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A novel metal matrix composite (MMC), Cu-Cr-MWCNT (copper-chromium-multiwalled carbon nano-
tube), was manufactured using a powder metallurgy technique. Cu-Cr alloy is widely adopted for contacts
in vacuum circuit breakers. MWCNT was incorporated in an effort to enhance electrical conductivity and
decrease the usage of Cr as strategic metal. Optimized milling conditions and sintering profiles were utilized
to minimize any significant damage to the MWCNTs but yet provide homogeneous distribution of all
constituents. Raman spectroscopy, transmission electron microscopy (TEM), and scanning electron
microscopy (SEM) were used to determine the crystal structure orientation, microstructure, and mor-
phology, respectively, of the composite. Raman peak shift and intensity ratios assessed the stresses induced
and the degree of disorder of MWCNTs in the composite. TEM indicated carbide and oxide formations in
the composite. SEM images revealed the presence of MWCNTs within the metal matrix. The corrosion
resistances of the composite with and without MWCNTs was determined by cyclic potentiodynamic
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polarization (ASTM F 2129-08) in phosphate buffer saline solution at 37 °C.
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1. Introduction

Copper-chromium-multiwalled carbon nanotube (Cu-Cr-
MWCNT) metal matrix composites (MMCs) can find applica-
tion as contact material for vacuum circuit breakers (VCB) (Ref
1), electrode materials for bio-fuel cells (Ref 2), bio-sensors
(Ref 3), and in implantable electrically operated devices, such
as pacemakers, defibrillators, insulin pumps, drug delivery
systems, etc. However, structural damage of the carbon
nanotube (CNT) is often a problem encountered during their
manufacture as a result of high processing temperatures and
pressures associated with the production methodology. In order
to retain the inherent properties of the CNTs, a methodology
was adopted in this investigation to minimize damage to the
outer layers. Thus, in spite of any eventual damage to the latter,
the beneficial properties of the inner layers of the MWCNT are
retained.

Theoretical and experimental studies on CNTs have brought
to the fore their exceptional mechanical and electrical proper-
ties, as well as their ability to exhibit metallic or semiconduct-
ing behavior (Ref 4). CNTs are considered ideal for improving
the mechanical properties and electrical conductivity of metal
matrix composites (MMCs). However, the difficulty of distrib-
uting CNTs homogeneously in a Cu matrix has been regarded
as an impeding hurdle in the fabrication of composites
and many researchers have focused on solving this problem
(Ref 5, 6).
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The same can be said about interfacial bonding of CNTs in
MMC and its influence on mechanical properties (Ref 7-9). Sun
and Zhang (Ref 13) have reported weak mechanical bonding at
the interface between the carbon fiber and Cu due to poor
wettability (Ref 6). In addition, the generation of binding sites
during fabrication has been viewed to be beneficial for
interfacial bonding with the matrix (Ref 11). MWCNTs have
two different areas of reactive sites: the highly reactive
fullerene-like tube ends and the less reactive hexagonal
cylindrical tube walls. The carbon bonds at the tip of nanotubes
are under higher strain due to their larger curvature and provide
an area of reactive sites and lower activation energy for
oxidation reactions (Ref 11). Furthermore, local defects on the
wall of the nanotubes lead to a similar reduction in the
activation energy and lower oxidation temperature (Ref 12).
Thus, improving the interfacial bonding between CNTs and the
metal matrix has become an important feature in the develop-
ment of composites with improved mechanical and electrical
properties (Ref 1, 10, 13-18).

1.1 Experimental

SPEX 8000 Mixer/Mill equipment was used at a fixed
milling speed of about 1200 rpm. It should be noted that the
efficiency of particle size reduction is about 0.1% in a
conventional ball mill, but it is considerably higher for the
high-energy SPEX 8000 Mixer/Mill, where powder particles
are repeatedly flattened, cold-welded, fractured, and re-welded
during the milling process (Ref 19).

Pure Cu metal powder (Atlantic Equipment Engineers
(AEE), 99.9% purity, 1-5 Micron) and Cr metal powder
(AEE, 99.8% purity, 1-5 pm) were milled in a hardened
stainless steel vial (diameter 21/4 in. x 3 in.) under an inert
atmosphere (Argon). In order to limit agglomeration and
sticking on the grinding media, the milled powder was scraped
at regular intervals. An optimized milling and cooling regime
was developed in this investigation to minimize temperature
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rise and damage to the CNTs,and yet achieve its homogeneous
distribution. Cu-Cr powders were ball milled employing 1/2 in.
stainless steel balls at a 10:1 ball to powder ratio (BPR).
MWCNTs (NanoAmor, 99% purity, OD 40-60 nm) were ball
milled using 1/4 in. stainless steel balls at a 3:1 BPR in an effort
to minimize the degree of damage to the MWCNTs. A
homogeneous distribution of CNTs was achieved by conduct-
ing preliminary tests, where the milling time, BPR, and ball size
were varied ,and the milled powders were analyzed by SEM/
mapping and Raman Spectroscopy (Ref 1, 18).

