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Abstract: The effect of rotational speed in the friction surfacing of nickel-aluminide reinforced Al-Zn—Mg—Cu alloy
matrix composite on commercially pure aluminum was investigated. The nickel-aluminide reinforcement was fabricated
by in-situ methods based on adding nickel powders to Al-Zn—Mg—Cu alloy melt during the semi-solid casting process.
The findings showed that an increase in the rotational speed from 600 to 1000 r/min raised the coating efficiency from
65% to 76%. Besides, there was no significant difference between coating efficiencies in the coating with and without
nickel-aluminide. The outcomes showed that if the coating was applied at a rotational speed of 1000 r/min, a traverse
speed of 100 mm/min, and an axial feeding rate of 125 mm/min, the hardness and shear strength of the substrate
increased by up to 225% and 195%, respectively. But the wear rate of the substrate dropped by 75%. Although the
hardness of the coating containing nickel-aluminide increases by up to 32% compared to the coating without

nickel-aluminide, nickel-aluminide does not affect the thermal stability of the coating.
Key words: nickel-aluminide; aluminum matrix composite; friction surfacing; wear resistance

1 Introduction

Surface engineering is defined as design
technologies to protect the surface against
undesirable phenomena such as corrosion, wear,
and oxidation [1,2]. There are various methods for
coating aluminum alloys, such as laser and plasma.
However, these methods often have limited
applications, which are not economically viable.
Since the fusion-based methods are dealt with
various shortcomings and limitations, researchers
have focused on developing solid-state techniques.
Indeed, the solid-state methods occur at
temperatures below the melting point of the
material. Thus, these are not dealt with problems
such as solidification cracks and cavities. In this
regard, KLOPSTOCK and NEELANDS in 1941 [3]
proposed the friction surfacing (FS) technique as a

novel solid-state coating method. In this approach,
similar and dissimilar metals are coated on
themselves through a strong metallurgical bond and
a fine-grained microstructure [3,4].

Besides, metal matrix composites (MMCs)
have attracted the attention of researchers in various
industries such as military, transportation, and
aircraft because of their unique properties [5—9].
These composites, like other composites, are
composed of two or more components that play a
crucial role in determining their properties. Over
the years, many researchers have examined the
influence of the FS process on coating a metal rod
in a metal substrate [10,11]. However, few studies
have evaluated the effect of the FS process
parameters on creating an MMC coating.

SHARMA et al [12] employed the FS method
for coating the reinforced aluminum matrix
composite with 5—10 nm graphene particles on the
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AA6061 aluminum surface. The authors reported
that the friction coefficient of the coating applied by
graphene particles decreased up to 26.76%
compared to the substrate. Also, REDDY et al [13]
fabricated an AA2124 aluminum matrix composite
coating reinforced by SiC particles on the A356
aluminum alloy surface. This procedure has been
performed to improve corrosion and wear resistance.
In this case, the evidence showed a uniform
distribution of SiC particles on the coating under
pressure and severe plastic deformation (SPD).
OLIVEIRA et al [14] evaluated the friction
surfacing of AA6351 aluminum matrix composite
(AMC) reinforced with Al,Os particles on AA5052
aluminum alloy substrate. It was observed that after
implementing the coating process, the grain size
became 48% smaller than the consumable rod. Also,
the authors stated that the grains around alumina
particles were finer than the other areas. This
concerned with acting these
particles as nucleation sites and increasing the
recrystallization rate.

GANDRA et al [15] investigated the FS of
AA6082—-SiC composite on AA2024 aluminum
alloy substrate. They found that the presence of
SiC particles prevented the coating from layering
and thus increased its wear resistance. NAKAMA
et al [16] utilized the FS method to coat AA6061—
Al O3 composite on AA6061 aluminum substrate. It
was observed that an increase in rotational speed
enhanced the coating efficiency. However, this
value decreased by increasing the reinforcement.
BARAPOUR et al [17,18] evaluated the effect of
adding zinc powder on the properties of AAS5083
aluminum coating applied on AAS5052 substrate.
The authors reported a decrease in the grain size.
Also, the results showed that the precipitation
hardening mechanism had a significant influence
on increasing hardness and improving the
mechanical properties of the coating. PIRHYATI
and JAMSHIDI AVAL [19-21] coated AA2024
aluminum matrix composite reinforced with silver
particles on AA2024 aluminum alloy matrix. It was
observed that the hardness and strength of the
samples containing silver powder were higher than
those of samples without silver. This issue occurred
due to the distribution of silver-rich particles and
forming intermetallic compounds between silver
and aluminum.

