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Fe-based amorphous coatings (AMCs) were applied onto 316L stainless steel using the detonation spraying
technique. Friction and wear experiments were conducted under varying normal loads (5N and 10N) and
sliding speeds (0.1-0.3 m/s) to investigate the microstructure, as well as the dry sliding friction and wear
behavior of the coating. The findings reveal that the Fe-based AMC exhibits a fully amorphous structure,
with measured thickness, porosity, and surface hardness values of 174 ± 10 lm, 1.2 vol.% and 783 ± 8
Hv0.1, respectively. When subjected to dry sliding wear conditions, the coating demonstrates favorable wear
resistance, with a wear rate ranging from (0.16-2.53) 3 1026mm3N21m21. As the normal load and sliding
velocity increase, the wear mechanism of the coating gradually transitions from oxidation wear to
delamination wear, with minimal abrasive wear observed. Furthermore, the results indicate that the impact
of the applied normal load on the wear rate of Fe-based AMCs is more pronounced than that of the sliding
speed, particularly at higher sliding speeds.
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1. Introduction

In the machinery manufacturing industry, 316L stainless
steel is extensively utilized due to its favorable mechanical
properties and outstanding corrosion resistance. It finds wide-
spread application in various fields such as aerospace, chemical
industry, nuclear industry, and ocean engineering (Ref 1-4).
However, the widespread use of 316L stainless steel is greatly
hindered by its low hardness and wear resistance (Ref 3). Some
scholars have found that boron-doped on the surface of a steel
substrate can change its crystalline phase structure, increase the
hardness of the substrate, reduce the friction coefficient, and
decrease the wear rate of the coating (Ref 5-7). Recently, Fe-
based amorphous alloys have drawn a lot of interest because of
their strength, high hardness, strong mechanical properties,
wear and corrosion resistance, as well as their affordability (Ref
8-10). Despite these extraordinary qualities, their applicability
as structural materials is nevertheless constrained by their low
fracture toughness and limited capacity to produce glass (Ref
11). By applying Fe-based amorphous alloys as a protective
surface coating on 316L stainless steel substrate, the limitations
of bulk amorphous alloy materials can be overcome (room
temperature brittleness, limited critical size) while maintaining
their outstanding wear and corrosion resistance (Ref 12-14).

This has significant practical value in industrial settings and
holds great potential for further development.

The fabrication of Fe-based ACs has made considerable use
of thermal spraying techniques such as high-velocity oxygen
fuel (HVOF) spraying (Ref 15, 16), high-velocity air fuel
(HVAF) spraying (Ref 17, 18), air plasma spraying (APS) (Ref
19, 20), and detonation spraying (Ref 21, 22). The effects of
various spraying methods and process variables on the
microstructure, hardness, porosity, and corrosion resistance of
Fe-based AMCs have been the subject of numerous investiga-
tions. Under diverse circumstances, the wear processes of Fe-
based AMCs have also been researched. The sliding velocity,
powder size, microhardness, porosity, and amorphous content
are some of the variables that affect the coatings’ wear
resistance and wear mechanisms. Koga et al. (Ref 23) studied
the dry sliding friction and wear behavior of Fe-based AMC
coated with HVOF and revealed that oxidation wear mostly
accounts for the wear mechanism and that the sliding velocity
has minimal bearing on the wear of the coating. The high
amorphous phase concentration, high hardness, low oxygen
content (0.41%), and comparatively low porosity are respon-
sible for the material’s exceptional wear resistance. Mahade
et al. (Ref 24) studied the wear resistance of HVOF and HVAF-
sprayed Fe-based AMCs and discovered that the coating’s wear
resistance is correlated with its microhardness, porosity, and
amorphous content and that the wear rate increases obviously
as the normal load increases. Adhesive wear, abrasive wear, and
oxidation wear are the wear mechanisms. The research of
Zhang et al. (Ref 25) shows that the main wear mechanism of
coatings is fatigue wear accompanied by oxidation wear.
Powder size has a considerable impact on the wear resistance of
APS-sprayed Fe-based AMCs. Obviously, the preparation
process and a few variables, such as coating density, amorphous
phase content, and microhardness, might affect how Fe-based
AMCs wear. Among these methods, detonation spraying offers
advantages such as low porosity and high amorphous content in
the resulting coatings. As a result, analyzing the microstructure
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changes and studying the wear mechanism of Fe-based AMCs
prepared by detonation spraying can provide valuable insights.

