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ARTICLE INFO ABSTRACT

Keywords: In this work, a highly wear-resistant cooper matrix composite reinforced by in situ formed nano-NbC particles
Cu‘f‘latrlx composites was synthesized by hot pressing mechanically alloyed Cu+Nb+C powders. The composite possesses a smaller
I“'St‘)t.‘; friction coefficient and displays a wear rate (2.6 x 10"°> mm°®N "' m~!) two orders of magnitude lower than the
Carbide micro-NbC reinforced Cu composites (123.5 x 107> mm®N~ m™1). Such property enhancement is attributed to
Wear . . L. . s . .

TEM the hardness improvement and the solid lubricating effects induced by nanoscale niobium carbides/oxides as
XPS well as iron oxides. The oxidation and pulverization of NbC during friction have played a key role in increasing

the wear resistance and their mechanisms are discussed. The findings provided a strategy for developing other
wear-resistant composite materials.

1. Introduction

Copper matrix composites are important engineering materials and
have the potential for applications in electrical sliding contacts that are
key components for the homopolar machines or the railway overhead
current collector systems [1-3], because they are able to combine high
electrical/thermal conductivity of the Cu matric and good mechanical
wear resistance of the reinforcing phase. To realize excellent wear
resistant properties and high hardness, carbon materials reinforcement
(graphite [4], graphene [5-8], carbon nano-tube [9]) and non-metallic
reinforcing particles, like oxides (ZrOs;, SiOj, LazOs, TiO,, AlyOs3
[10-14]), borides (TiBy, ZrBy [15-17]), sulfides (WSy, MoS, [18,19])
and carbides (SiC, WC, NbC, TiC, B4C [20-26]) are often added into the
matrix. Among the two types of strengthening phases, the second one is
more beneficial to hardness. Here the additive NbC is an important
candidate to reinforce Cu-based materials because of its extremely high
hardness, high melting temperature and good wettability with copper.
Usually, its additions are achieved via in or ex situ methods, in which the

former directly synthesize NbC using chemical reaction between raw
materials [27-30]. The in situ formed reinforcing particles distribute
more evenly in the matrix and they have a stronger reinforcement-
matrix interfacial bonding than the ex situ method. Therefore, in situ
processing is suitable for generating better mechanical properties such
as wear resistance and hardness for the Cu-matrix composites. For such
materials, the aforementioned properties closely relate to the rein-
forcement size, too. Generally, the refinement of reinforcing particles
increases the hardness, which can decrease the contact area of wear
surface and accordingly benefit the abrasion resistance [31]. As the
reinforcing particles was refined from micro to nanoscale size, the wear
mechanism changes from ploughing to grooving, leading to the pro-
nounced reduction in wear loss [32]. Thus, in situ synthesis of nanoscale
NbC made from nanocrystalline powder is a promising strategy for
preparing highly wear-resistant Cu-matrix composites.

At present, it is hard to obtain this bulk material by a conventional
powder metallurgy route involving powder preparation, compaction
and sintering, considering that the nano-grains are prone to grain
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growth to microscale during sintering [33]. To overcome this problem,
Ni et al. [34,35] prolonged mechanical alloying processes of powders to
achieve an average size of ~10 nm and then hot pressed the resulting
powders with the matrix. Such method was found to have successfully
fabricated nanosized TiC and WC strengthened Cu-matrix composites.
Inspired by the in situ reaction method, this paper explores the prepa-
ration of Cu-matrix composites reinforced by in situ nano-NbC particles.
So far, the related information about the fabrication and microstructure
of the in situ nanosized niobium carbide reinforced copper matrix
composites remains unavailable in the literatures, although there are a
few reports on their wear resistance. In the present work, thus, we aimed
to produce in situ nanosized NbC reinforced copper matrix composites
via hot pressing the mechanically alloyed powders of Cu+Nb+C and
investigate the materials structure- property relationship with emphasis
on the tribological characteristics.
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2. Experimental

