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ARTICLE INFO ABSTRACT

Keywords: In-situ TiC-Al,O3 strengthening coating was applied on copper, using the vacuum-expendable pattern casting
Copper (VEPC) in combination with the self-propagating high-temperature synthesis (SHS) technology. Due to the high
TiC heat consumption, highly exothermic CuO-Al (CA) reaction was employed to guarantee 100% completion of the
[C\LZ:t)iBng Ti—C reaction. Consequently, TiC- Al,O3 coating was obtained after the ignition of Ti-C-CuO-Al SHS system by

Self-propagating high-temperature synthesis
Vacuum-expendable pattern casting

molten copper. Here, the optimal CA content was 10 wt%. During the casting process, molten copper infiltrated
into the SHS coating, resulting in the achievement of dense coating microstructure. The hardness and wear

resistance were also significantly improved. The hardness value of copper matrix was only 40 HB, while that of
the composite coating was up to 195 HB. The mass loss reduced from 7.98 g to 0.44 g at 40 N load. Besides,
metallurgical bonding was obtained with an ideal bond strength of 293 MPa.

1. Introduction

Copper is widely applied in optics, electrical contacts and heat
conduction due to its high electrical and thermal conductivity, in ad-
dition to good fatigue resistance [1-4]. However, low hardness and
poor wear resistance still limit copper industrial applications [5,6].
Thus, there is an increased interest to improve copper surface properties
by employing surface coatings [7]. Numerous methods have been de-
veloped to produce surface coatings on copper, including internal oxi-
dation [8], chemical vapor deposition [9], electrodeposition [10], pack
cementation [11], high velocity oxygen fuel (HVOF) spraying [12],
laser cladding [13], infiltration and self-propagating high-temperature
synthesis (SHS) [14]. Of these methods, the SHS technique is a novel
process for producing surface coatings, also known as combustion
synthesis. It has advantages of low energy consumption, favorable
exothermic reaction, high product purity and short reaction time
[15-17]. Once the SHS reaction is ignited, the combustion wave pro-
pagates through the entire reacting mixture completely converting the
reactants into in-situ reinforcements, such as TiC, TiB,, Al,Os, SiC, WC,
etc. [18,19]. As a drawback, the final products synthesized by the SHS
reaction are highly porous. In this case, a subsequent process, just like
extrusion, hot pressing, must be combined with the SHS for densifica-
tion [20]. However, it is difficult to apply these techniques with SHS
process in industrialized production due to the high cost and com-
plexity.

* Corresponding authors.

Vacuum expendable pattern casting (VEPC) has been regarded as a
promising method for producing complex-shaped parts due to its flex-
ible design, low cost of foam pattern, high precision of investment
casting, and better filling ability [21-23]. Our earlier research has
presented a novel technology combining the SHS and the VEPC to apply
in-situ TiC coatings on copper matrix [24]. The SHS combined with the
VEPC can be utilized for industrial production of in-situ hard ceramic
coatings on metals. Due to the particularly high combustion tempera-
ture of the Ti—C SHS system, close to the melting point of Ti [25], Cu
powder was mixed with Ti—C mixtures to ensure the ignition reliability
of SHS reaction during the VEPC process. However, because of sig-
nificant heat consumption caused by Cu powder, the “frozen” phe-
nomenon of the SHS reaction occurred, resulting in the existence of
residual C and the formation of the Cu-Ti-C metastable phase. To solve
this problem, the proper promoter may be added to the Ti—C system to
replace the Cu powder.

Therefore, it is of interest to employ CuO-Al in the Ti—C SHS system
to achieve the synthesis of in-situ TiC-Al,O3 composite coatings on
copper matrix. First, CuO-Al SHS is a highly exothermic reaction with
low activation energy barrier [26]. Besides, Al;O3 is a typical hard
ceramic with ideal hardness and wear resistance [27,28]. So far, no
related studies have been reported on the subject. In this paper, in-situ
TiC-Al,O3 composite coating was obtained with a simultaneous copper
cast. The reaction mechanism, microstructure, and mechanical prop-
erties of surface coatings were also investigated.
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Table 1
The weight percent of each component in Ti-C-CuO-Al SHS system.
Sample SHS system Weight percent (wt.%) CA content
(wt.%)
Ti C CuO Al
Al Ti-C-CuO-Al 76 19 4.08 0.92 5
A2 Ti-C-CuO-Al 72 18 8.16 1.84 10
A3 Ti-C-CuO-Al 68 17 12.24 2.76 15
A4 Ti-C-CuO-Al 64 16 16.32 3.68 20