In this study, the detonation spraying-prepared Fe-based
AMC was put to the test for wear behavior under different
sliding speeds and normal loads. The microstructure and
surface microhardness of the coating were analyzed before and
after the wear test to understand the wear resistance and wear
mechanisms of the Fe-based AMCs under various wear
conditions. Ultimately, the findings from this research con-
tribute to the understanding and application of Fe-based AMCs
in industrial settings, highlighting their potential for improving
wear resistance and extending the service life of workpieces.

2. Experimental Content

An Fe-based AMC was applied on a 316L stainless steel
substrate (100 9 100 9 8 mm) using detonation spraying
equipment (AEM-DGUN). Prior to spraying, a mixture of
acetone and ethanol was used to clean the stainless steel
substrate’s surface and get rid of any remaining oil. The
substrate was then alumina abrasively sandblasted to improve
the adherence between the coating and substrate. Table 1
provides an overview of the main groups of commercial Fe-
based amorphous powders used in the study. The technical
parameters related to the detonation spraying process are listed
in Table 2. X-ray diffraction (XRD, Bruker D8) was used to
analyze the phases of the Fe-based amorphous powders and
coatings at a scanning rate of 0.02 �/s, a diffraction Angle of
2h, and a scanning range from 20� to 90�. Using a laser particle
size analyzer (Mastersizer 2000), the size of the powder
particles in the Fe-based amorphous materials was determined.
Additionally, the fluidity of the powders was assessed with a
Hall flowmeter. The microstructure of the Fe-based AMCs was
observed using a scanning electron microscope (SEM, Tescan
Mira4). Using a Vickers microhardness tester (HV-1000), the
coating’s cross sectional microhardness was determined. A load
of 100 g was applied with an indentation time of 10 s. Ten
measurements were taken to obtain the average hardness.
Software called Image-Pro Plus 6 was used to calculate the
porosity of the Fe-based AMC. To determine the average
percentage of porosity, at least 15 SEM pictures with a 2009

magnification were chosen at random from the polished
surface.

The unidirectional ball and disc wear testing machine (HT-
1000) was utilized to conduct the experiments. The friction pair
was chosen to have a Si3N4 ball with a diameter of 6 mm and a
hardness of 1650 ± 80 Hv. Fe-based AMCs were subjected to
dry sliding friction and wear tests at different loads (5N, 10N)
and sliding velocities (0.1-0.3 m/s). For 30 min, the wear
track’s diameter was set at 6 mm. The coated samples were
polished to obtain a surface roughness of under 500 nm before
carrying out the friction and wear tests. Following the friction
and wear experiments, the three-dimensional contour of the
wear marks was observed using a white light interferometer,
and the wear marks were measured using a probe measuring
machine (MT500). At least three contour measuring traces were
obtained from each wear surface to calculate the wear volume.
Using the equation Wr = VwFN/L, it was possible to calculate
the wear rate (Wr) of the coating under various wear situations,
where FN and L stand for the applied load (N) and sliding
distance (m), respectively, and Vw stands for the wear volume
(mm3). Additionally, using SEM and an energy dispersive
spectrometer (EDS, Xplore30. Aztec one), the wear marks,
related cross sections, and chips were examined and classified.
Moreover, X-ray photoelectron spectroscopy (XPS, Thermo
SCIENTIFIC ESCALAB Xi+) was used to do a qualitative and
semi-quantitative characterization of the surface components of
the Fe-based AMC wear scars. The acquired spectra were fitted
using Avantage software.

