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Abstract Amorphous coating technology is an attractive

way of taking advantage of the superior properties of

amorphous alloys for structural applications. However, the

limited bonds between splats within the plasma-sprayed

coatings result in a typically lamellar and porous coating

structure. To overcome these limitations, the as-sprayed

coating was treated by a laser-remelting process. The

microstructure and phase composition of two coatings were

analyzed using scanning electron microscopy with energy-

dispersive spectroscopy, transmission electron microscopy,

and x-ray diffraction. The wear resistance of the plasma-

sprayed coating and laser-remelted coating was studied

comparatively using a pin-on-disc wear test under dry

friction conditions. It was revealed that the laser-remelted

coating exhibited better wear resistance because of its

defect-free and amorphous-nanocrystalline composited

structure.

Keywords amorphous coating � laser � microstructure �
wear

Introduction

Amorphous alloys—also referred to as metallic glasses—

are alloys which possess a disordered atomic-scale struc-

ture and contain short- to medium-range ordered clusters

(Ref 1). Amorphous alloys have attracted scientific and

engineering interest for decades, and their importance has

been steadily increasing. It has been confirmed that

amorphous alloys have new alloy compositions and atomic

configurations, which differ from those of conventional

crystalline alloys. Their characteristics have facilitated

various favorable properties, such as good mechanical

properties, useful physical properties, and unique chemical

properties, which have not been obtained from crystalline

alloys (Ref 2-4). So far, amorphous alloys have been dis-

covered in many alloy systems including Pd-based (Ref 5),

Zr-based (Ref 6, 7), Cu-based (Ref 8, 9), Mg-based (Ref

10, 11), Fe-based (Ref 12, 13), Ni-based (Ref 14, 15), Co-

based (Ref 16, 17), Pt-based (Ref 18), and Au-based (Ref

19) systems.

There are several possible processes by which to pro-

duce amorphous metals, including rapid solidification,

physical vapor deposition, solid-state reaction, ion irradi-

ation, and mechanical alloying (Ref 20). To obtain an

amorphous phase by rapid solidification, it is essential to

suppress the nucleation and growth of a crystalline phase in

the supercooled liquid region between the melting tem-

perature (Tm) and the glass transition temperature (Tg). In

order to achieve this, the cooling rate of the melt should be

greater than the critical cooling rate (Rc). The Rc has been

reported to be higher than 104 K/s for Fe-based alloys (Ref

21).

Among the various amorphous alloy systems, Fe-based

amorphous alloys fabricated by rapid-quenching exhibit

excellent tribological properties with low friction
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coefficients and wear rates, showing great potential for

applications for parts under severe frictional wear condi-

tions (Ref 22, 23). However, amorphous alloys in general

have a very limited plasticity due to a mechanism of

heterogeneous deformation, and it is believed that the

heterogeneous deformation of the amorphous alloys results

in the formation of shear bands (Ref 24, 25). It has been

reported that crystalline/amorphous composites featuring

microstructures containing crystalline phases dispersed in

the amorphous matrix can effectively control the propa-

gation of shear bands (Ref 2, 3); therefore, a significant

increase in their plasticity and fracture resistance is

achieved (Ref 26). While it is still difficult to produce large

sizes of bulk amorphous Fe-based alloys because of the

high Rc required, amorphous coatings are much easier to

produce and have been extensively studied due to their

unique mechanical properties (Ref 27). Miura et al. (Ref.

28) have fabricated Fe-Ni-P-B amorphous and nanocrys-

talline composite coatings on copper and mild steel using

flame spray technology. However, due to a low speed of in-

flight particles during flame spraying, the coatings exhib-

ited poor bonding strength and contained lots of pores. To

enhance the quality of the coatings, plasma spaying and

high-velocity oxygen fuel spraying technologies were used

to fabricate Fe-based amorphous coatings (Ref 29).

Movahedi produced a Fe-based amorphous feedstock using

mechanical alloying and then developed amorphous-

nanocrystalline coatings by adjusting the spray parameters

of HVOF (Ref 30). Yugeswaran fabricated a high-quality

Fe-based amorphous coating through a plasma spraying

process, and he has reported that with increasing plasma

current, the crystallinity increases and porosity reduces

(Ref 31). However, it is difficult to achieve defect-free

coatings using thermal spray technology due to the intrinsic

porous feature of thermally sprayed coatings (Ref 32).

Laser-remelting with high-power laser irradiation can

cause rapid localized heating and melting of the materials.

