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Abstract

Iron-based amorphous alloys have received extensive attention due to their high hardness, elastic modulus/limit and
wear/corrosion resistance. In this research, an attempt has been made to develop an amorphous coating of
Fe-Cr-Mo-C-B-Y metallic glass coating on the steel substrate through laser surface treatment. During the test,
various process parameters are used to determine the position of the amorphous phase. After coating, the
microstructure and phase distribution of the coating were analyzed by scanning electron microscope, X-ray
diffraction and transmission electron microscope. Mechanical properties of the coating were analyzed by using
microhardness testing, abrasion resistance and nanoindentation methods. The results show that the coating
thickness varies directly with the incident laser power and interaction time. The microstructure of the coating can
be divided into three layers: the first layer (columnar crystals), the second layer (the crystalline phase filled with the
unit structure) and the third layer (the unit structure consists of a crystalline phase and an amorphous phase). As the
heat input of laser cladding decreases, the volume fraction of the amorphous phase increases, and the average
microhardness and nanohardness increase.
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1. Introduction

As an important surface modification method laser cladding is widely used due to its characteristics great heat
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input and shorter cooling time can be released by high power lasers [1]. These characteristics makes grain
refinement hardness has been improved and connection between the coating and substrate achieve the combination
of atoms [2-4]. The dilution ratio between the coating and the substrate after laser cladding is extremely low [5].
Laser cladding has been developed as an alternative to the existing casting processes [6]. Compared with the
traditional surface treatment technologies such as surfacing, electroplating, vapor deposition, laser cladding has the
advantages of low dilution, dense tissue coating. And substrate can form better metallurgical bonding, which is
suitable for cladding material with many changes in grain size and content large and other characteristics [7,8]. In
recent years, laser cladding as a new technology is applied to the surface modification of materials, such as gas
turbine blades, gears [9]. On the other hand, laser cladding can also be used for surface repair products such as
rotors, dies and so on [10]. Laser cladding is divided into prefabricated powder laser cladding, synchronized
feeding laser cladding and wire laser cladding simultaneously [11]. In which the synchronized feeding type laser
cladding technology is the most widely used [12]. In the cladding process the liquid pool is formed by the substrate
and the metal powder sprayed by the powder feeding nozzle driven to be formed by laser irradiation. A great
cooling rate can be obtained.

With the high yield and fracture strength, excellent wear resistance and relatively low cost, Fe-based bulk
metallic glasses (BMGs) have attracted much attention [13,14]. However, these alloys find limited application as
bulk structural material due to their extremely poor tensile ductility and toughness and restricted size/thickness to
which they can be directly cast or fabricated [15]. On the other hand, bulk metallic glass can be a good candidate
for wear/corrosion resistant coating on metallic components [16]. Therefore, it has proved to be feasible to form a
protective layer containing amorphous on the surface of the member by means of laser cladding [17]. As a popular
coating material, amorphous alloys coatings have been prepared on many materials [18]. However, when an
amorphous coating is prepared by a laser cladding method, defects are present in the layer due to differences in
physical properties between the coating and the material [19]. Wong tried to use Al-Si amorphous coating for a
structural application by combining plasma-spray and laser melting [20]. Zhang [21] and Shu [22] used the laser
cladding method to prepare the amorphous coating on the steel surface. Aghasibeig made to develop an amorphous
coating with Feg;Crg4Mns3SisoM036C alloy on AISI 1018 steel substrates using a diode laser [23]. Despite the
wide range of experimental process parameters, after laser surface coating, the complete amorphous surface
microstructure cannot be retained. However, continued studies on amorphous coating for structural application are
warranted as significant success in retaining amorphous coating and obtaining high wear resistance has not yet been