2. Experimental procedure
2.1. Raw materials preparation

The matrix material was pure copper. The raw materials for com-
posite coating were comprised of Ti (99.7% pure, ~45um), graphite
(99.5% pure, ~10pum), CuO (99.9% pure, ~20pum), and Al (99.7%
pure, ~30um) powders. Table 1 lists the weight percentages of each
component. Thereinto, the total mixture of CuO and Al (further flagged
as CA) was chosen as an auxiliary system for the SHS reaction. The
powders of Ti, Al, C and CuO were mixed in a planetary centrifugal
mixer at atmospheric pressure for 2 h. Then, the mixed powders were
pressed by hydraulic press with a pressure of 160 MPa. The size of green
compacts ~ with  the relative density of 70%  was
40mm X 40mm X 4mm and ® 15 X 15mm?>

2.2. Casting process

A typical VEPC process was employed to prepare TiC-Al,O3
strengthening coating on the copper surface, as shown in Fig. 1. First,
the green compacts were pasted onto the surface of expendable poly-
styrene (EPS) patterns with the dimension of
40mm X 40mm X 20 mm. After drying at 50°C for 2h, a fireproof
coating was brushed on the surface. Then, the coated pattern was
placed into the silica sands. When pure copper was melted at 1200 °C,
molten copper was poured into the sprue gate under vacuum (— 0.04 to
—0.05MPa). Last, in-situ TiC-Al,03 composite coating was obtained
with cast copper simultaneously after cooling.

2.3. Tests and characterization

Five samples for each test were prepared to ensure verifiable re-
peatability. Differential scanning calorimetry (DSC) analysis was car-
ried out under Ar atmosphere using NETZSCH STA449, at a constant
heating rate of 10 °C/min. X-ray diffraction (XRD, Shimadzu XRD-6000,
Cu Ka target, 40kV and 40 mA) was employed for phase analysis.
Microstructure observation and element distribution were performed
-using a field emission scanning electron microscope (FESEM, Zeiss
Supra55). Phase characterization was analyzed by transmission elec-
tron microscopy (TEM, Tecnai G2 F30 S-TWIN) equipped with energy
dispersive spectrometer (EDS, GENESIS) and selected area electron
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Fig. 2. Standard Gibbs free energy change curves as a function of temperature.
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Fig. 3. Adiabatic temperature change of Ti-C-CA system with different CA
amounts.

diffraction (SAED) patterns. Besides, an ion milling system was em-
ployed to prepare the TEM specimens. The hardness was measured by
the DHB-3000 hardness testing machine at 2.452kN for 30s. The
shearing test was implemented on the basis of the YS/T485-2005
standard to present the bonding strength between the coating and
copper matrix. Wear resistance test was performed in dry conditions,
using the pin-on-disc tribometer based on the weight loss under various
loads of 10, 20, 30, 40 N with rotating disc speed of 1382 mm/s. The
tribometer was consisted of a sample holder and a rotating disc with the
600 grit SiC sandpaper on the surface. These tests were conducted on
samples with ®10 mm X 15 mm size for 20 min.

molten copper

copper
\
—)
SHS reactions
gases T

TiC-Al, O, coating

Fig. 1. Typical VEPC process for applying TiC-Al,O3 composite coating on copper surface.
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3. Results and discussion
3.1. Reaction mechanism

For the sake of establishing the SHS reaction mechanism, the cor-
responding thermodynamics analysis of the Ti-C-CuO-Al system was
performed. In light of the SHS system, the possible reactions are pre-
sented by Egs. (1)—(6):

