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Wear resistance of Fe-based amorphous
coatings prepared by AC-HVAF and HVOF

H. R. Ma’%3, J. W. Li*3, }. Jiao®, C. T. Chang*?*3, G. Wang*?, J. Shen®,
X. M. Wang?? and R. W. Li*?

FeesCrgMos sNisP1oB4C4Sis s amorphous coatings have been prepared by the activated
combustion high velocity air fuel (AC-HVAF) and high velocity oxygen fuel (HVOF) processes.
The microstructure and wear resistance of the amorphous coatings are comparatively studied.
The wear volume loss of the AC-HVAF coating is approximately seven times less than that of the
HVOF coating, indicating that the AC-HVAF coating exhibits better wear resistance. Detailed
analysis on the worn surface indicates that the enhanced wear resistance of the AC-HVAF
coating is mainly attributed to the formation of a more stable oxide tribolayer and smoother worn
surface, which result from the dense and complete amorphous microstructure of the AC-HVAF

coating. The wear mechanism of the amorphous coatings is dominated by oxidation wear.

Keywords: Amorphous alloys, Wear resistance, Tribological properties, Coatings, Thermal spraying

Introduction

Fe-based amorphous alloys are generally known for their
unique combination of relatively low cost, high strength
and hardness, outstanding corrosion and wear resistance,
and good magnetic properties.' * Unfortunately, these
materials find limited application in the industrial field
because of the limited product size, poor plastic defor-
mation after yielding and no work hardening at room
temperature.’”’ As an alternative form of Fe-based amor-
phous alloys, Fe-based amorphous coatings fabricated
using the thermal spraying methods can not only mitigate
the drawbacks of these alloys, also maintain the excellent
corrosion and wear resistance, and therefore have
attracted much attention.®'?

Among various thermal spraying techniques, high vel-
ocity oxygen fuel (HVOF) process is known for the high
kinetic energy process and relatively low flame tempera-
ture, which favours the formation of an amorphous struc-
ture with decreased porosity and oxide content.®'°
Recently, the activated combustion high velocity air fuel
(AC-HVAF) technique, using compressed air instead of
pure oxygen as the combustion-supporting media for
spraying, has been developed as a relatively new thermal
spraying technique. The AC-HVAF shows better spraying
rate and deposition efficiency in contrast with the HVOF,
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resulting in the as-deposited coatings with lower porosity
and higher bonding strength to the substrates.'' ' Some
studies have shown that Fe-based amorphous coatings
explored by AC-HVAF possess better corrosion resistance
than those fabricated by HVOFE.''"'> However, there
remains a lack of a detailed comparative evaluation on
the wear resistance of Fe-based amorphous coatings pre-
pared by AC-HVAF and HVOF.

In our previous work, we found that the corrosion and
wear resistance of the Feg3CrgMos sNisPigB4CySis 5
(at.-%) amorphous coating prepared by HVOF
compare favourably with those of SAM2XS5 (Fey9.7Cry7.7-
Mn; gMo74W | ¢B15.2C;3.88i2.4) and SAM1651 (FeysMo4-
Cri5Y»Cy5Bg) amorphous coatings, despite the absence
of W, and low Cr and Mo content." In this paper, the
microstructure and wear resistance of the Feg3CrgMos s.
NisP;9B4C4Si, s amorphous coating prepared by both
AC-HVAF and HVOF are comparatively studied. The
present work shows that the wear resistance of the AC-
HVAF coating is superior to that of the HVOF coating
under dry sliding conditions. The wear mechanism will
be correlated with the structure and composition of the
worn surface.

Experimental procedures

Feg3CrgMos sNisP;oB4C4Sis, 5 (at.-%) powders were man-
ufactured by high pressure Ar gas atomisation method
using industrial raw materials. Powders with sizes in the
range of 20-45 pm were sieved out for spraying in the pre-
sent work and dried at 100°C in an oven for 1 hour to
remove all residual moisture before spraying. The mild
steel was selected as substrate with a dimension of 20
mm X 20 mm X 3 mm. All substrates were polished and
degreased by ethanol, dried in air, and then grit-blasted
prior to thermal spraying. The amorphous coatings
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Table1 Spraying parameters employed in the HVOF and AC-
HVAF processes

Parameters Condition
HVOF
Propane flow (L min~") 35
Oxygen flow (L min™") 25
Feed rate (g min™") 50
Spraying distance (mm) 300
AC-HVAF
Compressed air (MPa) 0.5
Propane pressure (MPa) 3.4
Airpressure (MPa) 58.3
Powder feed rate (g min™") 30
Spraying distance (mm) 180

were fabricated by AC-HVAF and HVOF thermal spray
systems in the open air. The detailed spraying parameters
were presented in Table 1.