achieved [24]. Zhang have did many studies on Fe-based amorphous coatings by laser cladding method
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[14,19,24-27]. A new Fe-based metallic glasses system suitable for laser process was developed and the
compositions were redesigned according to the metallic glass rules proposed by Inoue [19,28]. Microstructure
evolution, crystallization behavior, wear resistance, micromechanical properties and effect of special elements on
glass form ability (GFA) of coating were studied in details [26]. For Fe-based amorphous coatings with laser
process, the most important thing is to get a suitable microstructure for obtaining excellent properties [29]. In other
words, getting a whole metallic glass structure in coating is not so critical to engineering in clad coatings [30].
Because sometimes a composite coating with nanocrystalline and amorphous phase has excellent friction
performance under actual working conditions [31]. On the other hand, so far, cracks problem in laser
amorphousizing Fe-based coating has not been effectively solved [24]. Inherent brittle fracture characteristics for
BMGs are difficult for laser preparation amorphous coating [32]. A soft phase introduced into the coating to
improve the crack sensibility in rapid heat and cooling process with laser scanning [33]. This idea is also used in
selective laser melting (SLM) Fe-based BMGs parts [34].

SLM is an important branch of 3D printing technology [35]. SLM scans the metal powder bed layer by layer
according to the path planned in the 3D CAD slice model [36]. The scanned metal powder melts and solidifies to
achieve the effect of metallurgical bonding, and finally obtains the metal parts designed by the model [37].
Recently, many researchers have attempted to produce BMGs using SLM method. A Swedish company, Exmet AB,
was the first group to demonstrate the feasibility of this technique in 2011 [38,39]. In these two patents, method of
producing BMGs by SLM was provided. SLM fabrication of BMGs started in 2013 by Simon Pauly according to
the published literature [40]. With the new SLM technology, it can effectively break through the size limit, so that
the three-dimensional size of the amorphous alloy can be designed and prepared according to the requirements of
use. This has opened a new window for the promotion of the application of amorphous alloys in various industrial
fields.

As an engineering coating with excellent performance, the importance of amorphous alloy coating is
self-evident. A whole glassy microstructure obtained in the coating is no doubt good for the application of BMG
coating by laser. But from another point of view, a composite coating containing amorphous and specific crystalline
phases is not necessarily a bad thing for the overall performance of the coating itself. Therefore, how to design the
microstructure and phase composition of the amorphous coating is the most important work. For a certain Fe-based
amorphous alloy, controlling the cooling rate in the laser process is the most important method to design the
microstructure in the amorphous coating. In this study, microstructure and micromechanical properties of

Fe-Cr-Mo-C-B-Y metallic glass coating manufactured by laser is studied and the coating with the highest cooling

3



rate is obtained. The main goal of this work is to clarify the phase compositions, study the mechanical properties of
each phase and explain the formation conditions of the amorphous phase in the coating with different cooling rates
processed by laser.
2. Experimental procedure

The substrate used in this study was Q235 steel with dimensions of 50 mm x 50 mm x 10 mm. The surface of
the substrate was washed with acetone and methanol to clean and degrease the surface. The amorphous alloy
powder was produced by gas atomization technique with a particle size distribution of 53 - 150 pm. Table 1 shows
the as-received chemical composition of the powder. The amorphous powder is mixed with the organic binder and
coated on the surface of the substrate. The broad halo with diffused intensity can be seen in the XRD profile which
is shown in Fig. 1 and it can be proved that the powder used has a very high amorphous content. A 5 kW high
power continuous wave fiber laser was employed for laser processing metallic glasses coating on steel. The laser
wavelength is 1070nm, and the laser spot size is 3.3 mm * 2 mm rectangle.

Table 1 Chemical composition of the amorphous alloy powder (wt. %).