3CuO + 24l - 3Cu + ALO; (€)]
Ti + C — TiC (2)
Ti + Al - TiAl 3
Ti + 3Al - TiAL @
CuO + C —» Cu + CO (5)
2Cu0 + C — 2Cu + CO, (6)

The corresponding Gibbs free energy (AG®) was theoretically cal-
culated, as shown in Fig. 2. It can be observed that all reactions possess
a negative AG’, indicating the thermodynamics feasibility of all above
reactions during the copper casting process. Besides, the AG® for reac-
tion (1) is much more negative than the other reactions. Therefore, it
can be inferred that there was a higher tendency in the formation of the
Cu and Al,O3 phases in the Ti-C-CuO-Al SHS reaction, followed by the
formation of the TiC phase.

Whether the SHS reaction is self-sustaining depends on the adiabatic
combustion temperature (T,q) of the SHS reactive system. As reported
in the literature [29], T,q should be higher than 1800K to induce its
self-sustaining combustion synthesis process. For the Ti-C-CuO-Al
system, the corresponding reaction can be written as:

Ti + C + n(3Cu0 + 2Al) — TiC + n(3Cu + ALO;) %)

Here, n is the CA molar quantity. In case the reaction conditions are
adiabatic, the standard state enthalpy equilibrium equation can be
balanced [30]:

Fig. 5. Reaction status of Ti-C-CA SHS system with different CA amounts.
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Fig. 6. XRD analysis of the SHS coatings in samples A1-A4.

AHs + . ;:d D xCo(QdT + Y, xH(Q) =0

298—Tyg

(8)

where, H,og? corresponds to the standard state enthalpy at ambient
temperature; X presents the number of moles; H(Q) and Co(Q) are the
latent fusion heat and molar heat capacity, respectively.

In the light of the thermochemical data in reference [31], the T,q
value of Ti-C-CuO-Al system could be obtained according to reaction
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(9). Fig. 3 shows the corresponding T,q curve as a function of the CA
weight percent (w). Thereinto, w was determined by n, calculated as
reaction (10). The T,q value was far above 1800 K, indicating the Ti-C-
CuO-Al SHS reaction was self-sustaining after being ignited. In addition,
the T,q value first reduced quickly with the CA addition and then re-
duced very slowly. When the CA SHS system was added in the Ti—C
system, low melting point Al would melt first, resulting in heat con-
sumption. In addition, Cu was formed after the CA SHS reaction. The
melting and boiling points of Cu are about 1356 K and 2840K, re-
spectively. It can be deduced that reactant Cu would be transformed
into a liquid, or even gas during the SHS process, and more heat would
be absorbed. Therefore, the T,q value of the Ti-C-CuO-Al system would
be lower than the Ti—C system.

6 6 6 Tad )
AHJ so5 1ic + NAHf 208 a0y + "AH  sos 0 + [ Co(TiC)AT + n
Tad Tad
Sy CaAL0AT +n [ 7 Co(CwydT + X0 nH.(Cu) = 0
9

we n(3Mcuo + 2Mu)
MTi + MC + n(SMCuo + ZMAI)

X 100
(10)

DSC analysis for the Ti—C and CuO-Al system was performed to
present the characteristic temperature of the thermal reaction, as pre-
sented in Fig. 4. The DSC test was conducted from ambient temperature
to 1100 °C. Only one exothermic peak at 770 °C appeared in the Ti—C
DSC curve. It can be inferred that the ignition temperature of the Ti—C
SHS system may exceed 770 °C. There were two peaks observed in the
CuO-Al DSC curve. The first endothermic peak at 659 °C was corre-
sponding to the melting point of the Al phase, while the second

Fig. 7. Microstructure morphologies of the cross section of different samples: (a) Al, (b) A2, (c) A3, and (d) A4.
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(b)

Fig. 8. (a) FESEM image of sample A2, and element distribution of: (b) Cu, (c) Ti, (d) C, (e) Al, and (f) O.

exothermic peak corresponded to the CuO-Al reaction temperature of
909 °C. It can be inferred that the temperature and heat of molten
copper were high enough for igniting the Ti-C-CA SHS reaction.