The work-hardened powders were cold compacted in an
evacuable stainless steel-hardened pellet die (844 MPa) using a
Carver manual press with a hold time of 90 min. The green
compacts were then sintered at three different temperatures
(750, 900, and 1050 °C) under argon with a ramp time of
30 min, a holding time of 150 min, followed by furnace
cooling.

Raman spectroscopy (Spectra Physics, model 177G02) of
spectral resolution 4 cm™' with an argon ion laser of wave-
length 514.5 nm was used to evaluate any lattice damage of
MWCNTs during fabrication. MWCNTs usually exhibit tan-
gential stretching with a characteristic D band (~1350 cm™")
and G band (~1500-1600 cm ™) Raman shift (Ref 20-23). The
D band is a double-resonance Raman mode, which can be
understood as a measurement of structural disorder developed
from defects in graphite-like materials (Ref 20, 21). The G band
originates from the tangential in-plane stretching vibrations of
the carbon-carbon bonds within the graphene sheets (Ref 20,
21). The ratio of intensities of the D and G bands, R = Ip/[g,
can be used to evaluate the disorder density in the crystal
structure of MWCNTs. A peak shift confirms the presence of
either compressive or tensile stresses within the crystal structure
of the composite, which can occur during ball milling,
compaction, sintering, and compositional changes. The D and
G peaks were evaluated using the full-width half-maximum
(FWHM) parameter, which is a measure of the average width of
the spectra.

The microstructure, space group symmetries, and morphol-
ogy/elemental mapping of the composite were determined

using TEM (Philips CM200) and SEM (JEOL JSM 6330F),
respectively.

Corrosion tests were conducted in phosphate buffer saline
(PBS) at 37 °C using a GAMRY® potentiostat (G-750)
equipped with an Instrument Framework Software and employ-
ing a scan rate of 1 mV/s over a potential range of —0.5 to
2.5 Vgcg. The tests were conducted in compliance with ASTM
F 2129-08 (Ref 29).

2. Results and Discussion

Previous attempts to prepare the composite utilizing a
variety of milling parameters indicated significant MWCNT
damage. By using Raman spectroscopy, it was possible to
optimize the milling parameters so as not to compromise the
properties of MWCNT. Similarly, optimum sintering conditions
were also determined from Raman spectroscopy data by
comparing the spectra of the as received MWCNT before and
after sintering, as well as those of the compacts before and after
sintering under argon. The sintering of pure MWCNT was
conducted to determine the effect of temperature on its Raman
spectra parameters. Table 1 compares the ratio of Ip/Ig (R) of
the as-received MWCNTs (R = 0.9) with that of sintered
MWCNTs (R = 0.7). It can also be observed that there was no
variation in R with increasing temperature from 750 to 1050 °C
for sintered MWCNT. However, entrapped air within the
MWCNTs may have caused its partial oxidation resulting in the
formation of carboxyl and carbonyl groups on the surface of the
nanotubes (Ref 24), which would affect the breathing motion of
the sp® rings and tangential vibration of the carbon bonds,
resulting in R = 0.7. Graphitized MWCNTs have been shown
to exhibit a value of ~1.1 (Ref 12).

Table 2 compares R (0.9-1.1) and Raman spectral shift of
various compositions of green compacts. A relatively constant
R was indicative of no significant change in the structure of
MWCNT during ball milling and compaction. The Raman
shifts obtained for the compacts were in the ranges of

Table 1 Raman spectra parameters of as-received and sintered MWCNT

D band, cm™! G band, cm™!

Sintering temperature, °C Position FWHM Position FWHM Ratio (R) = Ip/l;
750 1346 50.8 1571 41.0 0.7
900 1348 56.3 1575 39.8 0.7
1050 1340 37.6 1567 414 0.7
Unsintered MWCNT 1355 61.4 1581 48.1 0.9
Table 2 Raman spectra parameters of green composites

D band, cm™’ G band, cm ™!
Composition, vol.% Position FWHM Position FWHM R =Ly/lg
Cu-15Cr-SMWCNT 1361 443 1587 32.8 1.1
Cu-14Cr-10MWCNT 1356 36.2 1587 37.3 1.0
Cu-13Cr-12MWCNT 1345 51.4 1581 47.5 1.0
Cu-12Cr-14MWCNT 1357 52.1 1587 39.7 0.9
Cu-11Cr-16MWCNT 1347 384 1573 53.7 0.9
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1345-1361 cm™' and 1573-1587 cm™' for D and G bands,
respectively, which indicated that minimal stress was intro-
duced during ball milling and compaction and that structural
uniformity was maintained.