Element Cr Mo C Y B Fe
wt.% 14.32-15.02 25.10-26.2 3.24-3.75 3.10-3.60 1.10-1.42 Bal.
600
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Fig 1 XRD pattern of the powder.
Microstructures and phase identifications were studied by X-ray diffraction (XRD) analysis using Cu Ka
radiation, scanning electron microscopy (SEM) and scanning transmission electron microscopy (STEM). XRD
research mainly focuses on the main phase composition of laser coatings, and the residual stress was measured by
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nanoindentation. The sample was produced by grinding on 400, 800, and 1200 grit SiC pad and polishing with
diamond paste on a micro cloth for microstructural studies by scanning electron microscope (SEM). In order to
observe a clear microstructure under microscope and analyze the sample was etched with aqua-regia. The
microhardness was carried out by microhardness test with a load of 0.5 N and loading time of 10 s. Tribological
behavior of the coatings and substrate were evaluated using the rotating wear machine RETC MFT-5000 and
analysis of microstructure of the worn surface by SEM.

For the content of amorphous phase, the effect of cooling rate is the key factor. Therefore, the Rosenthal

formula was used to calculate the cooling rate during laser cladding under the action of a moving heat source [41].
& = 2mk [2] (7 - 1)? Q)

In this formula: k was the thermal conductivity, v was the scanning speed, P was the laser power, and T was
the material initial temperature. It can be seen the cooling rate was equivalent to the reciprocal of the heat input in
this formula. Therefore it can be concluded that the smaller heat input, the higher the cooling rate, and the more
amorphous content in the layer can be obtained.
3. Results and discussion
3.1 XRD results of coatings

The XRD patterns of the cladding layers are shown in Fig. 2. Obviously, there were significant changes in
XRD values of coatings with different scanning speed. But in the different coatings the phase constituents of the
cladding coating were composed with M,;Cgs (M=Fe, Cr, Mo) and y-(Fe, Cr, Mo) phases. This is mainly due to the
fact that the samples detected by XRD were formed by overlapping multiple coating layers. Owning to the latter
laser cladding coating would had an heat effect on the previous one. It can be seen easily that as the scanning speed
increases, the peak value of XRD drops accordingly. It can be explained to a certain extent that as the scanning
speed increases, the amorphous content in the coating is increasing. The wider diffraction peaks can be found when
20 angle is about 45° and the peaks intensity which representing the content of y-(Fe, Cr, Mo) and bcc-Fe phases
decrease. The peaks of different coatings near 45° (26) were shown in the Fig. 2(b). As the cladding speed increases,
the peak of the crystallization peak decreases and differentiates into two peaks from single bcc-Fe to bee-Fe mixed
with MyCe. Fig. 3 shows the XRD pattern in the center of the cladding coating, which the scanning speed was
3000 mm/s. Although there are still peaks that characterize the crystalline phase in the coating, the peaks are

significantly reduced and the broadened diffraction peaks are more obvious than the slow scanning. The XRD

curve shows that the amorphous phase content at the center of the coating is higher than that at the outermost



surface of the coating. The reason for this phenomenon is that the next laser scan will remelt the surface of the front
layer coating and form a heat-affected zone on the subsurface layer, but the center of the coating is not greatly
affected by this thermal effect, and the original amorphous structure can be maintained. status. X-ray diffraction
results show that there is no bcc-Fe in this coating. The possible reason is that at fast scanning speed, some crystal

phases are suppressed, and more alloys in the molten pool are retained in an amorphous state.
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(b) Patterns of the coatings at different scan speed when the 28 is between 43.6° to 45 ° (Zone A in Fig.2 (a))
Fig 2 XRD patterns of the coatings at different scan speed
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Fig 3 XRD patterns of coating in the center position