According to the scientific resources, inserting

situation was

the reinforcing particles into the consumable rod
through drilling holes within the consumable rod
prevents the coating achievement with uniform
distribution of reinforcing particles. In this case, the
distribution of particles depends on the design of
holes. Also, nickel aluminides are the desired
choices for the reinforcement particles in
fabricating MMCs, due to the properties such as
high strength, high corrosion resistance, excellent
oxidation resistance at high temperatures, and high
elastic modulus [22,23]. In the present study, an
AMC rod reinforced with nickel-aluminide was
produced by the semi-solid casting method to
fabricate a composite coating with uniform
distribution of reinforcing particles. Then, the AMC
rod was applied to the AA1050 substrate via the FS
process. Finally, the rotational speed effect was
evaluated on the microstructure, mechanical, and
tribological properties of the coating.

2 Experimental

In this study, Al-Zn—Mg—Cu alloy composite
reinforced with nickel-aluminide particles was
chosen as a consumable rod. Besides, an AA1050
aluminum alloy sheet with a thickness of 4 mm was
selected as a substrate. Also, the Al-Zn—Mg—Cu
alloy composite rod reinforced with nickel-
aluminide particles was produced by a semi-solid
casting process developed in Ref. [24]. For this
purpose, Al-Zn—Mg—Cu alloy with a chemical
composition of 0.03% Si, 0.03% Fe, 1.63% Cu,
6.61% Zn, 3.12% Mg, 0.18% Cr, and Al balance
(wt.%) was utilized as a matrix. Also, AA1050
aluminum alloy with a chemical composition of
0.07% Si, 0.28% Fe, 0.05% Cu, 0.01% Mg, 0.02%
Mn, and Al balance (wt.%) and the dimensions of
10 cm % 10 cm was used as substrate. In addition,
nickel powder with a particle size of <100 pm
and a mass fraction of 5% was employed as
reinforcement (Fig. 1). In this procedure, the
mixture of melt and nickel powder was stirred at a
temperature of 630 °C for 10 min. Then, casting
was implemented in a cylindrical metal mold with a
diameter and length of 3 and 20 cm, respectively.
Next, the cast rods were machined to create
consumable rods with a diameter and length of
20 and 100 mm, respectively. Afterward, the FS
process was performed using a rotational speed of
400—-1200 r/min, a traverse speed of 100 mm/min,
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and an axial feeding rate of 125 mm/min. Table 1
provides sample labeling according to the process
parameters.

N A}f:

Fig. 1 SEM micrograph of Ni reinforcement used in this
study

Table 1 Consumable rod and coated samples labeling

Rotational Traverse Ax1.al
feeding Consumable
Sample speed/ speed/
(rmin”!) (mm-'min") rate/ rod
(mm'min")
AAT075—
S1 400 100 125 Swt.%Ni
AAT075—
S2 600 100 125 Swt.%Ni
AA7075—
S3 800 100 125 Swi.%Ni
AA7075—
S4 1000 100 125 Swi%Ni
AA7075—
S5 1200 100 125 Swi%Ni
S6 1000 100 125 AAT075
S7 As-cast AA7075—5wt.%Ni consumable rod
S8 As-cast AA7075 consumable rod

After implementing the FS process, the coated
samples were cut along the perpendicular direction
to the coating direction to analyze the coating
cross-section (Fig. 2). As shown in Fig. 2, the wear
samples were prepared via the coating. The wear
properties of the coating were evaluated by the
ASTM G99 — 05 standard and applying the
pin-on-disk (POD) Tribo-testing machine over a
distance of 1000 m. This process was accomplished
using AISI 52100 steel counterface disc. Besides,
these samples were prepared as a rectangular cube
with a square cross-section. Also, these had a
diameter of 5 mm in the direction perpendicular to

the coating surface.