Table 3 shows Raman spectra of composites sintered under
argon at three temperatures 750, 900, and 1050 °C. The
MWCNT content within the fired composite and the sintering
temperature had no significant effects on R and Raman shift.
Furthermore, the retention of crystal structure of MWCNTs in
the composite was confirmed by the D (~1340 cm™") and G
peaks (1500-1600 cm "), which were similar to those obtained
for as received MWCNTs. These results, therefore, indicated
minimal damage to MWCNTs during milling, compaction, and
sintering of the composite.

Typical Raman spectra of MWCNTs for different sintering
temperatures and compositions can be expressed in terms of
FWHM values (see Tables 1-3). The Raman spectrum of
as-received MWCNTs had a FWHM of 61.4 (D band) and 48.1
(G band), which were similar to those reported by Sebastian
54.9 and 45.6, respectively (Ref 12). These values decreased
after sintering to (56.1-41.2 D band) and (53.6-31.5 G band),
which were again similar to those reported by Sebastian 41.0
and 36.5, respectively. Therefore, a lowering of the FWHM for
D and G bands confirmed the graphitization of MWCNTSs upon
sintering under argon.

Figure 1 shows the peak intensity versus the Raman shift
curves for various compositions of MWCNT MMC composites
at different sintering temperatures. The vertical line serves to
indicate no significant Raman shift, which was an indication of
minimal induced stress and disorder in the MWCNT MMC.
The G band varied between 1570 and 1590 cm ™', which may
have been due to non-uniformity in the size of the nanotubes,
varying defect density, tube bundling, and rough surface of the
compacts. The values of R, which varied between 0.7 and 1.3
may have also resulted from the aforementioned features.

Figure 2(a) illustrates a bright field TEM photomicrograph
of the composite. Figure 2(b) shows the indexed diffraction
spots corresponding to the polycrystalline phases developed in
the Cu-Cr-MWCNT composite. From a thermodynamic per-
spective, some chromium carbide formation can be expected
(AG = —15 kcal/mol), which was confirmed by the TEM
diffraction data shown in Fig. 2(b). It was postulated that the

Table 3 Raman spectra parameters of sintered composite

highly reactive edges and broken surfaces of the MWCNT
served as reactive sites for the formation of carbides via
bonding mechanisms, such as chain-link structures, Y-junc-
tions, rope anchors, and bridges (Ref 1). The MWCNT bonds
with Cr as a carbide at highly reactive sites, whereas some Cr
become engulfed as solute in the Cu matrix. The selected area
diffraction (SAD) ring pattern (Fig. 2b) confirms the formation
of chromium carbide. This interfacial bonding mechanism
producing chromium carbide is believed to be responsible for
the enhanced mechanical properties of the composite, such as
wear resistance and corrosion resistance.

The SAD pattern shown in Fig. 2(b) also confirmed the
formation of two common forms of copper oxide: cupric oxide
or monoclinic tenorite (CuO); and cubic cuprous oxide or
cuprite (Cu,0O), which are both p-type semiconductors with
band gaps of 1.9-2.1 and 2.1-2.6 eV,, respectively (Ref 25-27).
The oxide formation may have been caused by infiltration of air
during compaction of the green composite.

The morphology of the composite was examined by SEM.
The photomicrograph in Fig. 3 confirms the retention of
MWCNTs in the composite even after harsh fabrication
conditions, such as milling, compaction, and sintering.
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Fig. 1 Raman spectra of composites at different sintering temperatures

D band, cm™! G band, cm™!

