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ABSTRACT: In this article, copper (Cu) crystallites were successfully prepared via low temperature molten salt method, and the possi-
ble formation mechanisms were proposed. The conductive fillers of multiwalled carbon nanotubes (MWCNTs) and as-prepared Cu
particles were designed and introduced into acrylonitrile-butadiene-styrene (ABS) blend to prepare different conductive composites.
The dispersion states of conductive fillers and the morphologies of the composites were characterized using a field emission scanning
electron microscope. The electrical resistivity of different composites was measured. The results showed that Cu and MWCNTs exhib-
ited a synergistic effect in decreasing the electrical resistivity of the Cu/MWCNTs/ABS composites, because Cu that could locate
between MWCNTs chain segments provides a better charge transport in the conductive pathways. Compared with pure ABS, the ten-
sile strength, elastic modulus and thermal stability of the Cu/MWCNTs/ABS composites were significantly improved with the incorpo-

ration of Cu and MWCNTS. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41738.
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INTRODUCTION

Copper particles (Cu) are widely used in the industry to achieve
the conductive and wear-resisting polymer composites due to
its low cost and abundant supply. Various techniques have been
devoted to synthesize copper particles,'’™° including chemical
reduction, thermal reduction, microemulsion techniques, laser
ablation, vacuum vapor deposition, irradiation methods, solid-
state methods, and the polyol process. Among these methods,
the polyol method is fortunately allowed to prepare copper par-
ticles in air atmosphere rather than oxygen-free atmosphere. In
addition, the polyol itself acts as a reducing agent and complex-
ation for copper particles preparation. Ramyadevi et al’
reported the synthesis of copper nanoparticles using a modified
polyol (ethylene glycol) method by the reduction of copper ace-
tate hydrate in the presence of Tween 80 by refluxing between
190 and 200°C. Chiang et al.'' indicated that the copper par-
ticles were successfully deposited on bamboo charcoal by a pol-
yol process using copper acetate as a precursor and ethylene
glycol as both solvent and reducing agent. Sun et al.'? synthe-
sized the ultrafine copper particle in ethylene glycol in which
sodium hydroxide was added. Generally, low molecular weight
polyol such as ethylene glycol was oxidized at high temperature
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to form acetaldehyde that could reduce copper compound to
copper particles.

It is well-known that acrylonitrile butadiene styrene (ABS) has been
one of the most important polymers in various industrial fields
due to its rigidity and chemical stability. However, ABS should
have good electrical conductivity to avoid electrical failure caused
by accumulation of electrostatic charges or to be used as an electric
or electronic material. Addition of conductive fillers such as copper
particles is the most efficient way to achieve the conductive compo-
sites.'”™'® However, high content of Cu must be required to fabri-
cate the conductive polymer composites.'” In other words, the
percolation threshold of Cu is relatively large, which may be unfav-
orable for keeping and/or improving of other properties like
strength and ductility. Multiwalled carbon nanotubes (MWCNTs)
are considered as a versatile conductive filler in the polymer com-
posite industry due to its large aspect ratio, good intrinsic electrical
conductivity and excellent chemical properties.'®"

In this case, the electrical conductivity increases by orders of
magnitude at the percolation threshold with increasing filler
content, which depends on the dispersion state and the geome-
try of the filler. The higher electrical conductivity can be
achieved with significantly lower MWCNTs content.'*?%*!
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Table I. The Relational Informations of the Synthesis and Characterization of the Cu/Mwcnts/Abs and MWCNTs/ABS Composites

Composition (wt %)

TGA and DTG analyze

The maximum mass

The temperature of maximum

Samples Copper MWCNTs loss rate/(wt %/min) mass loss rate/°C
S1 0 0 19.59 414.4
S2 10 0 13.39 414.2
S3 10 1 14.24 415.7
S4 10 3 14.41 417.8
S5 10 5) 13.98 417.5
S6 10 7 14.55 421.6
S7 0 1 16.70 414.4
S8 0 3 18.06 421.0
S9 0 5) 20.07 419.7
S10 0 7 18.57 421.4
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Figure 1. XRD patterns of the reduction of CuCl,-2H,O under (a) the different reaction time, (b) the different weight ratio of CuCl,-2H,0 and the mix-
ture of eutectic NaOH-KOH.
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Figure 2. (

a) TEM picture of CuCl and (b) FESEM picture of Cu powders by different routes.
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H--OCHCH;CH,}— O-CHCH;CH,0H — —-CHCH;CH,~}— O-CHCH;CHO + H,0  (2)

Cu’* + 40HF ——> Cu(OH),*” (b)
2 Cu(OH),> + 2 RCHO——> RCOCOR + Cu,0 + 3 H,0 + 40H (c)
Cu0 + 2RCHO — > 2Cu + RCOCOR + H,0 (d)
2 CuCl, + RCHO —> 2 CuCl + RCOCOR +2 HCI (e)
2 CuCl + RCHO + 2 OH'— 2 Cu + RCOCOR + 2H,0 + 2CI )

R= —(-CHCH3CH2—); O-CHCH;

Figure 3. The equations of preparation of Cu crystallites by low temperature molten salt method.