Raw materials included copper powder (purity: 99.9%, particle size:
~10 pm), niobium powder (purity: 99.9%, particle size: ~10 pm), and
graphite powder (purity: 99%, particle size: ~5 pm) were obtained from
Shanghai Naiou Nano Technology Co., Ltd. Morphology and particle size
distribution of the raw powders was presented in Fig. 1. A mixture of Cu-
15.655wt.%Nb-2.020wt.%C, corresponding to Cu-20 vol% NbC, was
ball milled in stainless steel vacuum tanks on a planetary mill for 60 h,
84 h, 96 h, and 120 h. Ball milling (BM) was operated at a rotating speed
of 350 rpm and the ball-to-powder weight ratio was maintained at 10:1.
During milling, 1.5 wt% stearic acid and 1 wt% ethanol were utilized as
the process control agents (PCA) to prevent the re-welding and promote
the fracture of powder particles. After the BM process, the resulting
powders were sintered by hot pressing at 950 °C for 1 h using silicon
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Fig. 1. SEM images and particle size distribution of raw powders of Cu (a), Nb (b), and C (c).
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Fig. 2. XRD patterns of sintered samples.
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nitride die and punches. The chamber was under vacuum (~4.5 x 1074
Pa) and a pressure of 100 MPa during the sintering process. The hot-
pressed (HP) samples are denoted as x h-BM HP where x represents
the ball milling time in hours (x = 60, 84, 96, 120).

Crystalline phase identification and the composition analysis of
sintered samples were investigated using an X-ray diffractometer with
Cu-Ka radiation and the energy dispersive spectrometer (EDS), respec-
tively. Morphology of un-milled powders and sintered samples was
observed by a scanning electron microscope (SEM). High resolution
transmission electron microscopy (HRTEM) was carried out on the HP
nanocomposites to study the crystalline state of nano-constituents and
the matrix-reinforcement interface. For the HP samples, the density was
determined by the Archimedes principle. Hardness was measured using
a Vicker’s microhardness tester with a load of 1.96 N and a loading time
of 15 s. Each sample was measured ten times and the average was re-
ported together with the standard deviation. Electrical conductivity
measurement was performed on a FQR7501A-typed eddy current con-
ductivity instrument.

Dry sliding wear tests were carried out on an MFT-EC4000 recipro-
cating friction and wear tester at room temperature. Friction and wear
measurements, in which GCr15 steel ball with a 6 mm diameter was

Fig. 3. SEM images and EDS mappings of Cu, Nb and C for the sintered samples from different time BM powders: (a) 60 h, (b) 84 h, (¢) 96 h, and (d) 120 h.
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Fig. 4. TEM and EDS for the 120 h-BM HP: (a) Bright field image; (b) Dark field image of the selected area marked by green square; (c) EDS of the regions A and B in
dark field image; (d) High-resolution TEM image corresponding to the region C marked by white square. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

used as a counter-sample, were conducted at a load of 2N, 5N and 10 N
with the sliding distance of 21.6 m and the sliding speed of 12 mm/s. For
the worn samples, the morphological characterization of the wear track,
as well as the wear debris was analyzed using SEM. The composition
analysis was done using EDS mapping and X-ray photoelectron spec-
trometer (XPS). Al K, was used as the X-ray source and the XPS depth

Table 1
Hardness, electrical conductivity and relative density of sintered samples.
Sample Microhardness Electrical Relative Porosity
(Hv) conductivity (% density (%) content (%)
IACS)
60 h-BM 117.94+5.8 30.0+1.4 96.3+1.0 3.7
HP
84 h-BM 132.3+4.0 28.4+1.0 94.840.8 5.2
HP
96 h-BM 164.5+5.0 27.7+1.2 94.3+0.7 5.7
HP
120 h- 180.0+6.3 25.5+1.0 93.1+0.9 6.9
BM HP

profiling was performed by sputtering Ar ions. Wear track depth and
cross-sectional area (A) were determined by the surface profile of the
wear track using 3D optical surface profilometer (OSP). Three different
positions were measured in the wear track for the cross-section area of
each sample condition, and their average value (A) along with the wear
track length (L) was used to calculate the wear volume loss (Viegs) in
mm?> according to Eq. (1). Vjoswas normalized by the applied load (N) in
N and the total sliding distance (S) in m and expressed as wear rate (W,
mm3N"'m ) in Eq. (2).