3. Results and Discussion

3.1 Characterization of Fe-Based Amorphous Powders
and Coatings

Figure 1(a) illustrates the SEM image of the Fe-based
amorphous raw material powder used in the detonation
spraying process to prepare the coating. The image shows that
most of the powder particles are spherical in shape and have
smooth surfaces. The powder’s fluidity, as measured by the
Hall flowmeter (3.828 s/50 g), demonstrates excellent flow
properties, indicating its suitability for the detonation spraying
process. The size distribution of the Fe-based amorphous
powder is shown in Fig. 1(b), with particle sizes mostly ranging
between 10 and 40 lm, which meets the criteria of the
detonation spraying method. Moving on to Fig. 2(a), the XRD
patterns of the gas-atomized Fe-based amorphous powders are
presented. Notably, These powders show a prominent broad
hump peak in the 2h angle range of 30� to 55� with no obvious
crystalline peaks, confirming the Fe-based amorphous powder
and the resultant coating’s amorphous structure similarities.
Figure 2(b) demonstrates that the element distribution on the
surface of the sprayed coating is consistent with that of the
powder. The amorphous structure of the Fe-based AMC is well
maintained by this successful detonation spraying method.

Figure 3(a) displays the unpolished surface of the Fe-based
AMC. Unmelted and partially-melted particles can both be
found on the coating’s surface. The occurrence is caused by
some particles not receiving enough heat during the spraying
process, which only partially melts the surface. However, the
coating surface spreads uniformly as a whole. Figure 3(b)
illustrates the polished Fe-based AMC’s cross sectional mor-

Table 1 Fe-based amorphous powder mass fraction table

Element Cr Mo C B Fe

Wt.% 25-27 16-18 2.0-2.5 2.0-2.2 Bal.

Table 2 Process parameters of detonation spraying

Parameters values

Working gas O2 + H2C2 + N2

Oxygen–fuel ratio/m3Æh�1 0.5
Nitrogen flow/m3Æh�1 0.05
Working frequency/Hz 4.0
Spraying distance/mm 140
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phology. It is obvious that the coating is tightly attached to the
316L stainless steel substrate and has a thickness of 174 ± 10
lm. The porosity of the coating, measured using image-Pro
Plus 6 image analysis software, is found to be 1.2 vol.%. The
density of the coating primarily stems from the supersonic
flight speed (1200 m/s) of the powder particles during the
detonation spraying process (Ref 26). The 316L substrate
experiences strong mechanical bonding forces because of the
powder particles’ high-speed impact, creating a thick and well-
bonded coating structure. The Vickers hardness distribution
curve of the Fe-based AMC’s cross section is shown in
Fig. 3(c). It can be observed that the Vickers hardness gradually
increases from the substrate toward the coating. There is a
slight increase in hardness at the joint of the coating and the
substrate. This effect is explained by deformation strengthening
caused by the powder particles’ significant impact on the

substrate. The coating has a much higher Vickers hardness than
the 316L stainless steel substrate. The coating’s average
Vickers hardness (761 ± 10 Hv) is around 3.3 times greater
than the 316L stainless steel substrate’s (214 ± 3 Hv). The
higher hardness of the Fe-based AMC considerably increases
its wear resistance, as shown by the Archard equation (Ref 27).

3.2 Tribological Properties of Fe-Based ACs

Figure 4 illustrates the coefficient of friction (COF) curve
obtained from dry sliding friction and wear experiments
conducted on the Fe-based AMC and 316L substrate, using a
Si3N4 ball as the friction pair. In Fig. 4, after a brief run-in
period, all COF curves arrive at a stable period. This is
explained by the fact that despite polishing (Ra = 0.045 lm),
the coated surface still has some degree of roughness. As a
result, when the unevenly coated surface makes contact with

Fig. 1 SEM image of (a) atomized Fe-based amorphous powder (b) raw material powder particle size dispersion

Fig. 2 X-ray diffraction pattern of (a) Fe-based amorphous raw material powder and coating (b) surface element distribution of coating