By controlling the scanning speed and power of the laser

beam, amorphous and nanocrystalline composite coatings

can be acquired to a specified depth because of the fast

cooling feature of this process (Ref 33). The coatings with

high amorphous proportions prepared by high-power laser

irradiation exhibited attractive properties such as low

friction, high hardness, and good wear resistance (Ref 34).

Several researchers have reported the enhancement of

surface properties during laser processing by changing the

thermal conditions to obtain desired microstructures within

the coating (Ref 35-37).

The aim of the present work is to investigate the effect

of the microstructure and phase evolution of amorphous-

crystalline composite coatings obtained through laser-

remelting of plasma-sprayed coatings. The formation

mechanism of the crystalline-amorphous coating and wear

resistance of the two kinds of coatings will also be

discussed.

Experimental

Fe-based amorphous powders (Beijing Sangyao Spraying

Technology Co., Ltd., China) prepared by gas atomization

were used as the feedstock material. The average size of

powders was in a range of 30–60 lm and their nominal

composition is listed in Table 1.

Substrate specimens with dimensions of 30 (L) 9 15

(W) 9 3 (T) mm were prepared by wire electrode cutting

from 1045 mild steel plate. Cylindrical steel rods with

dimensions of 6 (D) 9 30 (L) were used for the wear test.

Prior to plasma spraying, the specimens were sand-blasted

with brown corundum, followed by washing with acetone

to clean the surface. The surface roughness of the substrate

after sand blasting was 10.8 ± 1.2 lm (Ra). Argon was

used as the primary gas, while hydrogen was used as the

auxiliary gas. The optimized parameters of the plasma

spraying included are as follows: (1) The operational

pressures of both argon and hydrogen were 0.7 and

0.68 MPa, respectively; (2) the flow rate of argon was

60 L/min, and that of hydrogen was 6 L/min; (3) argon was

used as the powder carrying gas and the feed rate was 10 g/

min; (4) the spraying distance was 100 mm; (5) the plasma

spray system (ZB-80,Beijing Zhenbang Aerospace Co.,

Ltd., China) was operated to deposit the coatings at an

optimized power level of 25 kW (500 A/50 V); (6) the

thickness of the coatings was approximately 250 ± 5 lm;

and (7) the substrate temperature was controlled to be no

more than 75 �C, using compressed air cooling to keep

high a cooling rate during deposition.

To eliminate the heave of the coating surface, the as-

sprayed coatings were ground by 800 grit quartz abrasive

paper. An impulse laser system (HWLW-300A, United

Winners Laser Co., Ltd. China) was utilized for laser-

remelting under the optimized parameters listed in Table 2.

In the remelting process, a continuous flow of argon gas

was maintained to prevent oxidation of the molten pool and

the substrate was immersed in liquid nitrogen in order to

achieve a high cooling rate, as shown in Fig. 1.

Before the wear and hardness tests, the as-sprayed

coating and remelted coating were ground using 1600 grit

SiC abrasive paper to achieve a uniform roughness

(Ra = 0.2 lm). Then, the specimens for the hardness tests

Table 1 Compositions of Fe-based powders

Element Mo Cr Ni P Si B C Fe

wt.% 3.4 7.3 2.63 6.34 2.41 0.82 3.84 Bal.
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were polished in order to obtain a surface roughness of

Ra = 0.1 lm. The surface hardness values of the two

coatings were determined using a microhardness tester

(HXD-1000TM/LCD, Shanghai Zhongheng Instrument

Co., China) with a load of 200 g for 15 s. Ten points were

tested along a crossed line on the surface of each coating

with an interval distance of 80 lm. Approximately 5

microhardness readings were taken at each location, and an

average value was reported.

Wear properties of the coatings, with and without laser

treatment, were evaluated by pin-on-disc testing (ML-10,

Xuanhua Material Test Factory, China) under dry sliding

conditions at room temperature; the schematic diagram for

which is shown in Fig. 2. The coating was fabricated on the

one end of a rod-like sample (pin). During the tests, the

coated pin slid on a waterproof abrasive paper (with 600

grit quartz particles) mounted on the surface of a steel disc

(200 mm in diameter). The wear tests were performed

under four applied loads of 0.98, 2.94, 4.9, and 6.86 N. The

rotary speed of the disc was 60 r/min. The lead screw, with

the pin, moved along the radial direction from the center to

the edge of the disc to complete a stroke for 30 s, where the

slide distance of one stroke is 8 m. After each stroke, an

Archimedes spiral wear track was formed on the abrasive

paper, which was then replaced by a new one for the next

stroke. Each sample was run for two strokes during the

wear test. After testing, the specimen was cleaned with

acetone to remove the loose debris, dried by hot air, and

measured with an analytical balance (BS400-WE, Sartorius

AG, Germany). Under the same load, five samples were

tested and then the mean mass loss value was obtained.

