The intensity of
the peak gradually increases with the increase of Mo content. When the Mo content is 4.0 wt. %, Mo,C
phase appears in the coating. With the increase of Mo content, the amount of M7(C, B); decreases
gradually, and the amount of M;B, My3(C, B)g, and Mo, C gradually increases.

Figure 3 shows the metallographic microstructure of the coating. It can be seen from the bottom part
of the coating (Figure 3a,c) that a light line is formed between the coating and the substrate. The light line
is the fusion that grows mainly in the form of planar grains. The fusion line indicates a good metallurgical
bonding between the substrate and the coating. During the solidification process, the microstructure of
the coating is mainly determined by the ratio (G/R) of the temperature gradient (G) and solidification
rate (R) [35]. The temperature gradient (G) is high and the solidification rate (R) is very low at the bottom
of the molten pool, so the ratio of G/R is relatively large and the solidification structure grows as planar
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grains [36]. With the increase of distance from the fusion line, the temperature gradient (G) decreases and
the solidification rate (R) increases, so that the G/R value is reduced, and the microstructure of the coating
is transformed from planar grains to cell grains, dendrites, and equiaxed grains [37].
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Figure 2. XRD spectrums of coatings: (a) Mo-free; (b) 2.0 wt. % Mo; (c) 4.0 wt. % Mo; (d) 6.0 wt. % Mo.

Figure 3. Optical micrographs of the coating: (a) The bottom part of the Mo-free coating; (b) The upper
part of the Mo-free coating; (c) The bottom part of the 4.0 wt. % Mo coating; (d) The upper part of the
4.0 wt. % Mo coating.

Figure 4 shows the scanning electron micrographs of the coating with different Mo contents. It can
be seen from Figure 4 that the coating is mainly composed of a netlike eutectic structure, small granular
eutectic structure, and dendrite matrix. During the solidification process, the dendrite matrix is firstly
precipitated from the liquid phase, and then the eutectic structure between the dendrites is formed
through the eutectic reaction in the remaining liquid phase. The size of the dendrite is obviously refined
with the increase of Mo content from 0 to 6.0 wt. %, as shown in Figure 4. The sizes of the dendrite
are measured by Image Pro-plus 6.0 software, and the average sizes of dendrites in the coatings of
Mo-free, 2.0 wt. % Mo, 4.0 wt. % Mo, and 6.0 wt. % Mo are 7.9 um, 6.5 pm, 4.4 pm, and 3.9 um,
respectively. This may result from the addition of Mo, which affects the nucleation process of the
coating [38]. On the one hand, the Mo element can prevent the growth of austenite, which can refine the
structure of the coating. On the other hand, part of Mo can dissolve in the coating, which results in lattice
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distortion. The compositions of netlike eutectic structure 1, the dendrite structure 2, and the granular
eutectic structure 3 with the addition of 4.0 wt. % Mo content (Figure 4c) are analyzed by EPMA point
scanning. The results are shown in Table 2. The EPMA results show that the contents of Cr, B, and C
in the eutectic structure are relatively high. Combined with XRD results, it can be concluded that the
netlike eutectic structures are mainly composed of M;B and My(C, B)s. The content of Fe in the dentrite
is the highest, indicating that the dentrite structures are mainly composed of martensite and ferrite.
From Figure 4 it can also be seen that the amount of martensite decreases, while the amount of ferrite
gradually increases with the increase of Mo content. This is because Mo can promote the formation of
ferrite [39]. Dendrite 2 contains a certain amount of Cr, which can strengthen the matrix by solid solution
strengthening [40]. According to the EPMA and XRD results, the content of C in the granular eutectic
structure is higher, and the granular eutectic structure is therefore identified as Mp3(C, B).

Granular eutecticgss
= rmre

Figure 4. Microstructure of coatings with different Mo content: (a) Mo-free; (b) 2.0 wt. % Mo;
(c) 4.0 wt. % Mo; (d) 6.0 wt. % Mo.

Table 2. The electron probe microanalyzer (EPMA) results of the point scan (wt. %).

