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a b s t r a c t

Amorphous coatings were fabricated by arc spraying and the effect of the post heat treatment on the
microstructure, and the mechanical properties of arc sprayed coatings were studied. Post heat treatment
was conducted in the atmospheric environment within the temperature ranged from 500 ◦C to 800 ◦C.
The microstructure characteristics were analyzed by means of optical microscopy (OM), X-ray diffraction
eywords:
morphous
eat treatment
icrostructure
echanical properties

(XRD), electron probe micro-analyzer (EPMA), scanning electron microscopy (SEM), differential thermal
analysis (DTA) and transmission electron microscopy (TEM). It was found that with the increase of anneal
temperature, the microstructure of the sprayed coatings had several changes as follows: the reduction of
porosity, the decomposition and the crystallization of amorphous phase, and the formation of precipitates.
The microhardness of the sprayed coatings increased after the heat treatment and it can reached to 1275
HV300g at the post treated at 600 ◦C. All the coatings exhibited an excellent abrasive wear resistance,

approximately 6 times higher than that of the arc-sprayed 3Cr13 coating.

© 2009 Published by Elsevier B.V.
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. Introduction

Amorphous alloys have been of interest not only for fundamen-
al studies, but also for potential applications for over 30 years.
he advantages of the amorphous alloy such as high hardness, high
orrosion and excellent wear resistance make them as a good candi-
ate for many applications [1–4]. In recent years, several fabrication

also avoids crystallization [5–9]. Compared with other thermal
spray technologies, arc spraying is a unique spraying process with
regard to the much lower costs and higher quality coatings [10–13].

Post heat treatment can be used to further improve the prop-
erties of sprayed coatings, such as laser remelting, shot peening,
sealing and furnace heat treatment [14–16]. Lan et al. have found
that the microstructure and characterization of the coatings were
outes are under development to produce amorphous or amor-
hous/nanostructured materials. Among them, thermal spraying
rocess is one of the amorphous forming technologies due to the
ufficient rapid cooling rate that inhibits long-range diffusion and

∗ Corresponding author at: College of Materials Science and Engineering, Beijing
niversity of Technology, Beijing 100124, China. Tel.: +86 10 67392168;

ax: +86 10 67392168.
E-mail address: binyou@emails.bjut.edu.cn (B.-y. Fu).

925-8388/$ – see front matter © 2009 Published by Elsevier B.V.
oi:10.1016/j.jallcom.2009.02.107
significantly affected by a post heat treatment, in which numerous
metallurgy bonding was found in the interfaces between coatings
and substrates. As a result, the thermal fatigue behavior of the sin-
tered coatings was greatly improved [17]. The heat treatment of
amorphous coatings leads to the precipitation of sub-micrometric

crystals [18], which definitely enhances the mechanical proper-
ties of coatings, such as the microhardness, fracture toughness and
wear resistance [19–22]. Yoo et al. [23] have found that the amor-
phous structured coatings exhibit a superior corrosion resistance to
the crystallized coatings with high polarization resistance, and the

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:binyou@emails.bjut.edu.cn
dx.doi.org/10.1016/j.jallcom.2009.02.107
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orrosion resistance decreased after heat treatment. Studies on the
ost heat treatment of arc sprayed Fe-based amorphous coatings
ave not been reported so far, to the authors’ knowledge.

The present study aimed at investigating the effect of post heat
reatment on the microstructure and mechanical properties of arc
prayed Fe-based amorphous coatings.

. Experimental

Cored wire in a diameter of 2.0 mm was used to produce amorphous coatings.
he chemical composition of cored wire was (wt.%): 52.16 Fe, 36.18 Cr, 5.64 B, 5.64
i, 0.35 Si, and 0.03 C. The coatings were sprayed onto degreased and grit blasted
235 steel substrates (56 mm × 25 mm × 5 mm) by arc spraying system (JZY-250,
eijing Jiazhiyuan Scientific & Trading Co., Ltd, China) under the optimized spray
arameters. The parameters were as follows: arc voltage, 32 V; arc current, 180 A;
ir pressure, 0.55 MPa; spray distance, 100 mm. The samples were coated until the
hickness being about 1000 �m. During spraying, the samples were not cooled by
ompressed air. After arc spraying, the coatings were annealed in a furnace in air at
00 ◦C, 600 ◦C, 700 ◦C and 800 ◦C for 1 h, and then cooled in air.