Viess = A X L (€]
‘/IOS:

— 2

N xS &)

3. Results and discussion

3.1. Microstructure, hardness and electrical property of the sintered
samples

XRD patterns in Fig. 2 show that all samples are composed of Cu and
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Fig. 5. Friction curves vs. distance (a) and average friction coefficient (b) of the
sintered samples.
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NbC except for a few cementite, in which such carbides formed directly
from the reactions of Nb+C—NbC and 3Fe+C—FesC, respectively under
the hot-pressing conditions (950 °C, 100 MPa). The introduction of Fe
element was unavoidable in the BM processes. The niobium carbide
reached about 20 pm and agglomerated in the 60 h-BM HP while its size
was reduced below ~10 pm with a more uniform distribution in 84 h-
BM HP, as shown in Fig. 3 in which the EDS mappings of Nb element
corresponded to the distribution of NbC. In the 96 h-BM and 120 h-BM
HP samples, especially in the latter, NbC distributed very evenly and its
size was too small to be measured under SEM. The 120 h-BM HP was
thus studied using TEM and the results are displayed in Fig. 4. Based on
the TEM observation, most NbC particles were smaller than ~40 nm.
The in situ precipitated NbC appeared to effectively pin the grain
boundaries of matrix phases (Fig. 4d) and accordingly hindered their
grain growth during sintering by the Zener effect [36]. It accounted for
the occurrence of nanocrystalline or ultrafine copper matrix in the 120
h-BM HP, in which the Cu matrix phase was much finer compared to the
60 h-BM HP, as proved by the broadening of the Cu (111) peak between
43.0° and 43.7° for the former sample (inset in Fig. 2). Moreover, as
observed from Fig. 4 b and ¢, nanosized FesC coexisted with NbC and it
played a similar role in influencing the microstructure of Cu-matrix
composites. Such structural variations led to higher fine-grain
strengthening of copper matrix phases and better dispersion strength-
ening of NbC in the sintered compacts of longer-term BM powders. It
pronouncedly increased the mean hardness values from 117.9 Hv for the
60 h-BM HP to that of 180.0 Hv for the 120 h-BM HP (Table 1), although
the relative density decreased with the milling duration due to the
powder refinement. These finer particles tend to possess a lower flow
rate, higher specific surface area, higher amount of absorbed gases, and
severer inter-particle friction [38], increasing the porosity in the sin-
tered sample. The observed hardening with BM time indicates that the
increased porosity had a less impact on the hardness than particle
refinement. The increased porosity was responsible for the 15.0%
reduction (from 30.0 to 25.5% IACS) in the electrical conductivity. In
the present work, the NbC reinforced Cu-matrix composites have higher
hardness than the reported Cu-30 vol% NbC fabricated through a con-
ventional sintering [29], because the former was denser and possessed a
more optimized microstructure.

3.2. Friction and wear behaviors of the in-situ NbC reinforced Cu
composites

The difference in the microstructure and hardness affected the fric-
tion and wear behaviors of the in-situ NbC reinforced Cu composites.
The friction curves measured at 5 N load are presented in Fig. 5a, and the
average friction coefficients are presented in Fig. 5b. All the coefficients
of friction (COF) initially increased with the sliding distance and then
stabilized for a short distance before ~2 m, due to the formation of
stable tribo-layers. Over ~2 m, COF for the 60 h-, 84 h- and 96 h-BM HP
samples, especially for the 60 h sample sharply increased owing to
ploughing of surface asperities before it became relatively stable against
sliding distance. The average values of COF decreased from 0.43 for the
60 h-BM HP to 0.25 for the 120 h-BM HP. The 41.9% COF reduction
indicates a much reduced frictional force with the power BM time of
composites. This is attributed to the decline of surface roughness
induced by the decreased size and more homogenized distribution of
NbC in the composites. The uniform distribution of nano-NbC particles
in the 120 h-BM HP is responsible for its gentle rise of COF at 2-7 m
sliding distance. In addition, the wear rates obtained from the data in the
3D OSP images of wear track with depth profile (Fig. 6) are shown in
Fig. 7. It is observed that as compared to 60 h-BM HP, 84 h-BM HP had
smaller width and depth of the wear track, due to its higher hardness and
smaller NbC particles. Similar reasons account for the further reduced
wear for the 96 h-BM HP, and the narrowest and shallowest wear track
was observed in the 120 h-BM HP. According to Egs. (1)-(2), the lower
track width and depth means smaller volume wear loss that in turn is
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Fig. 6. 3D OSP images with depth profile of wear scar under 5 N load for the sintered sample from different time BM powders: (a) 60 h, (b) 84 h, (c) 96 h, and (d)
120 h.
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proportional to wear rate. It thus is easy to understand that the 120 h-BM
HP exhibited the smallest wear rate of 2.6 x 10~° mm°®N~! rn’l, which
had been reduced by two orders of magnitude from the value of 123.5 x
107> mm®N~! m™! for the 60 h-BM HP. The best-performing 120 h-BM
HP possessed the highest anti-wear property due to its most uniformly
distributed nano-NbC particles together with the formation of strong
coherent interfaces with the matrix, which has most effectively inhibited
particle pull-out during wear test [37].