Fig. 3 Surface morphology (a) cross section morphology (b) and hardness distribution (c) on the cross section surface of Fe-based AMCs
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the counterpart, an unstable resistance results, causing large
changes in COF. The noticeable surface imperfections on the
coating gradually diminish as the test goes along, resulting in a
stable COF (Ref 17). The COF run-together residence time is
shorter (2 min) for the Fe-based AMC with a sliding velocity of
0.1 m/s than it is for the 316L substrate (5 min). This indicates
that the Fe-based AMC demonstrates good friction stability.
Two factors (Ref 28, 29): local fracturing of the worn surface
and the production and spelling of new wear chips, are
responsible for the sharp and significant changes in the
coating’s coefficient of friction (COF) at the sliding velocity
of 0.3 m/s. The average COF value of the coating increases
with sliding velocity, rising from 0.786 at 0.1 m/s to 0.862 at
0.3 m/s. This rise may be related to a switch from oxidation
wear to delamination wear under cyclic load in the wear
process. In Fig. 4(b), the average COF of the coating exhibits a
downward trend with increasing sliding speed under load of
10N, in contrast to the overall decrease in COF under load of
5N. This is explained by the rise in heat produced during
frictional motion under heavier loads. Under the influence of
high-load cyclic stress, the wear chips produced on the coating

surface undergo a certain degree of oxidation, resulting in a
self-lubricating effect and a decrease in COF (Ref 30).

Figure 5 presents the three-dimensional (3D) profiles of the
worn on the Fe-based AMC and the 316L substrate. At 0.1 m/s,
the wear width and volume of the Fe-based AMC are lower
than those of the substrate, demonstrating higher wear resis-
tance under the same sliding conditions. The wear width and
volume of the coating increase according to the sliding speed. It
can be seen from this, together with the two-dimensional
contour curves in Fig. 6(a) and (b), that the depth and width of
wear markings rise in direct proportion to the applied load and
sliding velocity. Notably, at 0.2 m/s (Fig. 6b), the depth
(5.97 fi 13.33 lm), width (583 fi 824 lm), and wear area
(460 fi 2483 lm2) of the wear mark experience significant
increases, with the wear area expanding by approximately five
times. The wear rate of the 316L substrate and the Fe-based
AMC are illustrated in Fig. 6(c) with different normal loads
moving at a sliding speed of 0.1 m/s. The wear rate of the Fe-
based AMC is more than twice as low as that of the substrate at
a load of 5N. The substrate wears down at a rate that is around
five times higher than the Fe-based AMC does under 10N.

Fig. 4 Curves of friction coefficient at normal load (a) 5N (b) 10N

Fig. 5 3D profiles of Fe-based AMC and 316L substrate under different loads and sliding speeds
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Comparing the Fe-based AMC produced by detonation spray-
ing to the 316L substrate, this shows a considerable improve-
ment in wear resistance. The wear rate of the Fe-based AMC
steadily rises with increasing load and sliding speed, as seen in
Fig. 6(d). At 5N, the wear rate increases from 0.18 9 10�6 to
0.76 9 10�6 mm3N�1m�1. At 5N, the wear rate increases from
0.16 9 10�6 to 2.53 9 10�6 mm3N�1m�1. At 10N, the wear
rate rises from 0.16 9 10�6 to 1.8 9 10�6 mm3N�1m�1 as the
sliding velocity increases (0.1 m/s to 0.2 m/s). A rapid shift in
the wear mechanism may be responsible for the significant
increase in the Fe-based AMC’s wear rate; this is thoroughly
discussed in the 3.3 and 3.4 sections.

3.3 Wear Morphology Analysis of Fe-Based AMCs

Figure 7 illustrates the wear surface of the Fe-based AMC
under different normal loads and sliding speeds. Figure 7(a), (b)
and (c) show that a significant number of white adhesive layers
are spread out across the wear surface over the prescribed load
and sliding speed range. In Fig. 7(a) and (b), the worn surface
of the Fe-based AMC and the accompanying fragments are
shown with magnified SEM morphology at 0.3 m/s and 5N,
respectively. The worn surface displays evident white adhesive
layers and cracks (Fig. 8a); while, the corresponding morphol-
ogy of the wear chips exhibits a granular structure (Fig. 8b).