Point Cr C B Mo Ni Si Fe
1 19.978 4.877 4.789 4.674 1.910 0.428 63.344
2 15.336 2.606 - 1.801 1.937 0.783 77.537
3 14.224 11.034 0.139 1.780 1.697 0.779 70.347

Figure 5 presents the mapping scanning results of 4.0 wt. % Mo coating. It shows that the
microstructures are inhomogeneous due to the severe elemental segregation that occurs during
solidification. As can be seen from Figure 5b, e, f, the Ni, Fe, and Si elements are evenly distributed in
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the matrix phase. The Mo, Cr, and C elements (showed in Figure 5¢,d,g, respectively) are rich at the grain
boundaries, which indicates that the microstructures of the grain boundaries are primarily carbides of
Mo and Cr. EDS component analyses were done in this area, and the relative contents (wt. %) of the
composition calculated are as follows: 72.7% Fe, 15.2% Cr, 4.6% Mo, 5.2% C, 0.7% Si, and 1.6% Ni.

Fe Kal Cr Kal

Mo Lal Si Kal

(d) (e)

Figure 5. Cont.
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Figure 5. The mapping scanning results of the 4 wt. % Mo coating: (a) surface scan diagram (b) Fe;
(c) Cr; (d) Mo; (e) Si; (f) Ni; (g) C.

3.2. Hardness Analysis

Figure 6 shows the morphology of the 4.0 wt. % Mo coating after the microhardness test.
The size of the rhombus is basically the same, which indicates that the hardness distribution in
the coating is uniform. The coating has good ductility because there are no obvious cracks around the
indentations [41].

100 pm
p—

Figure 6. Hardness indentation morphology of the coating (4.0 wt. % Mo).

The microhardness test results of the coatings with different Mo contents are shown in Figure 7.
The microhardness decreases with the increase of Mo content in the coatings. The microhardness
of the 6.0 wt. % Mo coating is 288.0 HV, which is about half of the microhardness of the Mo-free
coating. The XRD results show that the amount of Mp3(C, B)g increases and the contents of My(C, B)3
decrease with the addition of the Mo element. The microstructure analyses show that the martensite
decreases and the ferrite increases gradually with the increase of Mo content in the coating. It is
known from the literature that the microhardness of martensite is 525.4 HV and the microhardness of
ferrite is 235.1 HV [42]. The microhardness of Cry3Cg is 13.2 GPa and the microhardness of Cr;Cj is
18.3 GPa [43]. Therefore, the microhardness of the coating decreases gradually with the increase of
Mo content.
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Figure 7. Effect of Mo content on the microhardness of the coating.

3.3. Wear Resistance

The wear loss and wear resistance of the coatings with different Mo contents are shown in Figure 8.
The wear loss of the coatings decreases gradually with the increase of Mo content. The wear resistance
of the 6.0 wt. % Mo coating is the best, which is about 3.7 times of that of Mo-free coating. Obviously,
the addition of Mo in the stainless steel powder can greatly improve the wear resistance of the coatings.

80

— —— 1.6
—=— Wear loss °
70 —e— Wear resistance L 14
—‘C\D
60 F12 E
g
an
£ 3
% 50 o 1.0 o
2 g
- z
o v
40 Fos £
g
] ° L
=
30 / '\ 0.6
20 ® " 0.4
T T T T T T T T T T T T
0 1 2 3 4 5 6
Content of Mo/(wt.%)

Figure 8. Effect of Mo content on the wear loss and wear resistance of the coatings.