Field emission scanning electron microscopy (SEM,
FEI Quanta FEG 250) was used to characterise the
microstructure of the powders and as-sprayed coatings.
Their phase structures were analysed with X-ray diftrac-
tion using Cu Ko radiation (XRD, D8 Advance). The per-
centage porosity of the coatings was evaluated with the
image analysis on optical microscopy (Zeiss LSM 700)
and Image Pro-Plus 6.0 software.

Dry sliding friction and wear tests were performed with a
reciprocating ball-on-plate tribometer (UMT-3, Center for
Tribology) at ambient conditions using commercially
available Al,O3 balls (manufacturer’s nominal hardness:
16.5 GPa; diameter: 9 mm) as the counterparts. Before
the wear tests, all samples were polished to mirror finish
in order to obtain identical surface roughness. A sliding
stroke of 7 mm, sliding speeds of 0.02 and 0.1 ms™',
applied load of 20 N, and overall sliding distance of 250
m were applied in the experiments and the friction coeffi-
cient was continuously recorded during the test. New
balls were used for each test. The wear volume loss was cal-
culated using the equation of V'= S X dwhere Vis the wear
volume (mm?), S is the cross-sectional area (mm?) of the
worn surface, d means the overall sliding distance (mm),
respectively. The worn surface profile was scanned by a sur-
face profilometer (Alpha-Step 1Q) and the area of the
scanned profile was calculated by the Origin 8 software.
Each area value is the average of four measurements con-
ducted in the different positions of the wear track. The
wear tracks were investigated by SEM coupled with energy
dispersive X-ray spectroscopy (EDX, OXFORD X-Max).
Furthermore, the oxide species on the wear tracks were
examined by Raman spectroscopy (Renishaw inVia
Reflex) using an excitation wavelength of 532 nm. For
comparison, the mild steel was also selected to perform
the test in the same way. Hardness measurements were
measured on the surfaces of the coating and the mild
steel using a Vickers hardness tester with an applied load
of 9.8 N and a loading time of 15 seconds.

Results and discussion

Microstructure characterisations of the
amorphous coatings

The SEM image of the feedstock powders is shown in Fig.
la. Tt is clearly seen that the majority of powders show
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good sphericity and a smooth surface with diameters of
20-45 um which are beneficial for powder flowability
and spraying processes. Figure 1o shows the XRD pat-
terns of the powders and the coatings prepared by
HVOF and AC-HVAF, respectively. Both the powders
and AC-HVAF coating show a broad halo without any
distinguished sharp diffraction peaks, indicating the com-
pletely amorphous structure within the resolution limit of
XRD. However, the HVOF coating exhibits an almost
fully amorphous structure combined with a very tiny
amount of crystalline phases of Fe;9Coo9 and a-Fe,
which should be related to the higher flame temperature
and the use of pure oxygen in the HVOF process.'!*!?
The cross-sectional microstructures of the as-sprayed
coatings are displayed in Fig. 1¢ and d. The coatings pre-
pared by HVOF and AC-HVAF have a similar thickness
of 200-300 um and adhere well to the substrates. It can
be seen that there are some dark inclusions distributed
at the interface between the HVAF coating and sub-
strate. The EDS analysis (not shown here) reveals that
these dark inclusions are residual Al,O; grit-blasted par-
ticles. Some heterogeneous phases such as the unmelted
particle and intersplat regions can be clearly observed
in the HVOF coating, whereas these phases are unable
to be detected in the AC-HVAF coating. The porosities
of the coatings prepared by HVOF and AC-HVAF are
1.5 and 0.4%, respectively, indicating that the AC-
HVAF coating has a denser microstructure than the
HVOF coating.