3.2 Microstructure characterization of coating

Table 2 shows the process parameters of laser cladding. The microstructure of the coating with different
dilution rates is shown in Fig. 4. It can be seen that when the scanning speed is changed, the phase composition and
dilution rate of different coatings are different. When the dilution rate is high, the coating is mainly composed of
equiaxed crystals. As the dilution rate decreases, the phase composition changes, and the content of equiaxed
crystals gradually decreases, becoming a unit structure composed of multiple different phases. Combined with the
XRD results in Fig. 3, it can be further determined that the equiaxed crystal structure is bce-Fe during low-speed
scanning. The structure is mainly composed of white equiaxed crystals with black crystal phase in the middle and
many white and gray precipitates on the edges. The amorphous phase is between the precipitated phase and the
white phase [42]. The effect of scanning speed on this unit is shown in Fig. 5. As the cooling rate increases, the size
of the cell becomes larger, which means that the content of the amorphous part increases. Therefore, as the laser
scanning speed increases, the number of black phases and other crystalline phases decrease, and the content of
amorphous phase increases. Moreover, coatings with more amorphous phase also have a better metallurgical bond
with the substrate.

Table 2 Parameters of laser cladding process.
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Defocus Protective gas flow Laser power Scanning speed

(mm) (L/min) (W) (mm/min)
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(b) The microstructure of area A in Figure 4(a)



(c) The microstructure of area B in Figure 4(b)

(d) Cross section of coating with low dilution rate

(e) The microstructure of area C in Figure 4(d)



(f) The microstructure of area D in Figure 4(e)

Fig. 4. SEM image of the coating with high and low dilution

v

(a) 2500 mm/min

10



(c) 3000 mm/min
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Fig. 5 SEM image of the coating at different scanning speed

Although increasing the scanning speed can change the size of the unit structure and increase the amorphous
content, the maximum speed within this range cannot guarantee that the coating has an absolutely high amorphous
content. The amorphous content of this iron-based coating cannot reach the content similar to that of the
zirconium-based amorphous coating [43]. The main reason is that the amorphous-forming ability of the iron-based
amorphous alloy itself is weaker than that of the zirconium-based; secondly, the preset powder cladding due to the
presence of the binder and the inability to flow, the cooling rate of the molten pool is lower than that of the
simultaneous powder feeding cladding, but the way of presetting the powder is beneficial to the solidification and
formation of the coating molten pool [44]. Fig. 6 shows the high-speed photography of the prefabricated powder
laser cladding layer at different laser scanning speed. In the figure, the shape of the molten pool is described by a
red curve. As the scanning speed increases, the size of the molten pool becomes longer, which means that the heat
dissipation area of the molten pool increases, which is conducive to the cooling rate of the coating. However, the
main structure of the coating has not changed significantly. Therefore, although the scanning speed is increased, the
basic unit structure formed by the amorphous phase and the crystalline phase in the coating remains unchanged,
and only the relative ratio of the amorphous phase to the crystalline phase changes. It should be noted that,
compared with the coaxial powder feeding laser cladding process, the prefabricated powder laser cladding process
has higher operability. However, due to the influence of heat dissipation conditions, the amorphous content of the

preset powder coating did not increase significantly.

Fig. 6. High-speed photography of pre-made powder laser cladding a) 2000 mm/min; b) 3000 mm/min
Fig. 7(a) shows the macrostructure of the laser cladding coating with a smooth surface when the scanning
speed is 3000mm/min, and no obvious cracks are observed on the coating surface. Fig. 7(b) shows a macro

cross-sectional view of the coating. It can be clearly seen that the dilution rate of the coating to the substrate is
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relatively small, and no cracks are found inside the coating. Because the cooling rate of different areas in the
coating is different, the result is that the structure of each area is also different. Fig. 7(c) shows the top of the
coating, with its unit structure filled with crystalline phases. During the cooling of the coating, the top area of the
coating solidifies at the last moment, which provides sufficient growth time for the crystal phase in this area for
large-area crystallization. Due to the dilution, in Fig. 7(d), the columnar crystals are grown from the base material
by epitaxial growth and extended into the coating through competitive growth. The supercooling and the solute
discharged from the tip of the columnar crystal into the solution prevent the growth of the columnar crystal [45]. It
can be seen from Fig. 7(d) that the coating can be roughly divided into three layers: the first layer (columnar
crystals), the second layer (the crystalline phase filled with the unit structure) and the third layer (the unit structure
consists of the crystal phases and amorphous phase). And on different parts of the coating, the content of the
amorphous phase is different. A schematic diagram of the different layers is shown in Fig. 7(e). The columnar
crystals grown by epitaxial growth on the substrate can prove that the coating has a good metallurgical bonding
ability with the base metal [46]. As the laser scanning speed increases, the columnar crystals in this area become

