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ABSTRACT: A carbon nanotube (CNT)/poly(methyl methacrylate) (PMMA)/ultrahigh molecular weight polyethylene (UHMWPE)

composite containing a double-segregated structure was formalized by means of a facile mechanical mixing technology. In the com-

posite, the CNTs were decorated on the surfaces of PMMA granules, and the CNTs decorated granules formed the continuous segre-

gated conducting layers at the interfaces between UHMWPE particles. Morphology observations confirmed the formation of a

specific double-segregated CNT conductive network, resulting in an ultralow percolation threshold of �0.2 wt %. The double-

segregated composite containing only 0.8 wt % CNT loading exhibited a high electrical conductivity of �0.2 S m21 and efficient elec-

tromagnetic shielding effectiveness of �19.6 dB, respectively. The thermal conductivity, temperature-resistivity behaviors, and

mechanical properties of the double-segregated composites were also studied. This work provided a novel conductive network struc-

ture to attain a high-performance conducting polymer composite at low filler loadings. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci.
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INTRODUCTION

Carbon nanotube (CNT)-filled conductive polymer composites

(CPCs) have been used in various electronic applications such

as electrostatic discharge protection, electromagnetic shielding

interference, sensor devices, and flexible electronics.1–4 However,

the CNT filled CPCs prepared by the conventional melt-mixing

method generally have high conductive filler loadings for attain-

ing a high electrical conductivity, causing a series of disadvan-

tages.5–7 For instance, a high filler loading (e.g. �7 wt % CNT

loading8) is often required for adequate electromagnetic inter-

ference (EMI) shielding capability (�20 dB) in conventional

CNT-filled CPCs, which adversely affects the economic feasibil-

ity, processability, and mechanical properties. To date, it there-

fore remains a considerable challenge to reduce the CNT

loading without compromising the high electrical conductivity.

Forming a segregated structure within the polymer composite

is currently the most successful strategy for achieving the high

electrical conductivity at low loading levels.9–11 Zhao et al.

fabricated a CNT/poly(vinylidene fluoride) composite with a

segregated structure, and obtained an electrical conductivity of

�1 S m21 at 0.4 wt % CNT loading. This is approaching the

target conductivity of �1 S m21 desired for efficient EMI

shielding effectiveness (EMI SE).12 Yu et al. used the latex

technology to manufacture a segregated CNT-poly(vinyl ace-

tate) composite, attaining a high electrical conductivity of

�102 S m21 at 5 wt % CNT loading, which is sufficient for

majority of electronic devices.13 Despite of high efficiency of

segregated structure in forming conductive networks, as yet

there are few reports concerning high-performance composite

materials based on segregated CNT-filled CPCs.14 In this study,

we designed a facile methodology to prepare the double-

segregated conducting composites, in which ultrahigh molecu-

lar weight polyethylene (UHMWPE) was employed to scaffold

a segregated conductive network. The conductive network was

composed from another segregated CNT structures localized at

the interfaces between poly(methyl methacrylate) (PMMA)

granules. The resulting composites exhibited the desirable elec-

trical conductivity and EMI SE at low loading levels. Addition-

ally, the thermal conductivity, temperature-resistivity behaviors,

and mechanical properties of the double-segregated composites

were also studied.

Additional Supporting Information may be found in the online version of this article.

VC 2013 Wiley Periodicals, Inc.

WWW.MATERIALSVIEWS.COM WILEYONLINELIBRARY.COM/APP J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.39789 1

http://www.materialsviews.com/
http://onlinelibrary.wiley.com/


EXPERIMENTAL

Materials

The UHMWPE in powder with density of 0.94 g cm23, granu-

lar diameter of 210 lm, and weight-average-molecular weight

of 6 3 106 g mol21 was applied by Beijing No. 2 Auxiliary

Agent Factory (Beijing, China). PMMA (SUMIPEX MH,

number-average-molecular weight Mn 5 2.2 3 104 g mol21,

density q 5 1.18 g cm23, and glass temperature Tg 5 105�C)

was purchased from Sumitomo Chemical Corporation (Singa-

pore). The PMMA granules with a diameter of �20 lm were

prepared by high-speed mechanical pulverization. Multiwalled

CNTs (M510 provided by Chengdu Organic Chemicals,

Chengdu, China), with an average diameter of 20–40 nm and a

length of 10–20 lm, were used as the model electrically conduc-

tive fillers.