Figure 8(c) illustrates the results of the EDS examination of the
worn surface (areas 1, 2, and 3 in Fig. 8a) and the wear chips
(points 1 and 2 in Fig. 8b). The EDS analysis confirms that the
wear chips closely resemble the components of the wear
surface, indicating material transfer resulting from cyclic
contact stress during dry sliding wear of Fe-based AMCs.
The EDS investigation further demonstrates that the wear
surface and wear chips both contain more than 55 at.% oxygen,
indicating severe oxidation of the Fe-based AMC. Thus, an
oxide layer can be recognized as the bonding layer. Addition-
ally, a few grinding pits are evident on the worn surface,
accompanied by flaky grinding chips with a maximum size of
14.9 lm (Fig. 8b). It can be assumed that the chip peels off
from the Fe-based AMC because of cyclic contact stress
because the chip and the worn surface have comparable
chemical compositions. Moreover, different grinding chips
exhibit varying surface oxygen content (point 1 versus point 2
in Fig. 8b), indicating the occurrence of new coating processes.
This suggests layered wear after the breakage of the oxide layer
under cyclic stress. As a result, oxidation wear and a minor
degree of delamination wear make up the coating’s wear
mechanism.

Figure 7(d), (e) and (f) depicts the wear morphology image
under a normal load of 10N and sliding speeds ranging from 0.1
to 0.3 m/s. The worn surface exhibits large grinding pits,

Fig. 6 Frictional wear results of dry sliding wear test: (a) (b) two-dimensional profiles curves of Fe-based AMCs and substrates at different
sliding speeds under normal loads of 5N and 10N, respectively (c) Wear rate of Fe-based AMC and substrate under different normal loads at
0.1m/s (d) The wear rate of Fe-based AMCs varies with sliding speed under different normal loads
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smooth areas, and gray flaky protrusions. Similar to the
tendency seen under 5N, when the velocity of sliding increases,
the area of the smooth surface declines noticeably; while, the
area of worn pits and gray protrusions increases. This suggests
that with increasing sliding velocities and normal loads, the

proportion of multilayer wear in the Fe-based AMC steadily
rises. The breadth of the wear markings changes much less
when the sliding speed rises, under the same normal load, it is
crucial to observe. Taking these findings as a whole, it can be
shown that an increase in normal load greatly widens and

Fig. 7 SEM images of wear surface morphologies of Fe-based AMCs under different normal loads (5 and 10N) and sliding velocities (0.1-0.3
m/s)

Fig. 8 SEM morphology and EDS results of the corresponding debris on the worn surface and coating: (a) (b) (c) sliding velocity at 0.3 m/s
and the normal load of 5N; (d) (e) (f) The sliding speed is 0.3m/s and the normal load is 10N
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deepens the wear traces (Fig. 6a and b), suggesting greater wear
of the coating. Additionally, the wear morphology of the Fe-
based AMC at 0.2 m/s (Fig. 7e) differs significantly from that at
0.1 m/s (Fig. 7d). At 0.1 m/s, the wear surface mostly consists
of a few pits and a white oxide coating, whereas at 0.2 m/s, the
wear surface consists of many pits, cracks, warping, and broken
areas. Similarly, at 5N and 0.2 m/s (Fig. 7b), both the grinding
pits and the areas of adhesion increase significantly, suggesting
the delamination wear becoming dominant. Increases in the
quantity of grinding pits and the degree of crushing on the
coated surface are seen when the sliding speed is raised to 0.3
m/s. Additionally, a few white granular grinding chips are
found inside the grinding pits; while, most of the other grinding
chips exhibit flaking, with a maximum size of 35.1 lm (Fig. 7f
and 8e). The matching EDS data are displayed in Fig. 8(f) and
are comparable to those in Fig. 8(c) in that they clearly reveal a
high oxygen concentration in the shattered region (region 6), as
well as granular debris (point 4). Notably, compared to
Fig. 8(c), the oxygen content on the grinding chips in
Fig. 8(f) is slightly reduced. This is due to the coating quickly
forming fresh spalling once the oxidation layer peels off when
exposed to high cyclic contact stress.

The wear rate of Fe-based AMC under different dry friction
and wear sliding speeds can be attributed to the cyclic stress and
oxidation behavior of the coating surface. At 5N and 0.1 m/s, the
wear surface will produce an oxide layer due to the increase in
the coating surface temperature caused by friction (as depicted
in Fig. 7a). It can be seen from the SEM image that there is a
massive oxide layer on the surface of the coating, and a few
cracks can be seen from the cross section. When the cracks on
the surface of the oxide layer reach a critical size, the applied
shear force leads to the destruction of the oxide layer, resulting
in variations in the COF. On the other hand, at 10N and 0.1 m/s,
obvious delamination and spalling pits are observed on the
coating surface (as shown in Fig. 7d); while, the oxygen content
on the surface of the coating decreases. This can be attributed to
the rapid cracking of the oxide layer on the coating surface
under the influence of high shear force. The cracks expand and
connect with adjacent cracks under cyclic stress. When the
cracks reach the surface of the coating, stratification occurs,
resulting in coating fracture and spalling (Ref 31).