The microstructures of the coatings were investigated by means of optical
icroscopy (OM) and transmission electron microscopy (TEM). The transmission

lectron microscopy field images and selected area diffraction (SAD) patterns were
btained using JEM-2000FX TEM analytical electron microscope. The phases of
he coatings were characterized by the X-ray diffraction (XRD) (D8 ADVANCE,
RUKER/AKS, Germany) using Cu K� target at 40 kV and 20 mA. Composition analysis
ere performed in a JEOL JXA-8100 electron probe micro-analyzer (EPMA) operated
t 20 kV, using a thin-window detector capable of analyzing elements with atomic
umber down to boron. Differential thermal analysis (DTA) was conducted using the
TA-449C unit with the heating and cooling rate of 20 K/min in argon. The surfaces
f the annealed coatings were polished to remove the formed oxide scales prior to
eing analyzed. The porosity of the coatings was evaluated through image analyz-

ng of cross-sectional microstructure of the coatings. A total of 10 pictures of each

Fig. 2. Cross-sectional microstructure of the annealed coatings: (a) 500 ◦C ann
Fig. 1. Cross-sectional microstructure of the as-sprayed coating.

coating were taken by an optical microscope at a magnification of 200 to evaluate
the average porosity levels.

The microhardness of the coatings (Vickers scale) was measured using a

microVickers hardness tester (MicroMet 1, Buehler). The measurements were car-
ried out on the cross-sections of the coatings. A load of 100 g was selected for the
values of the single lamella. A load of 300 g was selected for the average values of
the coatings. The given microhardness value was the average of 10 measurements.

ealing; (b) 600 ◦C annealing; (c) 700 ◦C annealing; (d) 800 ◦C annealing.
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Table 1
The composition of different points in the as-sprayed coating (wt.%).

Points Fe Ni Cr B C Si
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also recognized as dark stringers in the optical micrographs.
After annealing at 500 ◦C (Fig. 2a) and 600 ◦C (Fig. 2b), the mor-

phology of the coating has not significant change. However, it is
observed that there are more small dark precipitates in the light
metal lamellae (the higher magnification images of the light metal
68.96 4.43 21.56 5.02 0.03 –
45.59 1.55 43.20 9.66 – –
50.13 7.70 36.18 5.64 – 0.35

The abrasive wear test was carried out using a modified wet sand rubber wheel
Model MLS-225, Zhangjiakou Chengxin Balance Testing Machineries Company,
hina). The specimens’ dimension was 57 mm × 25 mm × 6 mm and the coatings’
hickness was 1.0 mm. The silicas in a sharp, angular morphology were used as abra-
ives and were sieved into the particle size range of 224–355 �m prior to the test.

load of 100 N was applied on the contact surface between the coating and the
ubber wheel and the rubber wheel peripheral speed was 240 rpm. The specimen
as immersed in the abrasive mortar with the weight ratio of Wsilica:Wwater = 3:2.

he tests were performed for a set number revolutions with a pre-abrading of 1000
ycles, and a refining abrading of 2000 cycles. The specimens were cleaned ultrason-
cally in the acetone bath for 3–5 min before and after the experiment. The weight
oss of the specimen before and after abrasion was measured by a 0.1 mg BS224S
lectronic balance. An arc-sprayed 3Cr13 coating was also deposited for compari-
on. After the abrasive wear test, a square specimen of 5 mm × 5 mm was cut from
he central part of the abrasive track. The wear track was examined by scanning
lectron microscopy (SEM).