Phase compositions of the as-sprayed coating and laser-

remelted coating were determined using x-ray diffraction

(XRD, D/max 2500PC, Rigaku, Japan) with monochro-

matic Cu-K radiation in the range of 20�–80� (2h). The

detailed structure of the remelted coating was further

examined by transmission electron microscopy (TEM,

JEM-3010, JEOL, Japan). TEM samples were prepared by

electro-polishing using a twin jet polisher. The cross sec-

tions and worn surfaces of the coatings were examined

using scanning electron microscopy (SEM VEGA II-XMU,

TESCAN, Czech) equipped with energy-dispersive x-ray

spectrometry (EDS). EDS analysis was conducted on the

cross section of the laser-remelted coating to examine the

changes in the elements contents. The apparent porosity of

the coatings was estimated using the Image Pro Plus ver-

sion 6.1 software analysis technique. The whole cross

sections of coatings were imaged by SEM in backscattered

electron mode at 500 magnifications.

Results

Structure of the Coatings

Figure 3(a) shows a typical lamellar structure from the

cross-sectional SEM images of the plasma-sprayed coat-

ings. During plasma spraying, molten particles impacted

upon the surface of substrate, then deformed, solidified,

and transformed into splats. Subsequently, splats piled up

upon each other to build up the coating. A clear interface

exists between the splats, as marked by arrow 1. Voids and

partially melted particles appeared in the coating, as

marked by arrows 3 and 2, respectively; some relatively

large voids also existed adjacent to those partially melted

particles. The apparent porosity of the as-sprayed coating is

4.8 ± 0.2%. In contrast, the cross-sectional SEM image of

the laser-remelted coating in Fig. 3(b) showed that no

obvious lamellar structure and no voids appeared in the

coating, and that the maximum depth of the laser-remelted

layer on the coating was about 300 lm.

Table 2 Optimized parameters

for laser-remelting
Parameters Laser power, kW Scan speed, mm/s Overlapping, % Fill space, mm Frequency, HZ

wt.% 2 60 50 1 18

Fig. 1 Schematic diagram of the laser treatment process

Fig. 2 Schematic diagram of the abrasive wear tester
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Fig. 3 Cross-sectional SEM images of the coatings (a) as-sprayed and (b) laser-remelted

Fig. 4 Cross-sectional SEM and EDS images of the coatings (a) as-sprayed and (b) laser-remelted
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The elemental distribution along the line across the

coating/substrate interface, measured by EDS line scan-

ning, is shown in Fig. 4. The plasma-sprayed coating

without laser-remelting treatment only bonds the substrate

mechanically (Fig. 4a). As shown in Fig. 4(b), in the EDS

line scan patterns from 180 to 250 lm, the content of Fe

decreases slowly and, contrary to this, the contents of Cr,

Si, and Mo increase continuously. These clearly indicate

that in this zone the elements interfused. The depth of the

molten pool for the laser-remelting treatment was mea-

sured to be about 300 lm, which is larger than the thick-

ness of the as-sprayed coating (250 lm), resulting in a

strong metallurgical bonding between the coating and the

substrate.

Figure 5 shows XRD patterns of the as-sprayed and

laser-remelted coatings. The plasma-sprayed coating is

mainly composed of an amorphous phase which is identi-

fied by a broad diffraction peak within the range of 40�–
50�. The intensity of the diffraction peaks in the plasma-

sprayed coating is very low, indicating some nanoscale

a-Fe grains appeared in the coating. The coatings obtained

through laser-remelting show a fraction of amorphous

phases. Some sharp diffraction peaks superimposed on a

broad halo pattern were observed, indicating the formation

of a mixture of amorphous and crystalline a-Fe and Fe2B

phases. Figure 6 presents the high-resolution TEM micro-

graph of the laser-remelted coating. It can be seen that the

remelted coating shows an amorphous and crystal com-

posite structure, as indicated by the diffraction rings and

points. This implies that the amorphous phase of the

coating transforms into a crystalline one during the laser-

remelting treatment. The continuous laser-remelting pro-

cess is inclined to form a crystalline phase, as shown in

Fig. 7. High cooling rates of the molten pool alloy can lead

to the formation of an amorphous phase. When the formed

amorphous phase is in the heat-affected zone by the sub-

sequent molten pool, a transformation from an amorphous

to a crystalline phase occurs because the temperature in the

zone can be higher than the onset of the crystallization

temperature (Ref 38). The heat-affected zone has also been

previously investigated in Matthews’ study, in which both

Cu-based amorphous and nanocrystalline phases existed in

a laser-remelted coating (Ref 34).