At 0.2 m/s, the coating surface shows substantial grinding
and crushing areas compared to the worn surface at 0.1 m/s,
and the coating delamination phenomenon worsens. Inferred
from the presence of multiple pits and cracks on the wear marks
of Fe-based AMCs is the increased frequency of cyclic stress,
which encourages the creation and propagation of micro-cracks
between neighboring coatings (as observed in SEM images,
Fig. 7b and e). Under 5N, there is still an oxide layer on the
coating surface, but some areas crack, break, and flake under
shear force, leading to delamination wear (Fig. 9b). Oxidative
wear and layered wear coexist on the coating surface in this
case. Additionally, under 10N, the wear mark shows no smooth
and flat area, and the wear rate of the coating accelerates
significantly (Fig. 6d). Additionally, the coating layer peels off
in the presence of cracks when subjected to shear strain. On the
worn surface, grinding pits and oxide layers can be seen, and
the area of the grinding pits increases as the load and sliding
speed rise. These results indicate a transitional shift from slight
delamination wear accompanied by oxidative wear to severe
delamination wear.

Even more severe stripping and delamination wear on the
surface of the Fe-based AMC is caused by the higher-frequency

cyclic stress when the sliding speed is increased to 0.3 m/s
(Fig. 9c and f). The depth of the grinding pits increases
significantly compared to the sliding speeds of 0.1 and 0.2 m/s.
Moreover, the presence of numerous grinding pits and broken
areas on the wear marks highlight a more pronounced peeling
and delamination wear behavior. The above results show that
with the increase in sliding speed and normal load, the Fe-base
AMC changes from oxidation wear to delamination wear under
cyclic stress, and then the delamination wear gradually
increases.

3.4 Flash Temperature

The oxidation behavior and phase transition of the Fe-based
AMCs brought on by the creation of frictional heat during dry
sliding are to blame for this phenomenon. During the wear
process, the temperature increases due to the frictional heat
generated. This leads to the formation of an oxide layer. The
frictional contact flash temperature, which represents the local
temperature at the point of contact with the rough body during
sliding wear, has a short duration (Ref 32). Direct measurement
of temperature values is challenging due to the short time frame
and small contact area involved. Therefore, theoretical estima-
tion is often used. In this study, using the Liu model (Ref 33), it
is possible to calculate the contact flash temperature between
the friction pair and the Fe-based AMC:

T f ¼
1

4

lv
ffiffiffiffiffiffiffiffiffiffiffiffiffi

pFNH
p

ðk1 þ k2Þ
ðEq 1Þ

where T f is the flash temperature, l is the COF, v is the sliding
speed, FN is the normal load, H is the nano-indentation
hardness of the coating (10.04 GPa), and k1 is the thermal
conductivity of the coating (since the current work cannot
obtain the thermal properties of Fe-based AMCs alone,
according to the previous work of Lu et al., k = 8.3
Wm�1 �C�1 (Ref 34)), and k2 is the thermal conductivity of
the Si3N4 sphere (18.0 Wm�1 �C�1). Table 3 presents the
computation results. For typical weights of 5N and 10N, the
contact flash temperature reaches 298 and 347 �C, respectively,
at a sliding speed of 0.1 m/s. These temperatures are
significantly lower than the glass transition temperature of the
Fe-based AMC at 620 �C (Ref 26). However, the contact flash
temperature quickly surpasses Tg (glass transition temperature)
and Tx (phase transition temperature) when the sliding speed is
greater than 0.3 m/s.