Wear characteristics of the coatings

Figure 2a shows the variations of friction coefficients
during dry sliding of the mild steel and amorphous coat-
ings prepared by HVOF and AC-HVAF. The inset in Fig.
2a is the schematic illustration of the wear test. The amor-
phous coatings can keep relatively steady state wear
throughout the sliding test, but the wear process of the
mild steel is very unstable and accompanied by numerous
waves in the curve. The result suggests that the amor-
phous coatings can keep slower wear loss for even much
longer service time. Furthermore, the friction coefficient
of the HVOF coating exhibits slight fluctuations, whereas
the AC-HVAF coating shows a more stable state in the
sliding process.

The average wear volume loss after completion of
sliding (applied load of 20 N, sliding speed of 0.1 m
s7!') and the Vickers hardness of the test samples are
showed in Fig. 2b. Both amorphous coatings show
much lower wear volume loss than the mild steel, indica-
tive of excellent wear resistant of the amorphous coat-
ings. However, it can be seen that the wear volume of
the AC-HVAF coating is approximately seven times
less than that of the HVOF coating, suggesting that
the AC-HVAF coating exhibits more superior wear
resistance. The Vickers hardness values of the coatings
are around 960 HV which are significantly higher than
that of the mild steel. As is well-known, there is an
inverse relationship between surface hardness and wear
loss when the surfaces come into contact with each
other causing friction and wear.!®!” Therefore, the
enhanced surface hardness of the amorphous coatings
should be one of the reasons for superior wear resistance
to that of the mild steel.
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) Cu Ko

Intensity (a.u.)

Powder

AC-HVAF

1 a SEM micrograph of the feedstock Feg3CrsMo; sNisP10B4C4Sis s powders obtained by gas atomisation; b XRD patterns of the
feedstock powders and coatings prepared by AC-HVAF and HVOF; ¢ and d SEM micrographs of the AC-HVAF and HVOF coat-

ings. The inserts are the magnified image

Wear mechanisms of the amorphous coatings

To understand the wear mechanism, wear tracks of the
AC-HVAF and HVOF amorphous coatings after sliding
at speeds of 0.02 and 0.1 m's™" are shown in Fig. 3. The
wear track of the AC-HVAF coating at low sliding
speed, shown in Fig. 3a, presents a smooth worn surface
with little wear, on which there are just some white or bru-
net island regions with small size distributed dispersedly.
In the case of fast sliding speed (Fig. 3b), the wear track
of the AC-HVAF coating contains some small pits and
shallow detached areas, demonstrating more wear losses
as the sliding speed increases. However, a large amount
of wide and deep wear pits can be found on the wear
tracks of the HVOF coatings (Fig. 3¢ and d), which are
much wider in dimension than those of AC-HVAF coat-
ings. This result reveals that the wear failure of the
HVOF coating is much more serious. EDX analysis on
the smooth part of wear tracks (sections A, B, C and D)
show the existence of oxygen, implying that a smooth
oxide tribolayer might form on the surface of the coating

(a) 1.0 Load: 20N (b) 25| Load: 20N ] 1200 —
Speed: 0.1m/s — Speed: 0.1m/s :I>:

€ 0.8 £ val 11000
3 08 E 15} \ {800 £
g 04_ Load g 1 0 E
B Sliding Direction 203 Bl ——Mild Steel g | 1600 o
E 021 ” —HOF | = kS
— AC-HVAF 0.5} J4a00 S

00  WENN——.F V
0 40 80 120 160 200 240 —

Sliding distance (m)

during the dry sliding process. Moreover, the content of
oxygen at fast sliding speed has a dramatically increase
compared to the wear track at low sliding speed. Some
studies have shown that the main wear mechanism of
the amorphous coating under dry frictional wear con-
dition is oxidation wear because the high-frequency fric-
tion can apparently increase the surface temperature.'®
20 In addition, higher content of oxygen is observed on
the smooth part of the wear tracks of the HVOF coating
compared to the AC-HVAF coating, which will be further
discussed below.