The particles size in the 60 h- and 120 h-BM HP samples is in the
micro and nanoscale, respectively. They were chosen to investigate the
load effect on the wear characteristics of Cu-matrix composites. Both
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samples’ friction curves at 2 N and 10 N loads were compared with the
case of 5 N (Fig. 8) and their 3D OSP images of wear track along with the
depth profile are given in Fig. 9. Clearly, the 120 h-BM HP showed much
lower average values at different loads as compared to that of 60 h-BM
HP, due to its fine-grained microstructure with large density of dislo-
cations network [38]. For the former sample, the average COF had
almost the same values, implying that the friction surface roughness
never changed with the increase in the loads. For the latter sample, the
increase of average friction coefficient with loads at 2-5 N indicates the
coarse surfaces appeared under the frictional load of 5 N. Further in-
crease of loads from 5 to 10 N, however, made the friction surfaces
smooth as indicated by the decreased COF (inset in Fig. 8a). Observation
of Figs. 6a, d and 9 shows an increase in the wear track width and depth
with the load for the composites with both micro and nanoscale NbC.
This can be explained on the basis of the proportional relationship be-
tween wear volume loss and load [39]. In the load range from 2 to 5 N,
sever wear through ploughing was found in the 60 h-BM HP, as vali-
dated by a 208% increment of the wear rate (Fig. 10). But this rate had
only been increased by 9.8% at 5-10 N and it hardly changed with the
applied loads in the 120 h-BM HP. This is related with the comminution
of reinforcing phases during wear and will be discussed next.

3.3. Mechanism of NbC reinforcing phase on wear

Results mentioned above indicate that the tribological properties are
closely related with the size and distribution of NbC particles. In order to
address the mechanism of both structural parameters on wear behaviors,
SEM morphologies of worn surfaces and wear-debris along with their EDS
and XPS data are presented in Figs. 11-14. As shown in Fig. 11b, the worn
surface of 60 h-BM HP was covered by a loose layer, which appeared to be
the agglomerate of fine powder-like and large flake-like particles. This
features remained in 84 h- and 96 h-BM HP samples as well, in addition to
the existence of some relatively smooth regions. Such wear scar features
suggest that adhesive wear dominated the wear mode of these three
samples. In 120 h-BM HP, the fluffy particulate-agglomerate layers dis-
appeared completely and the worn surfaces became compact and smooth.
Coupled with the cutting lines, the wear mode of this composite with
nano-NbC was abrasive wear. Furthermore, unlike the first three samples
whose debris morphologies are shown in the insets of Fig. 11a, c and e,
respectively, the wear-debris of 120 h-BM HP was too small to be
collected. Large wear debris (~200 pm size), consisted of flake-like par-
ticles appeared in the 60 h-BM HP, in addition to a few of fine, powder-
like granules. Similar wear debris were also observed for the 84 h- and
96 h-BM HP samples. In the latter case, the tiny particle debris dominated
in number and the size of some relatively large debris was about 60 pm. It
thus was stated that smaller wear-debris peeled off the substrate with
finer reinforcements in the samples with microscale or mixed micro and
nanometer NbC. Both the debris and tribolayers formed in dry-sliding-
wear conditions were comprised of materials mixtures from the com-
posite, the counterface, and the environment. The composition analysis
indicates a considerable amount of Fe and O as shown in the EDS map-
pings in Fig. 11, besides Cu, Nb and C that are primary elements of
composites. Appearance of Fe revealed the transfer of the counterface
materials to the wear surface and the oxygen element suggests oxidation
reaction has taken place during the friction and wear experiment. Herein
the oxygen tended to combine with iron instead of copper, as implied by
the roughly similar element distributions of O and Fe, which is ascribed to
a greater level of reactivity of iron under the test conditions. All the
aforementioned evidences confirmed the existence of oxidation-
delamination in the friction and wear processes.