smaller. The width of the second layer is about 8 - 10 um.
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Fig. 7 (a) Macrostructure of the coating; (b) SEM image of the cross-section; (c) microstructure of the top of the
coating; (d) microstructure of the intermediate of the coating (e) schematic illustration of the graded coating.
Because in the laser cladding process, the cooling rate decreases as the distance from the bottom of the
molten pool increases [47]. There is a larger cooling rate in the first and second layers, but due to the dilution of the
substrate, the alloy composition in these two places deviates from the original amorphous composition. According
to the Gaumann’s model, as columnar crystals grow, solutes will be repelled before the solidification interface [48].
This is the reason why a component supercooled area appears at the front end of the columnar crystal. In this area,

nucleation occurs when the degree of subcooling is greater than the maximum growth degree of subcooling

14



required for nucleation [49]. However, in the third layer, due to the high degree of undercooling, the unit structure
is filled with general crystal phases instead of fine equiaxed crystals. As the solid/liquid interface moves, a unit
structure containing a mixed amorphous phase and a crystalline phase is formed, and the cooling rate of the third
layer at the center easily reaches the critical cooling rate for forming the amorphous phase. Therefore, the formation
of the amorphous phase requires not only a large cooling rate, but also a suitable alloy composition [50]. In the
second layer, no equiaxed crystals similar to other amorphous coatings were found, but a unit structure based on the
crystalline phase. This is mainly due to the strong mixing relationship in Fe-Cr-Mo amorphous alloys [51], but the
main product MyCs has poor resistance to molybdenum [52]. Firstly, it precipitates in the melt due to the
accumulation of molybdenum, and produces areas lacking molybdenum around, and increases the compositional
supercooling of the melt. In this region, the amorphous melt has a very large viscosity, and the movement of
molybdenum atoms is relatively difficult. As the cooling progresses, part of the amorphous state exists in the
coating in a solidified state, but relatively small atoms can move and form grain boundaries at the last moment of
cooling. Therefore, in the second layer, only unit structures based on crystal phases can be found. The
microstructure of the third layer is shown in Fig. 8. Energy spectrum detection is performed at different positions in
the unit structure. Table 3 shows the atomic percentage contents of elements in the white particle phase in the
middle of the unit structure and the gray phase around the white particle phase. It can be seen that the content of
molybdenum and iron varies greatly in different positions of the unit structure. The white phase was identified by
energy ray analysis, and the result can be seen in Fig. 8(b). The results show that molybdenum is enriched in the
white phase. During the solidification of the coating, the Mo-rich white phase grows out of the liquid metal in a

heterogeneous nucleation manner, and discharges the solute element Fe to the surrounding liquid metal.

SEM HV: 10.0 kV SEM MAG: 10.00 kx VEGA3 TESCAN

View field: 20.8 pm Det: BSE 5 pm
WD: 12.12 mm Date(m/dly): 04/19/19 Performance in nanospace

Fig. 8 scanning results of the coating (a)point (b) line

15



Table 3 EDS analyses results of test points in different region of coating

Elements compositions (at. %)

Points
Fe Cr Mo C Y B
A 39.21 17.68 22.99 19.84 0.29 0.00
B 54.12 19.86 6.06 19.90 0.06 0.00
C 50.94 19.56 6.90 22.00 0.60 0.00