Composite Preparation

As illustrated in Figure 1, CNT : PMMA weight ratio of 1 : 19

were used to fabricate the conducting CNT/PMMA particles

using the high-speed mechanical mixing. After that, the

UHMWPE and 5 wt % CNT/PMMA particles were mixed uni-

formly in their solid state in a mechanical mixer, at a speed of

24,000 rmp. Finally, the granule mixtures of UHMWPE and

CNT/PMMA particles were compression molded in a hot press

for 5 min, under 10 MPa, at a temperature of 170�C, to form

rectangular sheets (70 3 70 3 0.5 mm3) for the following

characterizations.

Characterizations

The optical micrograph was taken using Olympus BX51 optical

microscopy (OM), about 15 lm thickness samples were micro-

tomed at room temperature from the compression-molding

sheets. Transmission electron microscopy (TEM) was performed

on an FEI Tecnai F20, with an accelerating voltage of 200 kV. The

thickness of the sample films was �80 nm, as determined using a

Leica EMUC6/FC6 microtome. For direct current electrical con-

ductivity measurements, silver pastes were stuck to the surface of

each sample to ensure good contact of the sample surface with

the electrodes. The electrical resistance of the composites was

measured using a Keithley 4200SCS apparatus. Thermal conduc-

tivity was measured by the transient plane source technique using

a Hot Disk 2500-OT equipment (Hot disk AB, Sweden) at room

temperature according to ASTM C518-91. Differential scanning

calorimetry (DSC) measurement of CNT/PMMA/UHMWPE

composites was carried out on a TA Instruments’ Q200 under a

nitrogen flow, which was calibrated by indium as the standard. In

the resistivity-temperature test, the sample was immersed in sili-

cone oil of a temperature-controlled apparatus to avoid oxida-

tion. The thermal procedure of the sample for resistivity-

temperature test was, heated from 20 to 180�C at 2�C min21 and

held at this temperature for 3 min, then cooled to 20�C at the

same rate. The data were recorded by a computer. EMI SE of sam-

ples with 10 mm diameter and 2.5 mm thickness in the 8.2–12.4

GHz (X-band) frequency range was measured using Agilent vec-

tor network analyzer HP4291B (More detailed information was

provided in Supporting Information). The tensile testing was car-

ried out at room temperature, using an Instron universal test

instrument (Model 5576, Instron Instruments, America) with a

crosshead speed of 50 mm min21, and a gauge length of 20 mm.

To evaluate the tensile modulus, a draw speed of 5 mm min21

was applied.

RESULTS AND DISCUSSIONS

We first observed the double-segregated structure of the fabri-

cated CPCs. As shown in Figure 2(a), the OM micrograph of

the CNT/PMMA/UHMWPE composites provides the direct evi-

dence for the formation of a typical segregated structure, in

which the conducting CNT/PMMA layers surrounded the indi-

vidual UHMWPE particles throughout the CPCs. Observing

from TEM micrograph of Figure 2(b), the CNTs were localized

at the interfaces between PMMA granules to create another seg-

regated structure. The formation of such an interesting structure

could be understood from its fabrication process. The low proc-

essing temperature and weak shear flow caused the UHMWPE

particles and CNT/PMMA granules to remain largely intact and

CNT surface moieties could not permeate into the polymer

matrix during hot compaction. With the crystallization of

UHMWPE matrix upon cooling, the continuous conducting

CNT/PMMA pathways remained at the interface regions of

UHMWPE particles, which experienced limited plastic deforma-

tion rather than viscous flow under pressure.15

The next concern was the transport behaviors of the double-

segregated composites. We examined the electrical and thermal

Figure 1. Schematic for the fabrication of the double-segregated CNT/PMMA/UHMWPE composites. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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conductivity of CNT/PMMA/UHMWPE composites as a func-