Comparing the Nb distributions in Figs. 3 and 11, there was a
decrease of its clump size in the 60 h-BM and 84 h-BM HP samples before
and after frictions, implying the NbC powdering during the friction
processes. With the purpose of further elaborating the oxidation re-
actions along with the role of NbC particles, the chemical and phase
composition of tribo-layers for the 60 h-BM and 120 h-BM HP samples
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Fig. 9. 3D OSP images with depth profile of wear scar for the 60 h-BM HP (a, b) and120 h-BM HP (c, d) under 2 N and 10 N loads.

were analyzed using XPS, as depicted in Figs. 12 and 13. All the broad
survey spectra obtained from 0 to 1200 eV identified the elements of Cu,
Fe, Nb, O, and C on the worn layers sputtered after different times of
0-180 s. High-resolution spectra of Cu 2p, Fe 2P, Nb 3d analyzed using
mixed Gaussian/Lorentzian functions demonstrate that for the 60 h-BM
HP, the worn surfaces contained Cu, Cuz0, CuO, Fe, Fe304, Fe;03, NbC,
and NbO, before sputtering. Among the phases, the presence of the
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Fig. 10. Changes of the wear rate as a function of applied load for the 60 h-BM
HP and 120 h-BM HP.

oxides of iron, copper and niobium indicates that the cooperatively
mechanical and thermal actions induced by friction not only provided
the sufficient forces for Fe+O and Cu+O reactions that took place in
other Cu-based composites [40], but also for NbC+O reaction according
to Eq. (3). Besides of NbOjy, Nb,Os5 was also formed (Eq. (4)), and its
phase content increased with the sputtering time from 30 s to 180 s
(Fig. 13).

NbC +20,—Nb0O, + CO, 3

NbC + ;02—>%Nb205 + COz (4)

More Nby,Os, whose percentage was obtained by calculating the peak
areas of reference spectra of NbO,, NboOs and NbC, was attributed to
higher temperature in deeper tribolayers [41]. It should be pointed out
that NbyOs was brittle and this phase with the applied load brought
about crack formation in NbC. This might be able to explain the pul-
verization of NbC phase in the surface layer after friction. Fig. 14 shows
that the total niobium oxides in the sputtered layers were less than those
of the non-sputtered ones, due to less oxygen exposure in the former.
The same reason also accounts for the absence of copper oxidation in the
sputtered wear layer (Fig. 12), though a higher temperature would
benefit the formation of copper oxides in comparison with the non-
sputtered layer. Our observations suggest that the presence of oxygen
is probably a more dominant factor than temperature affecting the for-
mation of copper oxides during friction. The temperature factor,
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Fig. 11. SEM images on the wear scar under 5 N and wear debris as well as the EDS mappings corresponding to the selected area marked by green square for sintered
samples from different time milled powders: 60 h (a, b), 84 h (c, d), 96 h (e, f), 120 h (g, h). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)