After grinding and polishing of metallographic
samples, the microstructures of the samples were
specified using Keller etchant solution with a
chemical composition of 95 mL distilled water,
1.5mL HCI, 1 mL HF, and 2.5 mL HNOs;. Then,
this microstructure was examined using an NGF—
120A optical microscope and scanning electron
microscopy (FEI SEM QUANTA 200). Afterward,
the shear punch test (SPT) and micro-hardness test
were performed to assess the mechanical properties
of the coating. According to the ASTM E92
standard, the hardness of coatings was measured by
KOOPA-UV1 universal hardness tester and
applying a load of 100 g for 10s. The distance
between indentations was 0.2 mm. The SPT was
conducted by a punch speed of 0.001 mm/s based on
the method proposed in Ref. [25]. According to
Refs. [26—28], the temperature of the n(MgZn,)
precipitation was around 200 °C. Therefore, the
thermal stability of the coating was evaluated after
solid solution treatment at 480 °C. Besides, the
artificial aging treatment was performed at 170 °C
for different time. Also, the coating hardness was
measured to assess the thermal stability.

= Metallography sample
extraction position

Wear test sample
“extraction position

Substrate S8

Fig. 2 Microstructural examination, and wear test
samples extraction position

3 Results and discussion

3.1 Evaluation of microstructure

Figure 3(a) depicts the effect of rotational
speed on the geometric parameters of the coating.
As shown in this figure, the rotational speed
increment from 1000 to 1200 r/min and its
reduction from 600 to 400 r/min did not cause an
effective coating on the substrate surface. However,
at the rotational speed of 600—1000 r/min, the
height and width of the coating decreased by
reducing the rotational speed. Also, the rotational
speed reduction from 1000 to 600 r/min declined
the height and effective width of the coating by 1.17
and 17.81 mm, respectively. The FS process has a
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Fig. 3 Effect of consumable rod rotational speed on
thickness and width (a) and efficiency (b) of coating at
axial feeding rate of 125 mm/min, and traverse speed of
100 mm/min

complex mechanism that can establish the
principles of hot working and friction welding [29].
Also, the existing friction between the consumable
rod and the substrate generates a viscoplastic zone
at the interface of the rod and substrate. Although
this zone is in a solid-state, the three-dimensional
material flow formed in this zone allows the joint to
be made [30]. The sum of the velocity components
plays a decisive role in forming the joint at the
interface. This issue is due to the rotational speed,
traverse speed, and axial feeding rate of the
consumable rod. If the rotational speed increases
from 600 to 1000 r/min, the heat generated by
friction and plastic deformation is enhanced,
leading to plastic deformation in more materials. As
a result, the volume of deposited materials on the
substrate surface increases. A similar result has
been reported by other researchers [31-34]. Also,
the effect of process parameter has been evaluated
on the coating efficiency. In this case, the coating
efficiency has been calculated using the equations

presented in Ref. [3]. The coating efficiency (#coating)
is obtained using Eq. (1):
W, AV

coating . 2
W, mr-S

(M

where W, and W are the bonded and maximum
coating widths, respectively. Also, 4 is the area of
the coating cross-section (determined by multi-
plying the width and height of the coating layer), S
is the traverse speed, V is the axial feeding rate, and
7 is the radius of the consumable rod. As shown in
Fig. 3(b), an increase in the rotational speed from
600 to 1000 r/min enhanced the coating efficiency
from 65% to 76%. Indeed, the coating created by a
rotational speed of 1000 r/min, traverse speed of
100 mm/min, and axial feeding rate of 125 mm/min
had the highest coating efficiency. Also, the
nickel-aluminide-free consumable rod was coated
with these parameters, and geometric dimensions of
the coating were reported as Sample S5.

The comparison of the coating efficiencies
between the two samples of S4 (76%) and S5 (77%)
showed no significant difference. In this case, both
samples were coated using the same FS parameters.
The slight difference between the two samples may
be due to the difference between the plastic
deformation behaviors of the two consumable
rods during the FS process. Since the yield
strength of the nickel-aluminide-free consumable
rod (104.23 MPa) is less than that of the
consumable rod containing nickel-aluminide
(121.16 MPa), it is expected that the consumable
rod without nickel- aluminide is deformed more
than the other one. This situation occurs because of
its higher deformation capability during the coating
process. Therefore, a coating with greater width and
thickness is created, and finally, its coating
efficiency becomes higher than the other one.