. Results and discussion

Fig. 1 shows the cross-sectional microstructure of the as-sprayed
oatings. The coating consists of numerous flattened lamellae par-
llel to the substrate, indicating that most of sprayed droplets were
n molten or semi-molten state as they impacted on the substrate.
he microstructure of the as-sprayed coating is composed of three
hases: the light metal lamellae (point A), the gray lamellae (point
) and unmelted particles (point C). The results of EPMA (as shown

n Table 1) indicated that the light metal lamellae (point A) is Fe-
ich phase and the higher magnification image showed that these
amellae contained small gray particles. It is presumed that borides
venly distribute in the metal matrix in these lamellae. The dis-
ributions of borides were not homogeneous in the coatings, for
hat some splats consist of lots of hard particles and some splats
re comprised of few or none hard particles. The gray lamellae
point B) in as-sprayed coating could be the remained borides.
he microhardness measurements showed that these gray lamel-

ae were extremely hard, with the microhardness over 2600 HV100g.
hese borides were not completely dissolved in molten Fe-matrix
uring spraying or the primarily crystallized borides in droplets
ith high B and Cr contents. Additionally, the unmelted particles

n the coatings were occasionally identified by their near spherical

Fig. 3. Porosity of the as-sprayed and the annealed coatings.
Fig. 4. XRD spectrum of the as-sprayed and the annealed coatings.

morphology (point C). Some splat-boundary oxide stringers were
Fig. 5. TEM morphology of the as-sprayed and the annealed coating: (a) as-sprayed
coating; (b) 600 ◦C annealing.
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Fig. 6. DTA spectrum of the as-sprayed coating. Fig. 7. Wear mass loss and microhardness of the as-sprayed and annealed coatings.

Fig. 8. Morphology of as-sprayed and annealed coatings after abrasive wear: (a) 3Cr13 coating; (b) as-sprayed coating; (c) 500 ◦C annealing; (d) 600 ◦C annealing.
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amellae are showed in bottom left corner of Fig. 2a and b), After
nnealing at 700 ◦C (Fig. 2c) and 800 ◦C (Fig. 2d), the modification
f the coating’s morphology is visible. Some original boundaries
etween thin lamellae get unclear, indicating that diffusion and sin-
ering processes occurred during the heat treatment. Fig. 3 shows
he porosity of as-sprayed and the annealed coatings. The as-
prayed coating has the highest porosity of about 2.1%, and small
xide stringers can be identified. After annealed, the porosity in
he coatings has decreased to about 1–1.2%. The porosity decreased
ith the anneal temperature increasing. The structure of the coat-

ngs was densified as the sintering continued.
Fig. 4 demonstrates the XRD patterns of the as-sprayed and the

nnealed coatings. As shown in Fig. 4, a large hump at the X-ray
iffraction angles of about 45◦ can be observed in the as-sprayed
oating, indicating the amorphous phase was formed in the coat-
ng. In addition, the peaks in the diffraction patterns indicate that
rystalline phases also exist in the as-sprayed coating. From the pat-
erns, as-sprayed coating was mainly composed of Fe–Cr alloy and
e2B hard phase with a fraction of M23(C,B)6 and Fe3O4. The XRD
nalysis of the coating heat-treated at 500 ◦C reveals a very inter-
sting result. As shown in Fig. 4, the intensities of all the phases
dentified in the coating heat-treated at 500 ◦C are much lower
han those in the as-sprayed coating. However, it is very difficult
o explain this phenomenon. After the heat treatment at 600 ◦C,
he large hump pattern nearly disappears and the peaks become
harper and shift to the angle increasing direction (decreasing d-
pacing). This is due to the crystallization of the amorphous phases.
nother significant change in the XRD spectrum after the heat treat-
ent at 600 ◦C is that Fe2O3 could be identified in the coating. After

eat-treated at 700 ◦C and 800 ◦C, it can be seen that the intensities
f the hard phases and the Fe-based phase coating increase further
ignificantly. According to Scherrer formula, the measured grain
ize decreases as the FWHM (full-width half-maximum) increases;
he calculate result shows that the average grain sizes of the as-
prayed, 500 ◦C, 600 ◦C, 700 ◦C, 800 ◦C were about 4 nm, 11 nm,
2 nm, 22 nm and 24 nm, respectively.