However, the thermal stability of composites can be decreased
because the external heat is easily transferred to polymer matrix
by the MWCNTs network layer. It is serious that accelerates the
melt and decomposition of internal polymer. Fortunately, the
copper has very high thermal conductivity and specific heat
capacity, e.g., 401 W/mK at 25°C, 400 W/mK at 125°C, and
398 W/mK at 225°C,"" which locates between MWCNTs chain
segments, and it also provides a better charge and thermal
transport and storage in the conductive pathways. Consequently,
the thermal stability of Cu/MWCNTs/ABS composites can be
increased due to the excellent synergistic effect of Cu particles
and MWCNTs.

Based on the above discussion, the major aim of this study is to
design and investigate the effect of the synergistic system con-
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sisted of Cu and MWNTs, on the mechanical, electrical resistivity
and thermal properties of Cu/MWCNTs/ABS composites. Mean-
while, the copper particles were simply prepared using polymer-
assisted low temperature molten salt method by the reduction of
cupric chloride dihydrate. The reducing and complexation agent
is the high molecular weight polypropylene glycol (PPG-400,
molecular weight is 400). The molten salt system, namely NaOH-
KOH (49.2 : 50.8 mol % ratio; melting point 170°C)** has been
also exploited to catalyze alcohol into aldehyde.

EXPERIMENTAL

Materials

All the chemical reagents used in our experiments are of analyt-
ical grade. ABS (121H) was purchased from Ningbo Lejin Yong-
xin Chemical. MWCNTs (FloTube 9000) were supplied from
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Figure 4. (a) The ultimate tensile strength and (b) the elastic modulus of Cu/MWCNTs/ABS, and MWCNTs/ABS composites (S1-S10) plotted versus the

filler content.
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Figure 5. FESEM micrographs of the fracture surfaces of the Cu/MWCNTs/ABS and MWCNTs/ABS composites (S1-S10) with different magnification.

CNano Technology. The average diameter and length of the
CNTs used is about 11 nm and 10 um, respectively and the
purity is above 95%. PPG-400 was obtained from Jiangsu Haian
Petrochemical Plant Co. CuCl,-2H,O, NaOH and KOH were
Purchased from Sinopharm Chemical Reagent.

Preparation of Cu Particles via Molten Salt Method

1.0229 g CuCl,-2H,0 and 10.2290 g of equimolar NaOH and
KOH were ground evenly in a carnelian mortar, then mixed
homogeneously with 8.1832 g PPG-400 and transferred to a
corundum crucible. The crucible was heated in air at 180°C for
10 h. The temperature increase of 2°C every minute was used
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before the temperature reached 180°C. And after the thermal
treatment, it was allowed to cool to room temperature naturally.
The resultant products were washed carefully with distilled
water and absolute alcohol to remove the alkali and organics,
such as NaOH, KOH, and PPG-400. Finally, kermesinus copper
particles were obtained and presented in nitrogen condition to
prevent oxidation.

Preparation of CuyMWCNTs/ABS and MWCNTs/ABS
Composites

In order to facilitate the description, the designation and for-
mulations of the samples are listed in Table I. Take the S3

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41738
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Figure 6. Variations of the electric resistivity of Cu/MWCNTs/ABS and
MWCNTs/ABS composites (S1-S10).

(Table I) for example, Composites of Cu/MWCNTs/ABS (in
which the weight ratio of Cu particles, MWCNTs and ABS was
10/1/100) were prepared by direct melt compounding in a
HAAKE torque rheometer (R600, Thermo Fisher Scientific) at
200°C for 5 min. Specimens for mechanical and electrical meas-
urements were compression molded at 200°C for 5 min under a
pressure of 10 MPa (QLB-25T, Xizhang Xinhua Xiangsu
machine).

Characterization of the Products

Powder XRD patterns of the obtained products were recorded
at a scanning rate of 8°/min in the 20 range of 20°-70°, using a
Bruker D8 ADVANCE diffractometer system with a Cu-Ko irra-
diation (/. =1.5418 A). TEM images were taken with a Philips
Tecnail2 transmission electron microscopy at an accelerating
voltage of 120.0 kV. Field emission scanning electron micro-
scope (FESEM) images analysis were carried out on a Japan
Hitachi S-4800 FESEM (15 kV). Tensile testing was carried out
on dumbbell-shaped samples (ISO 527/2) using a universal test-
ing machine (Inston-3360, Instron). Thermal gravimetric analy-
sis (TGA) was carried out using a thermal gravimetric analyzer
(Pyris 1 TGA, PerkinElmer) at a heating rate of 10°C/min under
nitrogen condition. The Digital High Resistance Test Fixture
ZC36 (Shanghai 6th Electricity Meter) was applied to testing
the electrical resistivity of the samples. Before measurement, all
the samples were cleaned by ethyl alcohol to avoid the influence
of the dust on the surface of samples.