At high temperatures, it is known that Fe-based AMCs are
prone to oxidation (Ref 31, 35). As presented in Table 3, during
the process of dry friction and wear, the contact flash
temperature between the friction pair and the Fe-based AMC
increases rapidly with higher sliding speeds and normal loads,
eventually approaching or surpassing the Tg and Tx points of
the coating. During dry friction and wear, this high-temperature
environment encourages the oxidation and crystallization of the
Fe-based AMC. EDS scanning of the worn surface of the Fe-
based AMC, as shown in Fig. 10, demonstrates that the degree
of oxidation in the coating increases with higher sliding speeds
and normal loads. Under high sliding speed conditions,
oxidation takes place in the wear area. As indicated in Table 4,
as the sliding velocity rises from 0.1 to 0.3 m/s at 5N, the
atomic percentage of oxygen on the coated surface decreases
from 47.73 to 43.68%. This can be attributed to cyclic stress
acting on the coating surface, initiating crack formation as the
sliding speed increases. As a result, a portion of the oxide layer
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on the coating surface starts to bend and flake, which lowers the
oxygen concentration. The oxygen concentration on the coated
surface, on the other hand, rises with increasing sliding speed
when the load is 10N. This may be due to the excessive flash
temperature generated by the coating friction at a sliding speed
of 0.3 m/s (reaching 897 �C), causing the coating grinding
chips to be unable to leave the coating surface before being
crushed and oxidized. This leads to an increase in the oxygen
content on the coating surface. The oxidized chips also generate
lubrication, which contributes to a decrease in the coefficient of
friction of the coating at this stage.

Furthermore, the hardness of the worn surface at 10N and
0.1 m/s is slightly higher than that at 5N, as depicted in
Fig. 11a. However, at 30 lm from the worn surface, the coating
hardness remains the same. This indicates that the oxide layer
gradually peels off from the coating surface, and the hardness
of the coating surface is higher than that of the oxide layer.
Detonation spraying, which accelerates powder particles to
high speeds (1200 m/s), provides the coating with a dense
structure and reasonably high surface hardness, despite there
still being some uncoated patches on the coating surface. As a
result, the surface of the Fe-based AMC created via detonation
spraying is less likely to crack and peel, and oxidation wear is
the main mode of wear at this point. Additionally, the presence
of a few pits on the worn marks suggests that delamination

wear also contributes to the coating wear under the applied load
and sliding speed.

Based on Table 3, amorphous crystallization behavior and
the precipitation of nanoscale crystal phases result when the
contact flash temperature between the coating and the friction
pair is higher than the crystallization temperature of the Fe-
based AMC (Ref 21, 26). This will undoubtedly increase the
hardness of the coated worn surface. As shown in Fig. 11, a
notable increase in surface microhardness is observed in the
worn region when a normal load of 5N and a sliding speed of
0.3 m/s are applied. Although the precipitation of nanocrystals
can strengthen the surface of the wear marks, the precipitation
of too many brittle nanocrystals will further reduce the
toughness of the wear marks, resulting in cracks more easily.
As the plastic toughness of amorphous alloys heavily influences
wear resistance, increased brittleness consequently decreases
the wear resistance of amorphous alloys (Ref 36). As a result,
when operating at high speed (0.3 m/s) and high load (10N), as
opposed to low speed (0.1 m/s) and low load (5N), the Fe-based
AMC experiences a higher rate of wear. Therefore, when load
and sliding speed increase, the coating becomes more suscep-
tible to delamination wear, with the wear rate of Fe-based
AMCs dramatically increasing at a normal load of 10N.

Figure 12 illustrates the fitted Fe 2p, Cr 2p, and Mo 3d XPS
spectra from the Fe-based AC wear surface at different normal
loads (5N and 10N) of 0.3 m/s. There are three component
states for Fe indicated by the Fe 2p spectra, which are Fe0

(707.6 eV), FeO (710.6 eV), and Fe2O3 (712.3 eV, 714.1 eV).
Metallic Cr0 (574.7 eV), Cr2O3 (586.3 eV), and CrO3 (578.9
eV) are three more Cr states that are present. The metallic state
of Mo0 is indicated by the peak at 231.9 eV in the Mo 3d
spectrum, followed by the peaks at 227.9 and 232.8 eV for
MoO2 and 222.3 and 235.4 eV for MoO3. The findings of the
XPS examination supported the existence of the oxide phases.
The content of oxide on the surface of the coating under 10N
load is slightly lower than that at 5N, but the decrease in Fe0,