Figure 4 shows the microstructure of the
central zone in various coatings. As shown in this
figure, the grain size decreases by increasing
rotational speed. Indeed, the average grain size
reduces from 4.3 to 2.4 um by increasing rotational
speed from 600 to 1000 r/min. The temperature
measurements at the interface between the coating
and substrate showed that the rotational speed
increment from 600 to 1000 r/min enhanced the
temperature from 312 to 351 °C. According to
the equations presented in Ref. [35], the rotational
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Fig. 4 Microstructures of center zone of coatings: (a) Sample S2; (b) Sample S3; (c) Sample S4; (d) Sample S5;

(e) Sample S7; (f) Sample S8

speed increment from 600 to 1000 r/min raised the
plastic strain rate from 1213 to 1367 s'. Overall,
the temperature and plastic strain are two crucial
factors in the formation of recrystallized micro-
structure [36,37].

Since the temperature and the plastic strain
have an inverse impact on the recrystallized grain
size, an increase in the plastic strain and
temperature demonstrated that the plastic strain is
the predominant factor in decreasing the grain size.
Also, a comparison between the microstructures of

the two coatings in Samples S4 and S5 has been
made. The outcomes showed that the grain size
increased from 2.4 to 3.6 um in the absence of
nickel-aluminide particles with the same FS process
parameters. Due to severe plastic deformation
during the FS process, the reinforcing particles are
broken into particles with a size less than 5 pum.
Therefore, it is expected that mechanisms such as
PSN are activated and create a finer grain size in the
coating containing reinforcing particles. In addition,
the temperature was measured at the interface
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between the coating and substrate in Samples S4
and S5. The outcomes indicated the temperatures of
351 and 362 °C in the samples of S4 and S5,
respectively. A decrease in the temperature during
the coating process and some mechanisms such as
PSN can increase the number of coating grains.
Also, these procedures reduce the grain size of the
coating.

This study investigated the changes in the
morphology, the type of precipitates, and the
second-phase particles in different coatings.
Figure 5 displays the SEM images for the central
zone in the coatings and consumable rods.
According to the EDS analysis represented in Fig. 6

Nickel-aluminide
(Spot III)

and Table 2, the precipitates and particles are
Al,CuMg, Fe-rich particles, nickel-aluminide, and
MgZn;. As shown in Fig. 5, the microstructures of
the consumable rods and coatings were compared.
It was observed that although the morphology and
size of the particles and precipitates changed during
the FS process, the nature of these particles and
precipitates remained constant. Also, Fig. 7 exhibits
the average aspect ratios of particles (nickel-
aluminide and Fe-rich) in the samples of S2, S3, S4,
S5, S7, and S8. These ratios were (0.68, 0.70), (0.70,
0.71), (0.73, 0.75), (Not available, 0.85), (2.40,
1.82), and (Not Available, 1.79) in the samples of
S2, S3, S4, S5, S7, and S8, respectively. The SEM

B Nickel-
P aluminide

Fig. 5 SEM images of precipitates and second-phase particles at center of coatings: (a) Sample S2; (b) Sample S3;

(c) Sample S4; (d) Sample S5; (e) Consumable rod with reinforcement (Sample S7); (f) Consumable rod without

reinforcement (Sample S8)
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Fig. 6 EDS spectra of Al,CuMg (Spot 1) (a), Fe-rich particle (Spot II) (b), nickel-aluminide (Spot III) (c), and MgZn,

(Spot IV) (d)

Table 2 EDS analysis result of AlL,CuMg (Spot I),
Fe-rich particle (Spot II), nickel-aluminide (Spot III), and
MgZn; (Spot IV) (at.%)