To further confirm whether the Ti-C-CA SHS reaction can be ignited
during the copper casting process, the comparison tests were con-
ducted. When the sintering temperature reached 1200 °C, the green
compacts (® 15 x 15 mm?) were placed in the muffle furnace for
10 min with leaving the oven door open. Thus, the state of the SHS
reaction could be easily observed. Fig. 5 presents the reaction status of
the Ti-C-CA SHS system with different CA amounts. Due to the samples
Al1-A4 exposed to air without a protective atmosphere, the surface
quality of the samples was poor due to oxidation. However, it was a
remarkable fact that all SHS reactions were ignited at 1200 °C. With
increasing CA content, the explosion of compacts was observed, espe-
cially in the A4 sample. It may be attributed to two reasons: one was the
CuO decomposition, resulting in the production of a larger amount of
gas, and another was the increase of reaction intensity.
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3.2. Microstructure and phase identification

XRD analysis was carried out to confirm the coating phases, as
shown in Fig. 6. TiC, Al,03 and Cu phases were detected in the samples
Al-A4. It can be deduced that the Ti-C-CA SHS reaction had been ig-
nited during the casting process, resulting in the formation of TiC-Al,O3
composite coatings on the Cu matrix. There was no C peak observed,
indicating that the Ti—C SHS reaction had been fully completed. As
reported in Ref. [24], there was residual C observed in the composite
coatings after the SHS reaction. The reactions of Ti—C or Ti-Cu-C were
not fully completed. Due to a good thermal conductivity of Cu and heat
consumption caused by Cu powder, the SHS reaction was partially
“frozen”. However, when the highly exothermic CA auxiliary system
was added in the Ti—C system, the heat caused by the CA SHS reaction
significantly promoted the Ti—C SHS reaction. During the casting pro-
cess, once the molten copper touched the green compacts, the Ti—C SHS
reaction was first ignited followed by the CA reaction in terms of the
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Fig. 9. SEM images of coating surface in sample: (a) Al, (b) A2, (c) A3, and (d) A4.

Table 2
Composition of region A and B in Fig. 9(a—d) determined by EDS analysis.

Element Sample/wt.%

Al A2 A3 A4

A B A B A B A B
C 28 - 29 - 25 - 23 -
Ti 72 - 71 - 75 - 77 -
Al - 60 - 55 - 58 - 56
o) - 40 - 45 - 42 - 44

The accuracy of EDS is +/— 1 wt.%.

DSC analysis. The CA reaction rate was very fast, while that of the Ti—C
reaction was relatively slower. Due to adequate heat conductivity of Cu,
the released heat produced by the CA reaction was enough to maintain
the Ti—C SHS reaction.

Although the SHS synthesized products were porous, molten copper
infiltrated into the composite coatings, resulting in the relatively dense
microstructure, as shown in Fig. 7(b). When adding 10 wt% CA, the
coating quality was relatively good with uniform microstructure. There
were no apparent pores or defects observed. Besides, the metallurgi-
cally bonded coating was obtained. Except for the strengthening phase,
the matrix phase was also observed in the coating microstructure.
However, in the sample with 20 wt% CA addition, the coating homo-
geneity got worse and the composite coating debonded from the sub-
strate. As shown in Fig. 5, the outgassing amount of the SHS system
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significantly increased with excessive CA introduction. Therefore, in
terms of the coating microstructure, the optimal CA content for the TiC-
Al,0O3 composite coating is 10 wt%.

To indentify the interface characteristics between the coating and
the copper matrix, the red region marked in Fig. 7(b) was observed at
higher magnification. The corresponding element distributon analysis is
presented in Fig. 8. Ti, Al, C, and O elements were obviously dominant
in the coating layer. The C element completely overlapped with the Ti
element, while the O element also completely overlapped with the Al
element. From the XRD results, TiC and Al,O3 were the main coating
phases. Note that the Cu element was also present in the coating except
for matrix. Although Cu was formed after the CA reaction, the content
was relatively low, about 6.5 wt% in the sample A2. Therefore, part of
molten copper infiltrated into the SHS composite coatings, as shown in
Fig. 7. Consequently, the metallurgically bonded coating was achieved.