Fig. 9 SEM images of the wear surface of Fe-based AMC: (a) (b) (c) the normal load is 5N, and the sliding velocity is 0.1-0.3 m/s; (d) (e) (f)
The normal load is 10N, and the sliding speed is 0.1-0.3 m/s

Table 3 Calculated values of the friction contact flash
temperature of the coating under different normal loads
and sliding speeds

0.1 m/s 0.2 m/s 0.3 m/s

5N 298 �C 604 �C 974 �C
10N 347 �C 641 �C 897 �C

Journal of Materials Engineering and Performance



Cr0 and Mo0 indicates that the cyclic stress increases the
oxidation degree of the coating under high load, and the coating
spalling leads to the decrease in the coating oxide content,

which proves once again that the increase in load can promote
the spalling of the Fe-based AMC.

4. Conclusions

Detonation spraying was used to develop the Fe-based
AMC on 316L stainless steel. Under normal loads of 5N and
10N and sliding velocities of 0.1 to 0.3 m/s, the dry sliding
friction and wear mechanism between the Fe-based AMC and
Si3N4 ball was investigated. The main conclusions are as
follows:

1) The detonation-sprayed Fe-based AMC has a good amor-
phous structure and no obvious crystallization phe-
nomenon. The Fe-based AMC offers desirable material
properties, such as sufficient thickness (174 ± 10 lm),

Fig. 10 Distribution of EDS scanning elements on the coating surface under different normal loads and sliding speeds

Table 4 Distribution of EDS scanning element content
on the coating surface under normal load of 5N and 10N
and sliding speed of 0.1 and 0.3 m/s

Element

Atomic percent% O Fe C Cr Si Mo

5N-0.1 m/s 47.73 12.37 12.03 6.19 6.37 2.45
5N-0.3 m/s 43.68 15.49 7.94 7.87 6.16 3.21
10N-0.1 m/s 25.45 13.82 9.84 6.83 2.37 2.70
10N-0.3 m/s 38.5 11.74 10.15 5.84 1.81 2.28
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low porosity (less than 1.2 vol.%), and high hardness
(783 ± 8 Hv0.1), making it a suitable choice for various
applications requiring enhanced surface protection and
durability.

2) Under dry sliding wear conditions, the wear rate of the
Fe-based AMC ranges from (0.16-
2.53) 9 10�6mm3N�1m�1, which is up to 5 times less
than that of 316L stainless steel substrate. It appears that
the applied normal load has a more pronounced effect on
the wear rate compared to the sliding velocity. This im-
plies that the wear resistance of the coating is more influ-
enced by the force applied perpendicular to the surface

rather than the speed at which the sliding occurs. These
results highlight the superior wear resistance of the Fe-
based AMC.

3) The wear mechanism of the Fe-based AMC changes from
oxidation wear to delamination wear with a little presence
of abrasive wear as the usual load and sliding speed rise.
At low loads and sliding speeds, due to the influence of
the contact flash temperature, the precipitated nanocrys-
talline in the coating increases its hardness; therefore, the
coating is mainly dominated by oxidation wear.

4) The higher normal load and sliding speed increase the
precipitation of nanocrystals and oxidation behavior in

Fig. 11 Hardness of the wear surface of the coating under different normal loads and sliding speeds (a) Hardness of coating cross section at 30
and 60 distances from the wear surface at normal loads of 5N and 10N (b) sliding speeds of 0.1 and 0.3 m/s

Fig. 12 Fe 2p, Cr 2p, and Mo 3d spectra fitted on the coated wear surface: (a) (b) (c) the normal load is 5N and the sliding speed is 0.3m/s (d)
(e) (f) The normal load is 10N and the sliding speed is 0.3m/s
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the coating under the high shear stress and contact flash
temperature, this can increase the coating�s brittleness,
coupled with the rapid breakage of the oxide layer,
resulting in increased brittleness of the coating, and sig-
nificantly increase the wear rate of the coating. Conse-
quently, the wear mechanism shifts toward delamination
wear.
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