Element Spot I SpotIl  SpotIll  SpotIV
Fe 0.44 13.76 0.09 0.21
Mg 10.91 3.14 0.46 14.32
Cu 11.45 1.35 18.07 0.86
Ni - - 19.32 0.32
Si 0.51 1.02 0.21 0.78
Mn 0.23 0.31 0.07 0.03
Zn - 1.93 0.1 28.64
Al 76.46 78.49 61.68 54.84

3:5
30k = Nickel-aluminide
: [ Fe-rich
2.5}
.2
8
s 20t
&
< 15
1.0F
0.5
S2 S3 S4 S5 S7 S8
Sample

Fig. 7 Aspect ratio of nickel-aluminide and Fe-rich
particles in microstructure of consumable rod and
coating

images demonstrated that a decrease in the
rotational speed from 1000 to 600 r/min increased
the sizes of particles and precipitates. In other
words, an increase in the rotational speed generates
a higher plastic strain rate [33,34,38,39] and
enhances the possibility of breaking particles. Since
more heat is generated by increasing the rotational
speed, the possibility of precipitate dissolution and
re-precipitation increases during the FS and cooling
processes. Besides, lower temperatures during the
process at a rotational speed of 600 r/min prevent
the dissolution of precipitates and re-precipitation.
In these conditions, the precipitates only grow up.
Figure 8 illustrates the average hardness of
coatings, substrates, and consumable rods. The
rotational speed reduction from 1000 to 600 r/min
due to the increase in the grain size, #(MgZny)
precipitates, and nickel-aluminide (shown in Figs. 4
and 5) decreased the hardness of the coating from
(151.2£3.5) to (138.1£2.9) HVy.1. In this case, the
shear strength of the coating decreased from
(289.4+3.8) to (265.3+2.4) MPa. Besides, the
samples of S4 and S5 were compared. It was
observed that the presence of nickel-aluminide
increased the hardness of the coating by up to 32%.
Different mechanisms can affect changes in the
coating hardness. Since Al-Zn—Cu—Mg alloy is an
age-hardenable alloy, precipitation hardening is
recognized as one of the effective mechanisms in
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changing the strength and hardness. The micro-
structural studies revealed that the rotational speed
increment due to the smaller precipitates enhanced
the strength and hardness.

160 210
= Hardness
150 1 m & 3 Shear 7290
~ 140} B strength 170 &
> 130} 2
= 1250 £
@ 120+ z
[} 4
75 1ol 230 %
T 100} 1210 3
90 190 ¥
80 L 170

S2 S3 sS4 S5 S7 S8
Sample

Fig. 8 Variation of average hardness and shear strength
of coated samples and consumable rods

The presence of nickel-aluminide particles is
another factor that can act as a serious barrier
against the movement of dislocations and increase
the strength and hardness. With the formation of
intermetallic compounds, a difference in the elastic
modulus among the constituent phases can be
accompanied by other strengthening mechanisms.
The dislocation energy can be expressed as a
function of the shear modulus of the lattice where
it exists [40,41]. As dislocations transfer to a
neighboring phase with different shear modulus,
the dislocation energy changes. This situation
eventually increases the material strength. In other
words, strengthening by grain boundaries is another
strengthening factor affecting the coating. Indeed, a
decrease in the grain size causes the enhancement
of the coating hardness. Also, the hardness of the
coatings containing and without nickel-aluminide
has been compared. In this case, the analysis
procedure has been accomplished by computing
the simultaneous effect of three factors
(i.e., strengthening by precipitates, modulus
strengthening, and strengthening by grain boundary)
on the hardness and strength of the coatings. The
results showed that the coating containing nickel-
aluminide had a hardness and strength higher than
the coating without nickel-aluminide.

According to Refs. [42—44], the presence of
nickel-aluminide compounds can improve the
thermal stability of the aluminum alloy matrix. This
improvement is due to the high thermal stability of
the nickel-aluminides. In this regard, the hardness

changes were evaluated based on aging time in
the samples of S4 and S5. This procedure has
been performed to assess the thermal stability
of the coating by implementing long-term heat
treatment at 170 °C. Figure 9 depicts the hardness
measurements at specific time. As shown in this
figure, the hardness increases by enhancing the
aging time, and after 2 h, the hardness decreases
due to the over-aging phenomenon. Also, it is
observed that the nickel-aluminide compounds have
a negligible effect on the thermal stability of the
coating.