The result of the mapping scan of the coating is shown in Fig. 9. Combined with the XRD analysis results, the
white primary phase in the coating is y-(Fe, Cr, Mo). During the laser cladding process, excessive solid solution is
caused by rapid solidification, and part of iron is replaced by molybdenum and chromium, resulting in a decrease in
iron content in the molten pool. In the Fe-Cr-Mo-C-Y series amorphous alloy coatings, it is very common to
calibrate the (Fe, Cr),3Cg phase, that is, to confirm the element types in the My3Cs composite compound [51].
However, the appearance of molybdenum in this experiment proves that M»3Cg is not only a simple ternary mixture
of iron, chromium and cabon. The presence of a small amount of molybdenum makes it possible for M»3Cg to exist
as (Cr, Fe),o(Cr, Fe, M0)3Cg. M23Cg has a small amount of molybdenum dissolution in the second sublattice [51].
And through the energy spectrum analysis of the gray phase, the atomic ratio of element Fe, Cr, Mo and C is close
to 4:1. This proves the existence of (Cr, Fe),o(Cr, Fe, M0)sCg in the coating.

The TEM image of Fe-Cr-Mo-C-Y-B laser cladding composite coating is shown in Fig. 10. Fig. 10(a) shows
the TEM result of the mixed region of amorphous and Mj3Cs. It can be clearly seen from the diffraction point that
there is an amorphous state in the coating. The bright-field TEM image of the coating is shown in Fig. 10(c), and
the selected area electron diffraction (SAED) results of the different regions are shown in Fig. 10(d) and Fig. 10(e).
According to the SAED diagram, the gray and white needle-like phases in the unit structure are crystalline phases.
Both crystalline phases have a face-centered cubic (FCC) structure. The atoms of Fe, Cr and Mo elements can be
replaced with each other in the coating. Compared with the XRD pattern results, the M»3Cs (M = Fe, Cr, Mo) phase
is consistent with the TEM results. The precipitation temperature of molybdenum carbides is lower than that of
chromium carbides. Therefore, molybdenum carbides are first precipitated at about 400°C and converted into
M,3Ce at 600 - 700°C. The precipitates are composite carbides (Fe, Cr, M0)»Cs. The other crystal phase is
considered to be y-(Fe, Cr, Mo). Fig. 11 shows the EDS analysis results of the two-phase boundary My3;Cg and y-(Fe,

Cr, Mo) and the scanning position is shown in Fig. 11(a).
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It can be seen that there are more Mo elements in y-(Fe, Cr, Mo) than in My3Cs. Although iron and
molybdenum have similar binding capabilities with carbon, iron requires less carbon, and Fe,3Cg is more stable
than Mo,3Ce. The content of iron in M,3Cq is higher than that of molybdenum. In M»3Cs, since the atomic radius of
iron is smaller than that of molybdenum, it does not cause excessive lattice distortion.

Owning to the XRD results, there are only M,3Cs and y-(Fe,Cr,Mo) in the middle of the coating. Therefore, the
white phase at the center of the unit structure and the white needle-like phase at the boundary are the same crystal
phase y-(Fe, Cr, Mo). Due to the low content of the black phase at the boundary of the unit structure, the existence
of this phase has not been confirmed in XRD experiments. The results show that the disordered solid solution y-(Fe,
Cr, Mo) phase has formed an ordered solid solution. This is why the matt (110) crystal plane appears in the
diffraction pattern of y-(Fe, Cr, Mo).