Microhardness and Wear Behaviors of Plasma-

Sprayed and Laser-Remelted Coatings

The microhardness of the as-sprayed coating is

742.8 ± 167 Hv0.2. The remelted coating has a higher

microhardness (1182.6 ± 151.7 Hv0.2) than that of the as-

sprayed coating due to its compact structure and formed

nanocrystals (Ref 39). The lowest microhardness value of

the remelted coating is still higher than the highest

microhardness value of the as-sprayed coating. Figure 8

shows the mass loss of the as-sprayed coating and laser-

remelted coating after wear testing under the same condi-

tions. It can be seen that the mass losses of both coatings

increased linearly with the increase in load. When the load

Fig. 5 XRD patterns of as-sprayed and laser-remelted coatings

Fig. 6 Bright-field TEM images and corresponding selected area

electron diffraction pattern of the laser-remelted coating

Fig. 7 Schematic diagram of laser-remelting process
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was up to 6.89 N, the mass loss of the remelted coating was

15.1 mg which is much lower that of the as-sprayed coat-

ing (21.5 mg). The mass loss rate of the remelted coating

(10.8 mg/N) was also less than that (18.8 mg/N) of the as-

sprayed coating.

In order to investigate the differences in wear mechanism

between the as-sprayed coating and the laser-remelted

coating, the worn surface morphologies of the coatings tes-

ted at 6.89 N normal load were examined by SEM as shown

in Fig. 9. Figure 9(a) and (c) shows the worn surface

morphologies of as-sprayed coatings with different magni-

fications. It indicates that the major wear mechanisms are

abrasion, delamination, splats fracture, and ploughing which

formed as hard quartz particles dug into the sliding speci-

men’s surface and then ploughed out the materials from the

groove to the sides. The delaminations and fractured splats

can be easily observed in the plasma-sprayed coating due to

its lamellar structure and voids content, as marked by arrows

in Fig. 9(a) and (c). The debris was worn off from the surface

of the coating, leading to mass loss during the process of the

wear test. As for the remelted coating, only narrow groove

traces without splats, delamination, and fracture were

observed on the worn surface, as shown in Fig. 9(b) and (d).

The dominant wear mechanism is abrasion and ploughing by

plastic deformation.

Discussion

It is well known that the wear behavior of the coatings

depends on the microstructure and phase composition. In

spraying processes when the splats overlap each other,

some voids may be formed due to the insufficient defor-

mation of powder particles (Ref 40). In addition, the splats

solidification time is very short: about 10-7 to 10-6 s, and

as such the trapped gas during deposition cannot escape

from the molten drops, which also results in the formationFig. 8 Mass losses of plasma-sprayed and laser-remelted coatings

Fig. 9 Wear tracks of the coatings under different magnifications (a), (c) plasma-sprayed coatings (b), (d) laser-remelted coatings

J Therm Spray Tech (2017) 26:778–786 783

123



of pores within the coating (Ref 41). During a friction

process, the splats of plasma-sprayed coating, which lie

around the voids or partial molten particles, are prone to

break away from the coating or to fracture because of poor

adhesion forces and less support from adjacent splats. The

fractured splat tips and deformed splats usually appear in

the wear scar of the thermal spray coating under dry con-

ditions (Ref 42). In particular, under high-load conditions,

the splats fracture, fragmentation, and delamination

become common (Ref 43, 44). Similar behavior has also

been observed in Yoon’s study on the plasma-sprayed

Fe68.8C7Si3.5B5P9.6Cr2.1Mo2Al2 amorphous coating (Ref

45).

Compared to the plasma-sprayed coating, the laser-

remelted coating showed a more dense and integrated

structure. It can be seen that the laser-remelting process

completely changes the structure of the as-sprayed coating.