180 - "
O Coating containing

170 - h nickel-aluminide
160 - b O Coating without
150 - nickel-aluminide

140 |
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120
110
100 |
90 H
80

Hardness (HV ;)

i i

0205 1 2 4 6

12 24 72 120 240
Time/h

Fig. 9 Variation of hardness of coated samples containing

and without nickel-aluminide versus aging time at
170 °C (Both samples coated with rotational speed of
1000 r/min, traverse speed of 100 mm/min, and axial
feeding rate of 125 mm/min)

Indeed, the principal factor of strengthening in
7000 series aluminum alloys is MgZn, precipitates.
Therefore, the nickel-aluminide compounds have
no impact on the constituents of this precipitate, and
only the soluble copper absorption in the aluminum
matrix reduces the concentration of this element. It
is expected that the precipitation process of the
alloy will not change. Also, the SEM and XRD
results illustrated in Figs. 10 and 11 confirm that no
change in MgZn, precipitates existed within the two
samples (i.e., with and without nickel-aluminide)
before and after the aging heat treatment. However,
the nickel-aluminide compounds caused larger
hardness in the samples containing nickel-
aluminide. This situation occurred due to the
modulus strengthening mechanism.

3.2 Evaluation of tribological properties

Figure 12 indicates the wear rate and friction
coefficient in various samples at the wear distance
of 1000 m. This figure plots the variation of friction
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Fig. 10 XRD patterns of Samples S4 and S5 before and
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Fig. 11 SEM images of precipitates and second-phase
particles of Samples S4 (a) and Sample S5 (b) after
artificial aging for 2 h

coefficient against the wear distance. As shown in
this figure, the FS process and microstructural
modifications reduce the adverse impacts of
particles with a large aspect ratio. This procedure
improves the wear behavior of the coated samples.
Indeed, the microstructure modification reduces the
stress concentration created by compounds with a
high aspect ratio. Also, the modified compounds
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Fig. 12 Variation of friction coefficient versus sliding
distance at load of 20 N (a), and wear rate and friction
coefficient of different samples (b)

play a strengthening role in this process. Therefore,
both approaches increase the strength and wear
resistance [45,46]. Overall, the wear rate reduction
directly depends on the microstructure, changes
in precipitates, and second-phase particles. The
rotational speed increment led to the enhancement
of the hardness and wear resistance due to the
formation of finer precipitates and particles and the
smaller grain size in the coating. In this case, the
coating without nickel-aluminide (Sample S5)
showed a friction coefficient higher than the
coatings containing nickel-aluminide.

It is necessary to note that the pin has a greater
ability to penetrate conterface in Sample S5. This
issue is due to the lack of reinforcing particles. Also,
the sides of the pin surface are involved in the
conterface, which increases the roughness and
friction coefficient. In addition, the friction
coefficient curves show that in the initial distances,
the coefficient of friction increases due to the small
contact surface and oxide layer on the pin surface.
Then, the oxide layer is broken, and a complete
contact is made between the pin and conterface. In
this situation, the friction coefficient decreases and
begins fluctuating in a specific range. Since Sample
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S4 had a wear resistance higher than other samples,
the wear behavior of this sample was investigated
under the influence of different applied loads. In
this regard, Fig. 13 indicates that the wear
resistance decreases by increasing the applied load.
This behavior arises from the following reasons.
The first reason is concerned with the vertical load.

Indeed, the roughness of the surfaces in
contact is plunged into each other and creates a
mechanical lock. The second reason is dealt with
the formation of the mechanical locks on the
surface. In this case, the movement of the surfaces
on each other requires the wear of the surface
unevenness. Thus, the surfaces are worn. In these
conditions, more wear occurs at the surface because
of its lower hardness. An increase in the vertical
load enhances the entanglement of the surfaces,
which are in contact with each other. As a result, the
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Fig. 13 wear rate and friction coefficient of Sample S4
versus applied load

relative movement between the two surfaces causes

more surface wear and excessive loss of material.
Figure 14 demonstrates the SEM image of the

worn surface in different coatings at an applied load

5
P T

Adhesive
wear

Abrasive

/ grooves

Abrasive
grooves

Fig. 14 SEM micrographs of worn surface: (a) Sample S2; (b) Sample S3; (c) Sample S4; (d) Sample S5; (e) Sample S7;