RESULTS AND DISCUSSION

The reaction time and alkalinity of the reduction reaction play
greatly important factors in the purity of copper particles, as
shown in Figure 1. Figure 1(a) shows the XRD patterns of the
products prepared by the reaction of CuCl,-2H,0, eutectic
NaOH-KOH and PPG-400 (1 : 10 : 8, weight ratio) at 180°C
for the different reaction times without the cooling process,
namely, 0, 1, 3, 6, and 10 h. Increasing the reaction times, the
content of CuO (JCPD card no. 89-2529) and Cu,O (JCPD
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card no. 77-0199) was gradually decreased, and the above inter-
mediates were completely reduced to form Cu particles.

Figure 1(b) shows the XRD patterns of the different weight
ratio of CuCl,-2H,0O and the mixture of eutectic NaOH-KOH
(the constant weight ratio of CuCl,-2H,0 and PPG-400 is 1 :
8),ie,1:0,1:1,1:25,1:5,and 1: 10. The cubic CuCl
(JCPD card no. 82-2114) can be obtained at 180°C for 10 h
without eutectic NaOH-KOH. Increasing the weight of molten
salt, the purity of the product is significantly enhanced. Con-
sequently, Cu particles with little Cu,O impurity are success-
fully synthesized by the reaction of CuCl,-2H,O, eutectic
NaOH-KOH and PPG-400 (1: 10: 8, weight ratio) at 180°C
for 10 h.

TEM and FESEM studies of Cu products and CuCl intermediate
reveal the different morphological features, as shown in Figure
2. Rod-like CuCl particles are successfully prepared because of
the presence of nonionic surfactant polypropylene glycol (PPG-
400), most of which have length up to about 100 nm with
diameters ranging from 20 to 50 nm. The size of the copper
particles is 400-500 nm as shown in Figure 2(b).

The reason of successful preparation of CuCl intermediate and
Cu product by the one-pot reaction of CuCl,-2H,O, eutectic
NaOH-KOH and polyol at 180°C for 10 h is simple to under-
stand.'>* The reaction equations of synthesis of Cu particles are
shown in Figure 3. Firstly, the polyaldehydes are obtained by the
intermolecular reaction of PPG-400, which possess complexation
and reduction mechanism of different metal to prepare low
valence state compound with various morphologies [Figure 3(a)].
Grayish CuCl particles are prepared by the reduction reaction of
CuCl,-2H,0 and polyaldehydes at 180°C for 10 h [Figure 3(e)].
Cu particles can be directly obtained by the one-pot reaction of
CuCl,-2H,0, eutectic NaOH-KOH and polyol at 180°C for 10 h
[Figure 3(b—d)]. It is clear that Cu,O intermediate can be quickly
prepared under alkali condition. However, the speed of reducing
Cu,0 to form Cu particles may be slow relatively.

Furthermore, the eutectic NaOH-KOH plays an important role
in preparation of pure Cu particles. The molten salt can not
only increase the solubility of reagent and intermediate at
180°C, but also enhance the reduction activity of polyaldehydes.
CuO can be easily obtained by CuCl,-2H,O and eutectic
NaOH-KOH at 180°C for 10 h. However, Cu cannot be directly
synthesized by the reaction of CuO and PPG-400.

Figure 4 shows the mechanical properties of Cu/MWCNTs/
ABS and MWCNTs/ABS composites with different content of
Cu particles and MWCNTs as shown in Table I. It is clear that
the ultimate tensile strength and tensile modulus of compo-
sites can be significantly improved by blending with Cu par-
ticles and MWCNTs. For example, upon incorporation of 7 wt
% MWCNTs (S6 and S10), the ultimate tensile strength of the
pure ABS is greatly improved by about 44 and 50%, and the
elastic modulus is improved by about 21 and 31%. The
mechanical properties of MWCNTs/ABS composites are
slightly greater than Cu/MWCNTs/ABS composites because Cu
particles probably influence the toughening effect. The possible
toughening mechanism will be discussed later by FESEM
observations.