Figure 4a shows the SEM micrograph of an island
region on the wear track of the AC-HVAF coating at
speed of 0.02m s™". The EDS results for sections E-M
marked in Fig. 4 are summarised in Table 2. The smooth
zone (section E) near by the island has similar oxygen con-
tent compared to that of smooth part of the wear track
(section B). However, the oxygen content of the island
region (section F) dramatically increases to 73.41 at.-%,
which is much higher than that of the surrounding

AC-HVAF HVOF Mild Steel

2 Friction coefficients curves a and wear volume loss and Vickers hardness b of the mild steel and the coatings prepared by

AC-HVAF and HVOF

Materials Science and Technology 2016

3



Downloaded by [Ningbo Institute of Materials Technology and Engineering], [Haoran Ma] at 07:18 17 March 2016

Wear Track

Element At.%

o 14.52

,:HVOF 250 pm
120N’/0.02 m/s —

i
Fe 58.32 A & i
cr 524 Sliding direction E
Mo 4.06 :
Ni 465 4 g :
P 13.24 ‘7 i
Si 3.06 AC-HVAF 100 !
o 8.44 i8R pmy
LS | 20N, 0.02 m/s i
} i !
Element At.% G ]
—_— Wear Track ;
Fe 54.23 - ‘ {
cr 7.73 _ i
Mo 3.99 ‘ !
Ni 4.29 j @ E
P 12.12 ;
i 3.10 E

Ma et al. Wear resistance of Fe-based amorphous coatings prepared by AC-HVAF and HVOF

Wear Track

Element At.%
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l
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
I
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3 SEM images of wear tracks of the amorphous coatings: a and b AC-HVAF coatings at speed of 0.02 and 0.1 m s~" respect-
ively; ¢ and d HVOF coatings at speeds of 0.02 and 0.1 m s respectively

areas. Thus it could be proposed that the oxidation of
some local regions is very serious, while most regions of
the coating surface have relatively homogeneous oxi-
dation during the friction process. It is known that the
elevated average temperature of the frictional surface is
limited, but the flash temperature could become very
high and even exceed the melting point of alloy, resulting
in much more serious oxidation.'® Therefore, the high
flash temperature should be responsible for highly oxi-
dation of some local regions, which are usually brittle
and prone to flaking off. Figure 45 shows the SEM

AC-HVAF
20N, 01 m/s

image of a wear pit on the wear track of the AC-HVAF
coating at high sliding speed. The same phenomenon
can be also found in sections G and H, corresponding
to the highly oxidised local regions and slightly oxidised
smooth regions, respectively. Thus, it could be concluded
that wear pits on the wear track of the AC-HVAF coating
should arise from peeling off of the local highly oxidised
layer.

Figure 5 shows the Raman spectrum analysis of differ-
ent positions on the wear tracks of the amorphous coat-
ings. The Raman spectra of smooth part on the wear

4 SEM micrographs of a an island region on the wear track of the AC-HVAF coating at speed of 0.02 m s~', b a wear pit on the

wear track of the AC-HVAF coating at speed of 0.1 m s~

worn-off debris of the HVOF coating at speed of 0.1 m s™!
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222 4@ 660 —— AC-HVAF Amorphous Matrix
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5 Raman spectrum analysis of different positions on the
wear tracks of the amorphous coatings prepared by AC-
HVAF and HVOF

track of the AC-HVAF coating at low sliding speed is
basically the same as that of the AC-HVAF amorphous
coating matrix with a broad characteristic band at near
800 cm™' which should be contributed from the amor-
phous structure, suggesting that the slightly oxidised tri-
bolayer keeps nearly complete amorphous structure. But
the smooth part shows a surface hardness of approxi-
mately 1040 HV, which is higher than that of the coating
matrix (960 HV). It is known that the NiP alloy has been
widely used in the mechanical and electronic industries
due to their high hardness and excellent wear resist-
ance.”' Besides, Ni-rich phases in the intersplat regions
of coatings can serve as a barrier to oxygen diffusion
during friction, resulting in the improvement of wear
resistance.”* It can be found that the Ni and P content
in the smooth parts of the coatings are always relatively
high (sections A—C). Thereby, one of the reasons for sur-
face hardening might be the precipitation of some NiP
phases in the oxidised tribolayer.”? Oxidation process of
the coating surface seriously deteriorates with increasing
the sliding speed, resulting in different crystalline phases
precipitating in the amorphous matrix with sharp charac-
teristic peaks appearing in the Raman spectrum. It is seen
from Fig. 5 that the wear tracks have the characteristic
band contributed from Fe;O, near at 222, 285, 410,
1309 cm™! and the contribution of Fe,Os near at 660
em™'.* A weak peak at near 800 cm™' can still be
observed in the Raman spectrum of worn surface of the
AC-HVAF coating at high speed, indicating the worn