Sintering

temperature, °C Composition, vol.% Position FWHM Position FWHM R =1/l

750 Cu-15Cr-8MWCNT 1357 61.0 1587 38.5 0.9
Cu-14Cr-10MWCNT 1361 42.5 1588 31.5 0.9
Cu-13Cr-12MWCNT 1356 37.5 1581 479 1.0
Cu-12Cr-14MWCNT 1361 46.2 1588 32.7 1.1
Cu-11Cr-16MWCNT 1356 41.2 1587 39.6 1.1

900 Cu-15Cr-8SMWCNT 1337 56.1 1577 433 0.9
Cu-14Cr-10MWCNT 1350 52.5 1589 71.6 1.1
Cu-13Cr-12MWCNT 1340 47.5 1571 40.9 1.0
Cu-12Cr-14MWCNT 1356 41.3 1587 343 1.1
Cu-11Cr-16MWCNT 1353 413 1587 53.6 1.3

1050 Cu-15Cr-8SMWCNT 1342 49.2 1587 35.1 1.2
Cu-14Cr-10MWCNT 1361 48.6 1594 61.5 0.7
Cu-13Cr-12MWCNT 1355 43.8 1587 479 0.9
Cu-12Cr-14MWCNT 1357 53.7 1590 443 1.0
Cu-11Cr-16MWCNT 1361 41.2 1590 33.7 1.0
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Figure 4 illustrates the surface distribution of Cu, Cr, and
MWCNTs in the composite. The elemental mapping analyses
revealed good distribution of MWCNTs in the metal matrices.

Figure 5 shows the cyclic potentiodynamic polarization
curves for Cu-18Cr vol.% and Cu-14Cr-10OMWCNT vol.%
sintered at 900 °C. The Cu-Cr exhibited a tri-stage passivation
behavior followed by a hysteresis loop during the reverse

potential scan, i.e., the curve looped in an anticlockwise
direction. The resistance to pitting corrosion was evaluated by
measuring the difference between breakdown and rest poten-
tials (E, — E;) during the first stage of passivation. The Cu-Cr-
MWCNT also exhibited a current reversal in an anti-clockwise
direction, but without a hysteresis loop. A typical cyclic
potentiodynamic curve is shown in the inset of Fig. 5 (Ref 28),

(b)

> Cr0; (111)

CrsCz (011)

Cr;C3 (051)
Cu:0 (200) }

Cr2aCs (620)
CuO (020) ]

CuCr0; (422)

Cuz0 (311), CrzsCs (820)
CraCz (430)(123), Crz03 (119)

Crz03 (220), CraCz (181)(410)(109) ]_
6CuOCu,0 (217)

Fig. 2 (a) TEM photomicrograph depicting dispersion of Cu-Cr-MWCNT and (b) SAD ring pattern indexed for different phases in the composite

Fig. 3 SEM photomicrograph of Cu-14Cr-10MWCNT vol.% com-

posite sintered at 900 °C
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Fig. 5 Cyclic potentiodynamic curves for Cu-Cr and Cu-Cr-
MWCNT composite (inset shows a typical cyclic potentiodynamic
curve; Ref 29)
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Fig. 4 Mapping of Cu-14Cr-10MWCNT vol.% sintered at 900 °C
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Table 4 Average corrosion parameters for Cu-Cr
and Cu-Cr-MWCNT composites

Cyclic potentiodynamic polarization
parameters, V

Composition, vol.% Ey E. E, E,—E,
Cu-18Cr 0.325 —0.081 NA 0.406
Cu-14Cr-10MWCNT NA —0.058 1.377 NA

for materials where oxygen evolution occurs at E,. A large
hysteresis loop is indicative of the degree of difficulty for a
material to passivate after the passive film is disrupted. The Cu-
Cr-MWCNT composite exhibited no hysteresis loop, in which
case, the corrosion resistance was evaluated by the vertex
potential E,. Table 4 shows the corrosion parameters for the
Cu-Cr alloy (E,—E,=0406V) and Cu-Cr-MWCNT
(Ey =1.377 V). It is apparent that the addition of MWCNTs
enhanced the passivation of the alloy via the formation of
carbides (see Fig. 2b) at the highly reactive edges and broken
surfaces of MWCNTs as previously discussed.

3. Conclusions

MWCNTs were successfully incorporated into the Cu-Cr
alloy with minimal structural destruction using a cost-effective
powder metallurgy technique. The non-uniformity in size of the
nanotubes, varying defect density, tube bundling, and rough
sample surface affected the D and G peak shifts and the Ip/Ig
ratio. Elemental mapping indicated that the distribution of
MWCNT in the MMC was relatively homogeneous. The results
of Raman spectroscopy, TEM, and SEM analyses indicated
minimal damage to MWOCNTs under optimized milling,
compaction, and sintering conditions. A minor amount of
chromium carbide was also produced, the formation of which
may have served to improve the strength of the composite by
providing a variety of interfacial bonding mechanisms with
MWCNT. The incorporation of MWCNTs into the Cu-Cr metal
matrix resulted in an increased resistance to pitting corrosion.
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