For multiphase alloys, the phase boundary is an important factor affecting the material properties [53]. Fig.
10(f) shows the HRTEM image of the edges of the y-(Fe, Cr, Mo) phase and M,3C¢ phase. It can be seen that the
v-(Fe, Cr, Mo) phase and the M,3Cs phase are tightly combined at the edge, and some atomic vacancies or deletions
are found. This is because the rapid solidification of laser cladding causes defects in the crystal to increase the error
rate during solidification. These defects based on thermodynamic instability can cause alloying elements to
precipitate around them, which in turn affects the mechanical properties of the coating. And the boundary exhibits a

sawtooth shape, so it can be considered that there is a tighter bond between the two crystal phases.
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(a) Brightfield image of amorphous phase area; (b) Dark field image of Amorphous phase area; (¢) TEM images of
composite structures of the coating; (d) Selected area electron diffraction (SAED) of area A in Figure 10 (c); (e)
Selected area electron diffraction (SAED) of area B in Figure 10 (c); (f) high resolution transmission electron
microscopy (HRTEM) images of area C in Figure 10 (c)

Fig 10 TEM analysis of the coating
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EDS path

(a) The scanning position of EDS test (phases boundry)
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Fig. 11 EDS spectrum of the two-phase boundary
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Fig. 12 Micro-hardness distribution along depth direction

4. Wear and nanoindentation test
4.1 Wear test

The microhardness of the three coatings is shown in Fig. 12. It can be clearly found that the hardness
distribution curve of each coating has no obvious fluctuations, and the microhardness distribution is basically
uniform. That is because the main structure of the coating is similar, and they are all unit structures composed of
crystalline phase and amorphous phase. The third layer has the largest microhardness, with a hardness value of
1447.9 HV and an average microhardness of 1353 HV. Due to the presence of the crystalline phase in the second
layer, this reduces the microhardness of the coating. And because there are columnar crystals in the first layer, the
microhardness of the coating is greatly reduced. The results show that the microhardness of the iron-based
amorphous coating prepared by laser cladding technology is much higher than that of the matrix phase. Despite the
presence of a crystalline phase, the presence of amorphous increases the microhardness of the third layer.

The depth of the wear trace of the coating is less than that of the substrate, as shown in Fig. 13(d). The depth
of the wear trace of the coating is 2.99 pum, and the depth of the wear trace of the base material is 52.31 pm, which
is about 20 times the thickness of the coating. At room temperature, due to the positive load and friction acting on

the surface of the coating, it is easy to form cracks and expansion on the surface of the coating, with poor fracture
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toughness, and even peeling. During the experiment, a part of the coating surface will fall off, as shown in Fig.
13(b). The existence of cracks can be clearly seen in Fig. 13(a). Obviously, there are scratches on the worn surface.
Obviously, this is mainly due to the presence of a white crystalline phase in the amorphous layer of this layer. At a
large cooling rate, there is not enough time for the white crystalline phase to grow. This does not mean that the
bonding ability of the white crystalline phase and the amorphous phase is poor. The white crystalline phase is
firmly bonded to the coating, as shown in Fig. 13(a). It can be seen that the white particle phase is significantly
higher than the surrounding coating, which proves that it is not only firmly bonded to the substrate, but also has

better wear resistance.
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Fig. 13. (a) SEM micrographs showing the worn surface morphologies of coatings (b) Friction coefficient of

coatings and base metal (c) 3D map of wear morphology of coating (d) 3D map of wear morphology of substrate
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Fig. 14 (a) The matrix of nanoindentation (b) Nanoindentation morphology of M,3Cg (¢) Nanoindentation
morphology of bce-Fe (d) Nanoindentation morphology of y-(Fe, Cr, Mo) (e) load-displacement curves of different
regions

4.2 Nanoindentation test
The microhardness cannot accurately determine the mechanical properties of different phases in the