Y. Bian et al.

Materials Characterization 172 (2021) 110847

( a) E E}&periment'al line Experimental line| Experimental line
& . — = Simulated line [ = = Simulated line — = Simulated line
- - - -Baseline - -+ *Baseline . - - -Baseline
~ "~ Culine (Cu2py/2) — - —NbC line (Nb 3d3/2)
= -~ = - =Culine (Cu2p3p) | -~ = -+ =NbC line (Nb 3ds/2)
; :5 -=== CuO line (Cu 2py/2) :{ 2 ==+ =NbO, line (Nb 3d3/2)
hd ~ e CuO line (Cu 2p3/2)| ~ - NbO, line (Nb 3d
£ £ i — = Fe,0, line (Fe2p,,) | & , line (ND 3ds/2)
g % E = -+ =Fe,0, line (Fe 2py,) %
= -1 = - Fe,0, line (Fe 2p,,) £
= . " N - Fe,0, line (Fe 2p,,) | ™
""" Cu,0 line (Cu 2py/2) Fe line (Fe 2p, )
Cu,0 line (Cu 2p3/2), Fe line (Fe 2p,,)
0 200 400 600 800 1000 1200 920 930 940 950 960 970 700 710 720 730 740 750 195 200 205 210 215 220 225
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
(b) Experimental line Experimental line Experimental line
~ = Simulated line ! = = Simulated line — = Simulated line
-+ - -Baseline = * * "Baseline -+ * *Baseline
-~ - —-=Culine (Cu2py/p) [ ~ " —Fe,0yline (Fe2py)| — == NbC line (Nb 3d3/2)
3 5 -~ Culine (Cu2p3p)| 3 5 -~ =NbC line (Nb 3ds/2)
< g 3 & -=== Nb,0j line (Nb 3d3/
Z z 2 2 \b, 05 line (Nb 3ds/3
£ 2 % % ~=-=NbO,line (Nb 3d3/2)
= £ < 7RO, line (Fe2py)| —— NbO,line (Nb 3ds/2)
= = - === Fe,0, line (Fe 2p,,)| ==
e Fey0, line (Fe 2py,)
Fe line (Fe 2p, ;)
Fe line (Fe 2p, ;)
0 200 400 600 800 1000 1200 920 930 940 950 960 970 700 710 720 730 740 750 195 200 205 210 215 220 225
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
(c) 3 Experimental line — Experimental line Experimental line
& = = Simulated line 0\ = = Simulated line = = Simulated line
5 = - - *Baseline =+ * "Baseline - =+ 'Baseline
0y - —-=Culine (Cu2pyp) [ & — - —Fe,0, line (Fe 2p,,)| ~ — = NbC line (Nb 3d3/2)
3 F —--=Culine (Cu2p3)| F 2 -+ =NbC line (Nb 3ds/2)
e = B = -= == Nb,0, line (Nb 3d3/)|
g £ £ £ & sz()5 line (Nb 3d
£ £ £ = 205 5/2)
g g g G E— g == NbO, line (Nb 3d3/3)
g g = | reSdnetreIR)l g —— NbO, line (Nb 3d
= = = - Fe,0,line (Fe 2p,,)| ™ » line (Nb 3ds/2)
Fe,0, line (Fe 2p,,)|
----- Fe line (Fe 2p,,,)
Fe line (Fe 2py,)
0 200 400 600 800 1000 1200 920 930 940 950 960 970 700 710 720 730 740 750 195 200 205 210 215 220 225
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
(d) E Experimental line Experimental line Experimental line
9 — = Simulated line B ~ = Simulated line — = Simulated line
- = - *Baseline - * - "Baseline -+ + *Baseline
—_~ —_ —-=Culine (Cu2py) | —~ — = Fe,0; line (Fe 2p,,)| — - —NbC line (Nb 3d3/2)
= B =--=Culine (Cu2p3p2)| = = ==+ =NbC line (Nb 3ds/3)
& s < 2 - === Nb,Oj line (Nb 3d3/)|
£ £ g z Nb,O; line (Nb 3ds/2)
2 E 2 2 NbO, line (Nb 3d3/2)
§ 2 e “Fe,0, line (Fe 2p,0)| & 2 :'le( 32
= - = - Fe,0, line (Fe 2p,)| S ——NbO, line (Nb 3ds/2)
¢,0, line (Fe 2p,,)
- Fe line (Fe 2p,,)
Fe line (Fe 2py,)
0 200 400 600 800 1000 1200 920 930 940 950 960 970 700 710 720 730 740 750 195 200 205 210 215 220 225
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Fig. 12. XPS survey spectrum of the worn surfaces for 60 h-BM HP and its high-resolution spectra of Cu 2p, Fe 2P, Nb 3d at different sputtering time: (a) O s, (b) 30's,

(c) 60s, (d) 180 s.
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Fig. 13. XPS survey spectrum of the worn surfaces for 120 h-BM HP and its high-resolution spectra of Cu 2p, Fe 2P, Nb 3d at different sputtering time: (a) 0 s, (b) 30
s, (¢) 60 s, (d) 180 s.
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Fig. 14. Phase proportion of oxidation products for Fe+0O, Cu+O and NbC+O
reactions in the worn layer at different sputtering time for 60 h-BM and 120 h-
BM HP.

however, might play a major role in iron oxides formation, as indicated
by their smaller amount in the worn layer without sputtering. Compared
with the case of 60 h-BM HP, the worn surfaces of 120 h-BM HP had a
lower temperature as indicated by its smaller friction coefficient (Fig. 5),
explaining the absence of copper oxides on the outermost friction layer.
There was a higher proportion of NbO,, Fes04 and Fe;O3 than the
former case, which is ascribed to the decreased sizes of NbC and Fe.