Microstructure characteristics of the TiC-Al,O3 composite coating
were further examined. The matrix phases corresponded to the light
gray regions. Two kinds of strengthening phases (dark gray phase and
black phase) were identified in Fig. 9. Combined with the EDS results in
Table 2, the dark gray phase (spot “A”) was the TiC phase, while the
black phase (spot “B”) was corresponding to the Al,O5 phase. Overall, a
relatively uniform distribution of strengthening particles was observed
in the sample A2. Fine TiC particles, nearly spherical, were formed. The
particle size of Al,O3 was much larger than the TiC particles. Al,O3 was
surrounded by the TiC phase, forming obvious clusters, as shown in
Fig. 9. It can be also found that the trend of the coating being detached
by molten copper was more and more apparent with the increasing CA
content.
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Fig. 10. (a) FESEM image of composite coating in sample A2, and element distribution of: (b) Cu, (¢) Ti, (d) C, (e) Al, and (f) O.

In the sample A2, uniform and fine TiC particles were formed, about
1-3 um, as seen in Fig. 10(a). The Ti—C SHS reaction was promoted by
the CA SHS reaction, without residual C existence. Ti and C were mainly
distributed in the dark gray region, and Al and O were mainly enriched
in the black region. The differences in elemental distribution further
indicated that the composite coating consisted of the TiC and Al,O3
phases. Besides, copper acted as a “binder”, bonding the ceramic par-
ticles together with copper. Consequently, dense coating microstructure
was obtained, as proven in Figs. 7-10. Thus, the bond strength between
the matrix and the coating would be improved.

To identify the ceramic phase in the composite coating, TEM ana-
lysis was performed on sample A2. Thereinto, region “A” was the TiC
phase with a cubic structure, as shown in Fig. 11(b). The measured
distances from the (000) to (020), (200) planes were 0.211 nm and
0.213 nm, respectively. The corresponding zone axis was [001]. And,
region “B” was the cubic Al,O3 phase with the lattice parameter of
0.795 nm. The corresponding measured distances were 0.447 nm and
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0.240 nm, respectively. With the CA addition, the SHS reaction was
fully completed, without the “frozen” effect reported in Ref. [24].
During the casting process, molten copper provided heat to ignite Ti—C
and CuO-Al SHS reaction. The CA reaction rate was much higher, and
the released heat produced by the CA system achieved thermal com-
pensation for the Ti—C system.

3.3. Mechanical properties

Compared with the Cu matrix, the results shown in Fig. 12 indicated
that the hardness values had been significantly increased within a
measurement error of 5%. The hardness value of the Cu matrix was
about 40 HB. The hardness increased first before decreasing with the
CA content increasing. With the addition of 10 wt% CA, the hardness
increased to 195 HB, reaching its maximum value. A hardness value
enhancement of 388% was obtained. This might be associated with the
uniform coating microstructure, as presented in Fig. 9(b). When adding
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Fig. 12. Hardness values of copper matrix and strengthening coatings in sam-
ples A1-A4.

20 wt% CA, the hardness reduced to 150 HB due to the poor distribu-
tion of the ceramic coating.

The shear strength tests were carried out to evaluate the bond
strength, as shown in Fig. 13. Compared to sample Al, the bond
strength of sample A2 increased from 210 MPa to 293 MPa. The high

72

Surface & Coatings Technology 373 (2019) 65-74

N

W

(=]
)

200 |

150 |

100 |-

Shear bond strength (MPa)

W
(=]
)

Al A2 A3 A4

Fig. 13. Shear bond strength between composite coating and copper matrix.

bond strength was credited to two things. First, fine and in-situ re-
inforcement particles were beneficial to improve the bond strength.
Then, molten copper infiltrated into the coating, causing metallurgical
bonding between the coating and the matrix. Upon further increasing
the CA content, the bond strength decreased. When the CA content
wasn't enough, the combustion rate of the SHS reaction was relatively



F. Yang, et al.

Weight Loss (g)

—— A4

——

. o

20
Load (N)

10

Fig. 14. Weight loss of copper matrix and composite coatings obtained from the
wear test.

low. At this point, the whole temperature of the composite coating was
much lower at an instant, with less molten copper infiltrating into the
coating. Consequently, part of the TiC or Al,O3 particles adhered to-
gether. Similarly, when adding excessive CA content, the amount of
outgassing significantly enhanced, giving rise to the detachment of
coating by molten copper. The uniformity of the coating became worse,
as shown in Fig. 9.