amorphous phase region. Therefore, nanoindentation is applied to the amorphous phase region of the coating.
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Nanoindentation topography of y-(Fe, Cr, Mo), M»Cs and bcc-Fe is shown in the Fig. 14. The area of the
indentation area bcc-Fe is larger than that of y-(Fe,Cr,Mo0) and M,3Cs. This demonstrates that the presence of
bce-Fe can effectively increase the plasticity of the coating and reduce the tendency of the amorphous coating to
crack due to high brittleness. No cracks appear around the indentation, which proves that the coating has some
toughness. And a large number of shear bands are not found at the edge of the indentation, which is determined by
the brittleness of the coating itself. The presence of non-metallic elements in the coating results in the presence of
ionic bonds which is detrimental to the plastic deformation. When the indentation is driven into the mixed region of
amorphous and Mj3Cg, since the amorphous is relatively dense, the indentation size at the crystal does not increase
infinitely with the depth of the indenter. The figure shows that the load-displacement curves of the white phase
v-(Fe,Cr,M0), M,3Cs amorphous mixed region and bcc-Fe region in the cladding layer are compared by the
maximum displacement of the indentation. The plasticity of the amorphous and M,3Cs mixed regions after the

indentation test is found to be less deformation.
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Fig.15 (a) Load-displacement curves at different loading rates (b) Partial enlargement of the curve

In order to better obtain the mechanical properties of the amorphous region, the nanoindentation test was
performed on the amorphous regions in the coating by different loading speeds and the results are shown in Fig. 15
(a). It can be seen that the loading curves exhibit an unstable state with increasing loading speed. When the loading
speed reaches 100 mN/min, the curve is unstable, and when it reaches 160 mN/min, it shows a complete instability
state. On the other hand, when the loading speed is too fast, the plastic deformation has no time to expand, so that
the deformation shows a rebound trend, which affects the detection results. Fig. 15(b) shows the results of
magnifying the curve loading segment at different loading speeds. It can be seen from the amplification curve that
the curve fluctuation is more obvious at lower loading speed. The formation and expansion of the shear band of

amorphous alloy during plastic deformation can lead to the occurrence of such fluctuations [54]. During the
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pressing of the indenter into the coating, the stress in the local area of the indentation point tends to be concentrated.

When the pressure reaches a certain value, the formation and expansion of the shear band occurs. As the release

rate of the elastic potential energy is greater than the diffusion speed of the shear band, the discontinuity of the

deformation feature is caused, and the load displacement curve fluctuates [55]. However, since the amorphous

phase region in the coating is a mixture of amorphous phase and crystalline phase, the fluctuation is not strong

enough to exhibit a serrated rule.

5. Conclusions

In this study, laser cladding has been proved to be an effective method for preparing Fe-Cr-Mo-C-Y

amorphous coating on Q235 steel substrate. Through detailed investigation, the following conclusions can be

drawn:

a.

By properly adjusting the laser scanning speed under the condition of a fixed laser power, a laser cladding
coating without macroscopic defects can be obtained. The microstructure of the coating can be divided into
three layers: the first layer (columnar crystals), the second layer (the crystalline phase filled with the unit
structure) and the third layer (the unit structure consists of a crystalline phase and an amorphous phase). X-ray
diffraction analysis confirmed the presence of M,3Cs (M = Fe, Cr, Mo), y-(Fe, Cr, Mo) and bcc-Fe. And as the
scanning speed increases, the peaks are significantly reduced, while the wider diffraction peaks increase.

The microhardness of the coating is significantly increased to 1447.9 HV. As the crystallization of the coating
is more obvious at the bottom, the hardness starts to decrease in the second layer. The introduction of
nanoindentation successfully proved the role of different phases in the amorphous phase region. The
fluctuation of the curve in the variable load test indirectly proves the presence of an amorphous phase in the
layer.

TEM diffraction analysis confirmed that in the unit structure of the third layer, the precipitation phases growing
from the edge to the middle are y-(Fe, Cr, Mo) and M»Cs (M = Fe, Cr, Mo). Compared with the energy
spectrum results, it is proved that the white acicular phase and white equiaxed crystal are y-(Fe, Cr, Mo), and
the black acicular phase is MxCq (M = Fe, Cr, Mo). Combined with the XRD results, it is proved that the
amorphous phase is between the needle-like precipitate phase and the equiaxed crystal in the middle of the unit

structure.
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