The surface hardness of the coating increased greatly

because of the existence of nanocrystals and its compact

structure in laser processing (Ref 46). The lamellar struc-

tures, voids, and unmelted particles were all removed after

the laser treatment. Some pores with a diameter of about

2 lm can be observed in the coatings, which are probably a

result of the gas entrapped within the molten pool during

the laser process. The nanoscale crystals embedded in the

amorphous matrix result in increases for both the hardness

and the toughness of the laser-remelted coating, subse-

quently reducing the wear loss (Ref 47). According to

recent studies, the probable strengthening mechanism of

the laser-remelted coating is that nanocrystals cannot sup-

port dislocation pileups, resulting in dislocation-mediated

plasticity being inhibited (Ref 48, 49). As a result, the

critical stress levels for initiating plasticity will be

increased.

The crystals appearing in the laser-remelted coating may

be attributed to two factors. Firstly, the depth of the molten

pool is more than that of the plasma-sprayed coating.

During laser treatment, the substrate alloy close to the

substrate-coating interface can be melted, leading to a

different chemical composition of the molten pool to the

coatings. This changed composition may reduce the

amorphous content in the coating (Ref 50). The formation

of Fe2B is due to the great affinity of Fe to boron, which

leads to the formation of boride when the amorphous

Fig. 10 Cross-sectional SEM images of the remelted coating. (a) overall view, (b) the zone marked by blue frame, (c) the bond zone marked by

red frame, (d) the heat-affected zone marked by green frame
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coating is heated by laser treatment (Ref 51). Elements B

and Fe can easily flock together, which is confirmed by

EDS analysis (Ref 51). The presence of these borides has

also been found in other researchers’ results about laser

cladding Fe-based amorphous coatings (Ref 52). Secondly,

the crystal particles preferentially form in the heat-affected

zone during the continuous laser-remelting process. This

can be confirmed by the non-uniform surface hardness of

the laser-remelted coating. The smallest hardness value is

150 Hv0.2 lower than the average hardness. Big grains

appearing in the heat-affected zone have lower micro-

hardness than those in the amorphous phase.

A systematic analysis of the cross-sectional microstruc-

ture of a laser-remelted coating was undertaken by SEM, as

shown in Fig. 10. Figure 10(a) shows the cross-sectional

overview of the laser-remelted Fe-based amorphous coating,

and three zones were observed as marked by red, blue, and

green blocks. In Fig. 10(b), there are no obvious grains under

the dashed line, as marked in zone A. This indicates that an

amorphous phase formed in this region because the condi-

tions of the nominal chemical composition and rapid cooling

are favorable to the amorphous phase formation. There are

also some very small pores with less than 2 lm in size,

because the gas present in the as-sprayed coating can hardly

get away from the molten pool during the remelting process.

Figure 10(c) shows a local magnified image of the remelted

coating at the bottom of the molten pool in zone C. The

thickness of this zone is about 10 lm, and many large grains

have been embedded in the coating. The formation of this

zone can be explained in that an increasing amount of the

substrate material was melted and mixed with the coating

material. In this condition, it is not easy for the amorphous

phase to form because of the significant changes in the

coating composition from its original nominal chemical

composition (Ref 53). Furthermore, some fine pores with

larger sizes than the pores in zone A also appear in this

region, which can attributed to the greater entrainment of

gases that existed in the defects of the as-sprayed coating.

Another reason is that it is very difficult for gas bubbles at the

bottom of the pool to travel the whole distance to the outer

surface by moving across the viscous, molten metal. In zone

B, between two dashed lines, many large equiaxed grains can

be observed as shown in Fig. 10(d). This region presents an

arc shape, which is in line with the shape of the heat-affected

zone in the schematic diagram of the laser-remelting process

as shown in Fig. 7. The temperature in this zone can be up to

the crystallization temperature of this particular Fe-based

alloy; thus, some amorphous phases were converted to

crystalline phase (Ref 38). Therefore, an amorphous and

nanocrystalline composite coating can be formed by a laser-

remelting process.

Conclusions

In this work, an amorphous and nanocrystalline composite

coating was fabricated via the laser-remelting treatment of a

plasma-sprayed Fe-based amorphous coating. It was

demonstrated that the wear resistance of the plasma-sprayed

coating can be improved through the laser-remelting process

due to a combined amorphous ? nanocrystalline structure

and defect-free microstructure. The wear mechanism for the

plasma-sprayed amorphous coating is dominated by abra-

sion, delamination, splat fracture, and ploughing under dry

friction conditions. In contrast, the wear mechanism of the

laser-remelted coating is only dominated by abrasion and

ploughing due to the uniform, dense structure, and to the

elimination of the voids and lamellar microstructure.
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