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41738
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Figure 8. (a) TGA curves and (b) DTG curves of Cu/MWCNTs/ABS composites, (c) TGA curves and (d) DTG curves of MWCNTs/ABS composites

under nitrogen atmosphere. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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FESEM micrographs of fracture surfaces of the different samples of
Cu/MWCNTS/ABS and MWCNTS/ABS composites are shown in
Figure 5 to reveal the possible reinforcing mechanisms. The mor-
phology of fracture surfaces of S2 is shown in Figure 5 (S2), which
reveals that some voids are distributed within the structure in com-
parison with the S1 composite. The size of the voids is about 1um
that is obviously larger than Cu particles. It is significant that the
fine compatibility of Cu/ABS composite and the dominant energy
absorbing mechanism of the debonding of the Cu particles.*

After adding MWCNTs into the Cu/ABS blends, as shown in
Figure 5 (S3-S6), ones can clearly see that the nanotubes (bright
spots) are homogeneously dispersed in the ABS matrix without
any visible agglomerates. With increasing the content of
MWCNTs, more and more bright spots are found and they
tend to overlap each other to form MWCNTSs networks. At the
same time, the fractured surface of the blends presents less con-
cave holes, which illustrates most Cu particles fractured together
with MWCNTs instead of being peeled off the Cu particles dur-
ing the process of tensile measurement. Figure 5 (S7-S10)
shows FESEM micrographs of fracture surfaces of MWCNTs/
ABS composites without Cu particles. More careful observation
shows that MWCNTs are all well-dispersed in the blends with-
out any visible agglomerates, and it is also noted that the
MWCNTs are anchored to the ABS firmly.

Figure 6 shows the electrical resistivity of Cu/MWCNTs/ABS
and MWCNTs/ABS composites with the different content of
MWCNTs. For samples with only Cu (S2), the electrical resistiv-
ity of Cu/ABS composites decreases slightly at the Cu content of
10 wt %. Nevertheless, addition of only a few amounts of
MWCNTs leads to a dramatic decrease of electrical resistivity.
Drop-offs in electrical resistivity are found in the case of Cu/
MWCNTs/ABS and MWCNTs/ABS, which is obvious that elec-
tron activation for transition started for S5 and S9, respectively.
However, the electrical resistivity of S5 is much lower than S9
with the same content of MWCNTs. This means that with the
aid of very few amounts of Cu particles, much fewer MWCNTs
is required to obtain the greater conductive composites. In
other words, Cu and MWCNTs exhibit a synergistic effect in
decreasing the electrical resistivity of Cu/MWCNTs/ABS blend.
Therefore, electrical percolation threshold exists in the range of
3-5 wt % of the MWCNTs of the system of Cu/MWCNTs/ABS
composites.

To give a more vivid description of the synergistic effect of Cu/
MWCNTs/ABS composites, a sketch is drawn according to the
above discussions in Figure 7. It is difficult to form the conduc-
tive pathway with little Cu particles which present the obvious
distance of each other as shown in Figure 7(a). The electrical
resistivity of Cu/MWCNTs/ABS composites was greater than
MWCNTSs/ABS composites without Cu particles, because Cu fill-
ers can locate between MWCNTs chain segments provides a bet-
ter charge transport in the conductive pathways as shown in
Figure 7(b,c).

Figure 8 gives the thermogravimetric analysis (TGA) and deriv-
ative TGA (DTG) curves for the Cu/MWCNTs/ABS and
MWCNTs/ABS composites under nitrogen atmosphere. The
data for the maximum mass loss rate (vpy..) and the tempera-
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ture of the maximum mass loss rate (T,,,) obtained from the
DTG curves, are listed in Table I. The thermal decomposition of
the pure ABS (S1) with maximum mass loss rate and the tem-
perature of the maximum mass loss rate appear at 19.59 wt %/
min and 414.4°C, respectively. Compared with the pure ABS,
the initial decomposition temperatures and the residues of the
composites containing Cu and MWCNTs are evidently
improved. Although the initial decomposition temperature of
the composites (S2-S10) is lower than S1, the maximum mass
loss rate is decreased and the temperature of the maximum
mass loss rate is increased, it further indicates that the chars
effectively adhere to Cu and MWCNTs. The improved thermal
stability under nitrogen conditions also confirms the synergistic
role of the Cu and MWCNTs.

CONCLUSIONS

The polyol process was used successfully to reduce copper chlo-
ride to copper submicron particles. Then, the different system
of Cu/MWCNTs/ABS and MWCNTs/ABS composites was suc-
cessfully prepared and studied in mechanical, conductive, and
thermal properties. Compared with pure ABS, the ultimate ten-
sile strength and the elastic modulus of the sample S6 are
greatly improved by about 44 and 21%, the maximum mass
loss rate is decreased from 19.59 to 14.55 wt %/min and the
temperature of the maximum mass loss rate is increased from
414.4 to 421.6°C. In addition, electrical percolation threshold
exists in the range of 3-5 wt % of the MWCNTs of the system
of Cu/MWCNTs/ABS composites. In other words, Cu and
MWCNTs exhibit a synergistic effect in reinforcing mechanical,
conductive, and thermal properties.
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