(f) Sample S8
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of 20 N. The overall features observed on the worn
surface exhibit abrasion, adhesion, adhesion joints,
and crack formation. Also, the grooves parallel to
the slip direction (marked with an arrow) indicate
the plowing mode accompanied by fine cuts on the
wear surface. In this situation, the wear mechanism
is abrasion. In addition, this mechanism is applied
in different ways at various time of the wear test.
The results showed that there was initially
two-body abrasive wear, but the particles were
separated from the pin surface and oxidized over
time. This process causes three-body abrasive wear.
In the three-body abrasive wear, hard particles (i.e.,
nickel-aluminide reinforcing particles) easily slip or

Worn surface

30N

Abrasive
i crooves

40N

Abrasive
grooves [§
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rotate between surfaces, causing abrasion of one or
both surfaces. It is concluded that at the load of
20 N, abrasive wear is the predominant mechanism
for wear.

Figure 15 exhibits the worn surface of Sample
S4 under different loads. In this case, the lamination
effects are observed by increasing the applied load.
Also, the parallel grooves in the abrasion direction
indicate the adhesion mechanism. In addition, the
tearing effects on the surface are observed by a
further increase of wear load up to 40 N. The
dominant mechanism under this load can be
attributed to adhesive wear, which causes the plastic
deformation on the surface. The plastic deformation

Wear debris

Fig. 15 SEM micrographs of worn surface and wear debris of Sample S4 under different loads
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and subsequent crack nucleation/growth in the
lower part of the surface create pieces, which can be
separated from the surface.

Figure 15 depicts the plate-like debris of the
alloy matrix. Microcracks on the surface of debris
indicate the resistance reached by the nickel-
aluminide. During the rubbing action, some debris
gets welded with the conterface disc. If they are
detached, the shearing features are shown on the
surface. The debris particles probably act as
third-body abrasive particles. Also, these are
responsible for higher wear rates. In addition, the
debris particles trapped among the surfaces cause
small plowing on the composite contact surface.
The debris contains cracks that occur due to the
repeated stress during sliding under load [47,48]. It
is necessary to note that the number of these cracks
increases by raising the applied load. If the wear
load increases, the size of flakes becomes smaller
than in other cases. This issue indicates that the
matrix becomes softer with a higher load and
causes the transition from mild to severe wear. This
wear debris represents that the adhesive wear
dominates in the sliding direction during wear. Due
to the adhesive nature at high load, metal is chipped
out in the form of flakes as debris [49].

4 Conclusions

(1) By increasing the rotational speed from
600 to 1000 r/min, the coating efficiency, height,
and effective width of the coating increased up to
76%, 1.25 mm, and 20.21 mm, respectively.

(2) By increasing the rotational speed from
600 to 1000 r/min, the average grain size of the
coating decreased from (4.3£0.1) to (2.4+0.2) um.
The comparison of the unreinforced and reinforced
coatings demonstrated that the nickel-aluminide
decreased the average grain size of the coating by
33%.

(3) The microstructure of the consumable rods
and coatings revealed that although the morphology
and size of the particles and precipitates changed
during the FS process, the nature of these particles
and precipitates remained constant.

(4) The rotational speed reduction from 1000
to 600 r/min due to the increase in grain size,
n(MgZn,) precipitates, and nickel-aluminide
decreased the coating hardness from (151.2+3.5) to
(138.1£2.9) HVy.i. Also, the shear strength of the

coating decreased from (279.6+£3.8) to (265.3+
2.4) MPa.

(5) The wear rate and friction coefficient in the
coating containing nickel-aluminide were 25% and
9% smaller than those of the unreinforced coating.

(6) By increasing the applied load, the
adhesive wear was the dominant wear mechanism.
Also, the number of cracks on debris increased by
raising the applied load. If the wear load increased,
the size of flakes became smaller. This situation
showed that the matrix became softer with a higher
load and caused the transition from mild to severe
wear.
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