Transmission electron microscopy (TEM) was made to give more
etailed information. In the as-sprayed coating, as revealed by the
EM image, the inset diffraction pattern was taken from the amor-
hous regions and showed the expected diffuse halo (showed in
op left corner of Fig. 5a). In the coating heat-treated at 600 ◦C, it
as found that the matrix of the coating comprised of nanocrys-

alline grains having grain size ranged between 20 nm and 50 nm,
n accordance with the calculation results of the Scherrer formula.
he nanocrystalline were identified as fcc Fe-based phase by poly-
rystalline selected-area-diffraction (SAD) ring pattern showed in
op right corner of Fig. 5b. Differential thermal analysis (DTA) was
onducted in order to confirm the decomposition of the amorphous
hase. As shown in Fig. 6, at the temperature 579.1 ◦C, an exothermic
eaction occurs, confirming the crystallization of the amorphous
hase.

Fig. 7 shows the effect of heat treatment on the wear mass loss
nd microhardness (excluded the hard phase such as borides) of
he coatings. As shown in Fig. 7, all the coatings are harder than the
rc-sprayed 3Cr13 coating. For the amorphous coatings, the heat
reatment at 500 ◦C leads to an increase of microhardness from
60 HV300g to 1100 HV300g. It is assumable that the increase in the
icrohardness is mainly caused by the precipitates which formed

n sintered lamellae. The heat treatment at 600 ◦C leads to a higher
ncrement of microhardness from 1100 HV300g to 1275 HV300g.
his increment could be mainly attributed to the decomposition

f the amorphous phase into nanocrystalline phase. Compared to
he coating heat-treated at 600 ◦C, the heat treatment at 700 ◦C and
00 ◦C lead to a decrease in the microhardness. As mentioned above,
intering process has already been observed. It is assumable that
he decrease of the microhardness could be attributed to the phe-
Fig. 9. Cross-sectional microstructure of the as-sprayed coating after abrasive wear.

nomenon of the grain growth which coarsened precipitations of the
stable phases.

The wear mass loss of the test samples are also showed in Fig. 7.
Compared with the comparative sample (arc-sprayed 3Cr13 coat-
ing), all the coatings showed higher wear resistance. But the effect
of heat treatment on the coatings’s wear resistance is not obvi-
ous. The coating heat-treated at 500 ◦C shows the highest wear
resistance, however the coatings heat-treated at 600 ◦C, 700 ◦C and
800 ◦C show the very similar results. Fig. 8 shows the morphology
of the worn surfaces of the as-sprayed and that of the annealed
coatings, and the arc-sprayed 3Cr13 coating as well. As shown in
Fig. 8a, there are numerous plastic furrows on the worn surface of
the 3Cr13 coating. It is believed that a typical micro-cutting mech-
anism makes sense. For the as-sprayed and the annealed coatings,
only few slight plastic furrows can be seen on the worn surfaces.
The high hardness strongly restrained the micro-cutting process. It
is suggested that the primary mechanism of wear was by selective
removal of the binder probably caused by the plastic deformation
and fatigue due to the repeated action of the abrasive particles
followed by the undermining of the borides particles resulting in
their eventual pullout. Another mechanism is flaking off caused by
micro-cracks. As shown in Fig. 9, there are lots of sub-surface micro-
cracks on the cross-section of the as-sprayed amorphous coating
(arrowed in Fig. 9). Under the abrasion conditions, micro-cracks
could be formed and grown at the boundary between the oxides
and the metallic lamellae. When the length of micro-cracks is larger
than the critical size of crack, flaking off of the lamellae occurs.

4. Conclusions

In the present study, effect of heat treatment on the microstruc-
ture and the mechanical properties of arc sprayed amorphous
coatings were investigated. The obtained results are summarized
as follows:

1. As-sprayed coating shows a typical lamellar structure. Amor-
phous phase, crystallined phases (Fe,Cr), Fe B, Cr B, M (C,B)
2 2 23 6
and oxide could be identified in the coating.

2. The decomposition and crystallization of amorphous phase
occurred at 579.1 ◦C. As the annealing temperature increases, the
coating shows a reduction in porosity and a significant increase
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in the coating hardness. The highest value of 1275 HV300g could
be obtained in the coating heat-treated at 600 ◦C.

. All the coatings exhibit an excellent abrasive wear resistance,
about 6 times higher than that of arc-sprayed 3Cr13 coating.
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