Table 2 EDS results (at.-%) of the sections E-M in Fig. 4

surface at high speed still keeps partially amorphous
structure, however, the characteristic peaks of crystalline
phases are more stronger which cover up the signal of
the former. The hardness of the smooth part on the
wear track of the AC-HVAF coating at high sliding
speed (870 HV) is lower than that at low sliding speed
(1040 HV). Eventually, highly oxidised tribolayer would
be brittle and flake off from the surface, as shown and
described above.

Based on the above analysis, it can be summarised that
the formation of a oxide layer could be a significant fac-
tor in reducing the wear loss because it acts as a protec-
tive layer.>> The slightly oxidised tribolayer has higher
hardness than the coating matrix, which can strengthen
the dense structure of the coating. On the other hand,
the existence of oxidised layer could postpone the wear
of the specimen by reducing real contact between the
counterpart ball and the surface of the coating.”® The
SEM images in Fig. 3 show that the worn surface of
the AC-HVAF coating can form a more complete and
higher fraction of oxidised tribolayer than that of the
HVOF coating under the same test conditions, resulting
in the more superior wear resistance of the AC-HVAF
coating. Since the higher fraction of oxidised tribolayer
plays an important role in enhancing the wear resistance
of the AC-HVAF coating, it is necessary to investigate
the difference in oxidised tribolayers of the amorphous
coatings.

Figure 4¢ and d shows the worn-off debris of amor-
phous coatings prepared by HVOF and AC-HVAF. The
debris worn-off from the as-deposited coatings mainly
consist of small angular particles and some large flakes.
As seen from Fig. 4¢, small particles (section K) contain
similar oxygen content compared with the island region
(section G). Although the oxygen content of large flakes
(section J) is relatively lower, it is still much higher than
that of smooth regions of the wear track (section B).
Therefore, these two types of debris are thought to be
peeled off from the highly oxidised local regions of the
AC-HVAF coating surface. However, for the case of deb-
ris worn-off from the HVOF coating, the oxygen content
of large flakes (section M) is close to that of smooth
regions of the wear track (section D), indicating that
this part of debris maybe come from the HVOF coating
surface. Meanwhile, the small highly oxidised particles
may be generated from local highly oxidised regions or
perhaps from large flakes that might be removed and oxi-
dised like the situation happened in the AC-HVAF
coating.

Figure 6 shows the SEM images of a longitudinal cross-
section of a wear track of the amorphous coatings

Sections Fe Cr Mo Ni P Si o

E 58.59 8.05 3.90 4.58 12.16 3.16 9.57
F 17.07 2.23 1.20 1.44 3.69 0.97 73.41
G 16.83 2.37 1.21 1.32 3.75 0.94 73.58
H 54.03 7.34 3.69 417 11.34 3.06 16.37
| 33.90 4.71 217 2.66 6.62 1.52 48.92
J 22.79 3.16 1.28 2.15 4.01 1.03 65.54
K 15.19 2.44 0.94 1.29 3.44 0.93 75.16
L 28.73 3.79 1.83 2.27 5.69 1.35 56.34
M 41.03 5.11 2.44 3.56 8.16 2.06 37.64
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AC-HVAF
20N, 0.1 ms™