Materials Characterization 172 (2021) 110847

The size reduction of NbC particles from micro to nanoscale means a
significant increase in the specific surface area, accordingly enhancing
the surface oxidation of NbC. It therefore is easy to comprehend that the
tribolayer of the 120 h-BM HP sputtered after 30, 60 and 180 s displayed
a larger percentage of NbyOs than the 60 h-BM HP. The Nb,Os particles
can easily break down into nano-Nb,Os and the resulting particles acted
as abrasive on the worn surface. Compared with Cu-matrix materials
with microscale NbC, the nanoparticles dispersed much more uniformly
in the tribolayers, as proven by the Nb EDS mapping in Fig. 11. Coupled
with Fe3O4 and Fey03, they are able to produce the solid lubricating
effects [42]. Their presence decreased the surface roughness, leading to
a lower friction coefficient than in the micro-NbC reinforced composites.
On the other hand, the higher hardness imparted these nano-NbC rein-
forced materials with good wear resistance, because the nanoparticles of
niobium carbide/oxides, like nano-TiB; particles [3], served to delay the
transition to severe wear rate regime.

Furthermore, as a larger load was applied, more severe oxidation and
pulverization of NbC would take place due to the generation of more
frictional heat during sliding, decreasing the abrasive size of niobium
carbide/oxides and accordingly reducing the wear loss and wear rate
[40]. It was responsible for the nearly constant wear rate of 120 h-BM
HP with load from 2 to 10 N, although larger friction load increased
wear loss [24,43]. This is thus concluded that the beneficial effect of
reduced abrasive particle size surpassed the harmful effect of a larger
load on the wear rate in this composite with nanoscale NbC. Such
phenomenon however did not occur in the micro-NbC reinforced com-
posites, as by implied the increased wear rate (Fig. 11). Additionally for
the 60 h-BM HP, a far smaller increase in the wear rate under 5-10 N
than the case of 2-5 N indicates that microscale NbC oxidized and
pulverized more severely with increasing load after 5 N. Larger loads
also caused more severe plastic deformation of Cu matrix and Fe counter
materials in the composite with micro-NbC, increasing the area per-
centage of the compact friction films with cracks, as shown Figs. 11b and

Fig. 15. SEM images on the wear scar of 60 h-BM HP (a, b) and 120 h-BM HP (c, d) under 2 N and 10 N, respectively.
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15a-b. In the 120 h-BM HP at different applied loads, the worn surface
remained similar topography, that is, the compact and smooth regions,
and there only existed trace amount of wear debris (Fig. 15 c and d). This
is ascribed to the localized toughening effect of NbC nanoparticles, their
migration from the grain boundaries to grain interiors of Cu grains
during the friction deformation, [37] and the higher bonding force with
the Cu matrix phase than the case of micro-NbC particles. These
microscale particles were prone to pull out and the pulled-out ceramic
particles will act as abrasive particles themselves, exacerbating the wear
of the composites. This partly accounts for their lower abrasion resis-
tance in comparison with the nano-NbC reinforced composite materials.

4. Conclusions

(1) Compared with the composites with micro-NbC, the wear rate
had been reduced by two orders of magnitude and the average
values of friction coefficients under 5 N load decreased by 41.9%
for the nano-NbC reinforced composite. Such enhancement of
anti-friction/wear properties was due to the hardness improve-
ment and the solid lubricating effects induced by the nanosized
NbC and oxides including Nb,Os, NbOy, Fe203, and FesO4.
Nano-NbC reinforcement and its oxidation products were
responsible for the abrasive wear mode of the nano-NbC rein-
forced Cu-matrix composites as compared to the adhesive wear
that dominated the wear mode in the micro-NbC containing
materials. During friction NbC undergone oxidation, leading to
its own pulverization that became more severe with increasing
friction load. This explained the nearly unchanged wear rate with
the applied loads for the nanoscale NbC reinforced composite.
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