To reveal the wear mechanism of the coatings with different Mo contents, the worn morphologies
of the coatings are observed by SEM, as shown in Figure 9. The worn surface of the Mo-free coating
(Figure 9a) has a large number of deep furrows, which are typical features caused by abrasive wear.
When the contents of Mo are 2 wt. % and 4 wt. % (Figure 9b,c), the depths of the furrows are reduced
and the amount of debris is gradually increased. Both abrasive wear and adhesive wear exist for these
two cases. When the Mo content is increased to 6 wt. %, there is no furrow on the worn surface, but
there is a large amount of debris. The main wear mechanism is adhesive wear. From the above analysis
we can see that when the Mo content in the stainless steel coating increases, the wear mechanism of
the coating changes from abrasive wear to adhesive wear.
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In summary, the wear resistance of the stainless steel coating can be improved by adding the Mo
element. The main reasons for the increase of wear resistance of the coatings are as follows. First, from
the microstructure analysis it can be seen that the addition of Mo will refine the microstructure of
the coatings, which can improve the wear resistance of the coating [44]. Second, the addition of Mo
can change the phase types of the stainless steel coatings from the XRD results. Mo,C hard phase is
formed when the Mo content is greater than 4 wt. %. Therefore, the wear resistance of the coatings can
be effectively improved with the increase of Mo [45]. Third, a higher hardness generally represents a
higher brittleness and lower ductility, and the lower hardness shown in Figure 6 therefore represents
a ductility of the coating when Mo is added [46]. With the increase of Mo content, the hardness of
the coating will decreases, and the ductility will increase. The increase of ductility will increase the
wear resistance of the coatings [47]. Fourth, it is found from the worn morphologies that the depths
of the furrows on the coating surfaces gradually decrease while the amounts of debris increase with
the increase of Mo content. Such changes indicate that the wear mechanism is changed from abrasive
wear to adhesive wear with the increase of Mo content. Therefore, the wear resistance of the coating is
improved with the increase of Mo content.

de—bri s |

furrow

furrow

Figure 9. Worn surfaces of laser cladding coatings with different Mo contents: (a) Mo-free;
(b) 2.0 wt. % Mo; (c) 4.0 wt. % Mo; (d) 6.0 wt. % Mo.

3.4. Electrochemical Test Analysis

The potentiodynamic polarization curves of the coatings with different Mo contents and 45 steel
substrate are shown in Figure 10. The potential for all of the coatings is higher than that of the
45 steel substrate, which indicates that the corrosion resistance of the 45 steel substrate is significantly
improved by the coatings. Laser cladding is a rapid heating and cooling process. From the XRD
results, it can be seen that complex chemical reactions take place and new phases generate during
the solidification process. The addition of Mo will refine the microstructure of the coatings, which
can improve the corrosion resistance of the coating. With the increase of Mo content in the coatings,
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the potential first increases and then decreases. The coating with 2.0 wt. % Mo has the best corrosion
resistance. The reasons are as follows. When the corrosion test is carried out in NaCl solution, the Cl1~
will be adsorbed on the surface of the coating, which can react with the metal ion and form soluble
chloride. This process can break the surface of the coating, and result in the formation of pitting (i.e.,
corrosion) on the surface of the coating. The addition of Mo can lead to a passivation phenomenon and
greatly improve the pitting resistance of the coating [48]. When a certain amount of Mo is added in the
coating, it can form a passivation film on the surface of the coating, which hinders the CI~ entering the
coating. So the pitting of the coating reduces and the corrosion resistance improves. When the Mo
content is too high, the corrosion resistance decreases. Through the mapping scanning analysis, it can
be seen that the Mo element is mainly enriched at the grain boundaries. Such an uneven distribution
reduces the corrosion resistance of the coating.
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0.0 Owt.%Mo
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Figure 10. Potentiodynamic polarization curves of the substrate and four coatings with different
Mo contents.

4. Conclusions

The stainless steel coatings with different Mo contents were prepared on the surface of a 45 steel
substrate by laser cladding. The following conclusions can be obtained.

(1)  With the increase of Mo content, the amount of M7(C, B)3 decreases gradually, while the amount
of MB, M»3(C, B)g, and Mo,C gradually increases. When the Mo content is 4.0 wt. % and above,
Mo, C phase appears in the coating.

(2) The microstructure of the coatings is transformed from planar crystals to cell crystals, dendrites,
and equiaxed crystals with the increase of distance from the fusion line. The amount of martensite
decreases, while the amount of ferrite gradually increases with the increase of Mo content.

(3) The microhardness decreases and the wear resistance of the coatings gradually increases with the
increase of Mo content. The wear resistance of the 6.0 wt. % Mo coating is about 3.7 times that of
the Mo-free coating.

(4) The corrosion resistance of the 45 steel substrate is significantly improved by the laser cladding
coating. With the increase of Mo content, the corrosion resistance of the coating first increases
and then decreases. The coating with 2.0 wt. % Mo has the best corrosion resistance.
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