Element Fe Cr

Mo Ni P Si O

At.% 28.10 399 1.79 2.17 559 1.17 57.19

6 SEM micrographs of a longitudinal cross-section of wear tracks of the amorphous coatings at speed of 0.1 m s~': a the HVOF

coating; b the AC-HVAF coating

prepared by AC-HVAF and HVOF at speed of 0.1 ms™".
Some micro-cracks are detected on the regions beneath
the surface of the HVOF coating. It can be seen that sec-
tion N in Fig. 6a is surrounded by cracks, making it easy
to strip from the surface and turn into flake-like debris.
Moreover, the length of the section N is around 20 um,
which is very similar to the size of the large flake in Fig.
4d. This demonstrates that the large flake-like debris are
indeed worn-off from the coating surface. As evidently
seen in Fig. 1d, there are some heterogeneous phases
such as the unmelted particle and intersplat regions in
the HVOF coating. Some sprayed powders may form
thin oxide layers on the outer sides of their surfaces during
in-flight process on account of high temperature and
excessive oxygen. When the splats impact to substrate
with subsequently flattened and spreading behaviour,
the oxide layer on the surface of particle is retained to
form a lamellar structure where the interface cohesion is
relatively weak.”®?” Hence, most long-large cracks are
found parallel to the coating surface due to the alternating
stress in the friction process (Fig. 6a). It is regarded that
the initiation and propagation of cracks leads to the for-
mation of the large flake-like debris, which would
severely damage the oxidised tribolayer formed on the
coating surface and also lead to the fluctuation of fric-
tion coefficient of the HVOF coating, as shown in Fig.
2. The fluctuation of the friction coefficient is usually
attributed to the formation of wear debris and continu-
ous break of the surface tribolayer.”® However, no
obvious micro-cracks can be found in the cross-section
of the wear track of the AC-HVAF coating (Fig. 6b).
The pit in section O has similar oxygen content as com-
pared to that of the wear pit (section I) in the wear tack
of the AC-HVAF coating, implying that the selected area
is actually located in the wear track of the AC-HVAF
coating. Therefore, the AC-HVAF coating has high
resistance to initial brittle crack growth. This can be
attributed to the dense and fully amorphous microstruc-
ture of the AC-HVAF coating, which is good for the for-
mation of a relatively complete and dense oxidised
tribolayer.

On the contrary, the worn surfaces of the HVOF coat-
ing have much higher roughness than the AC-HVAF coat-
ing, as shown in Fig. 3. It has been confirmed that higher
surface roughness, that is more contact spaces between
the sliding surfaces, could lead to a higher chance of oxi-
dation and higher wear losses.”>>’ Meanwhile, the HVOF

Materials Science and Technology 2016

coating has more defective regions where the oxygen pre-
ferentially diffuses along due to the high atomic activity of
these regions, resulting in more serious oxidation on the
surface of the HVOF coating. According to the previous
discussion, the protective effect of the tribolayer decreases
as the oxidation becomes serious, and eventually peels off
from the coating surface. Thus, the oxidised tribolayer on
the surface of the HVOF coating is easy to damage, lead-
ing to the wear resistance of the HVOF coating being
inferior to the AC-HVAF coating. In addition, the oxides
formed on the surface can reduce adhesive interaction
and therefore reduce sliding friction coefficient.*® The
friction coefficient of the HVOF coating should be
lower than that of the AC-HVAF coating due to higher
surface oxygen content of the former. However, the oxi-
dised tribolayer of the HVOF coating is easy to worn-
off resulting in higher surface roughness, which can
deteriorate lubricating effect of the oxide tribolayer.
Therefore, the friction coefficient of the HVOF
coating is only slightly lower than that of the AC-
HVAF coating.

Conclusions

The F663CF8M03‘5Ni5P10B4C4Si2.5 Coatings with almost
fully amorphous structure have been successfully pre-
pared by AC-HVAF and HVOF techniques. The wear
mechanism for the both AC-HVAF and HVOF amor-
phous coatings is dominated by oxidation wear. However,
the AC-HVAF coating shows more superior wear resist-
ance than the HVOF coating during dry sliding con-
ditions. The denser and fully amorphous microstructure
achieved by AC-HVAF is beneficial for the formation of
a more stable oxidised tribolayer and smoother worn sur-
face, leading to the enhancement of the hardness and wear
resistance with the wear volume being approximately
seven times less than the HVOF coating. The present
results demonstrate that the AC-HVAF technique with
less using-cost exhibits the superiority in making Fe-
based amorphous coatings for wear applications.
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