The wear resistance also significantly improved with in-situ TiC-
Al,0O3 composite coating synthesized on the copper matrix, as shown in
Fig. 14. All four samples show better wear resistance as compared to the
copper matrix. The sample A2 with 10 wt% CA content had the best
resistance, and the sample Al took the second place. With increasing
load, the weight loss increased. At 40 N, the weight loss of the sample
A2 was about 0.44 g, far lower than that of copper matrix (7.98 g). The
enhanced wear resistance was due to the in-situ synthesized TiC-Al,O3
strengthening phase on the copper surface.

Now that the sample A2 showed the best wear resistance, the cor-
responding wear surfaces were compared with the copper matrix, as
shown in Fig. 15. Long continuous grooves were observed in the copper
matrix with obvious plastic deformation. With the increasing load,
grooves became deeper and deeper, causing mass loss increase. The
wear resistance of copper was poor, as proven in Fig. 15(a—d). When the
TiC-Al,O5 strengthening coating was synthesized on the copper surface,
the wear resistance significantly improved, as presented in Fig. 15(e-h).

Surface & Coatings Technology 373 (2019) 65-74

The ploughing effect was demonstrated in the surface appearance of
coated samples. As the load increased, a small amount of TiC, Al,O3
particles peeled off. The severity of abrasion wear was much less in the
sample A2, and the results were in accordance with those presented in
Fig. 14. In the sample A2, more uniform coating microstructure was
obtained. Besides, the strengthening particles were fine, and the par-
ticle spacing was small. As a result, the hardness, bond strength, and
wear resistance performance improved.

The above results indicated that the CA promoted the Ti—C SHS
system. As reported in Ref. [24], residual C was found in the single
Ti—C system or the Ti-Cu-C system with high Cu content during the
copper casting process. Although the ignition of Ti—C SHS reaction can
be achieved by molten copper, the speed of heat consumption was
much quicker than that of the Ti—C reaction due to its high heat con-
ductivity. When the highly exothermic CA reaction was employed in the
Ti—C system, the released heat produced by the CA reaction was en-
ough to ensure the full completion of the Ti—C reaction, as proven in
Fig. 6. The “frozen” phenomenon didn't occur in the Ti-C-CA system.
Consequently, the in-situ TiC-Al,O3 strengthening coating was formed
on the copper surface, resulting in the significant enhancement of
hardness and wear resistance. During the casting process, the Ti-C-CA
SHS reaction was ignited by molten copper, forming the TiC-Al,O3
composite coating. Besides, the infiltration of molten copper into the
SHS coating occurred, resulting in coating densification and obtaining
metallurgically bonded coatings. Therefore, the bond strength between
the matrix and the coating reached up to 293 MPa.

4. Conclusions

Using VEPC coupled with SHS, the in-situ TiC-Al,O3 strengthening
coating was applied on the copper surface. Although Ti—C SHS system
can be ignited by molten copper, residual carbon was found due to its
incomplete reaction. Therefore, the CuO-Al (CA) system acting as a
promoter was added in the Ti—C system. As a result, the in-situ TiC-
Al,O3 composite coating was obtained during the copper casting.
Besides, molten copper infiltrated into the coating, resulting in the
dense coating microstructure. The optimal CA content was 10 wt%. The
distribution of TiC and Al,O; particles was relatively uniform. A
hardness value enhancement of 388% was obtained, from 40 HB to 195
HB. And, the reduce of mass loss was significant, from 7.98 g to 0.44 g
at 40 N normal wear load. Relatively high bond strength of 293 MPa
was achieved. Therefore, a promising method was proposed to apply in-
situ surface coating on copper with better wear resistance and higher
hardness.

Fig. 15. SEM images of worn surface in Cu matrix and sample A2 at (a) 10N, (b) 20N, (c) 30N, and (d) 40 N.
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