tion of CNT mass concentration as shown in Figure 3. As

expected, the electrical percolation threshold was found to be

satisfactorily low (only 0.2 wt % CNT loading), which is very

low CNT loading to make composites electrically conductive,

indicative of high-efficiency of the double-segregated structure

in forming conductive networks.16 Moreover, it is noticeable

that the 2 wt % CNT filled composite possessed an electrical

conductivity of �3 S m21, which is sufficient for some electrical

applications (e.g., electrostatic discharge protection, electromag-

netic shielding interference, and sensors).17 The variation of

thermal conductivity with CNT loadings is shown in Figure

3(b). The thermal conductivity of the double-segregated compo-

sites first increased and then anomalously decreased with

increasing CNT content. The maximum thermal conductivity of

0.36 W mk21 was reached at 0.8 wt % CNT, but was only 36%

greater than that of the unfilled polymer matrix. This level of

thermal conductivity enhancement felt well below the theoreti-

cal predictions in comparison with the superior intrinsic ther-

mal conductivity of pristine CNTs.18,19 The low value of

thermal conductivity for CNT/PMMA/UHMWPE composites

could be ascribed to the large interfacial thermal resistance

between the contact spots of CNTs19; while the anomalous drop

of thermal conductivity was due to the increasing levels of

porosity and poor interaction between CNT and polymer

matrix, which was also reported in other literature.20,21

The temperature dependences of the volume resistivity in CNT/

PMMA/UHMWPE composites during three heating-cooling

runs (HCRs) are presented in Figure 4. In this measurement,

the CNT loadings of the double-segregated composites were

fixed at 0.3 and 0.5 wt %, both just beyond its percolation

threshold (0.2 wt %) to guarantee the double-segregated struc-

ture highly sensitive to the temperature field, and made the

resistivity-temperature behaviors of these two composites com-

parable (In addition, if the CNT loading of CPC was below 0.3

wt %, the volume resistivity was too high to be recorded by our

apparatus). The double-segregated CNT/PMMA/UHMWPE

composites both experienced a positive temperature coefficient

(PTC) effect around the melting point of UHMWPE followed

by a negative temperature coefficient (NTC) phenomenon. In

the first cycle of 0.3 wt % CNT/PMMA/UHMWPE composites,

the volume resistivity started increasing at 110�C during heat-

ing, and arrived at the maximal value at 137�C, while during

Figure 3. Electrical conductivity (a) and thermal conductivity (b) as a

function of CNT content for the CNT/PMMA/UHMWPE composite with

a double-segregated structure. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 2. (a) OM micrograph of a CNT/PMMA/UHMWPE (1/19/80 by weight) film and (b) TEM micrograph of its film.
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cooling the volume resistivity begun to rise dramatically from

about 120�C. The rapid increase of the volume resistivity during

HCRs was in full agreement with the melting and crystallization

behaviors of CNT/PMMA/UHMWPE composites estimated

from the DSC curves as shown in Figure 5, which showed the

melting point of UHMWPE matrix was 133.4�C and the maxi-

mal crystallization temperature was 122.7�C. The temperature-

resistivity behavior of the 0.5 wt % CNT/PMMA/UHMWPE

composite was similar with that of the 0.3 wt % CNT one.

Figure 6 depicts the morphology evolution for the double-

segregated CNT/PMMA/UHMWPE composites during the first

HCRs. With the elevated temperature, the segregated CNT con-

ducting pathways became vulnerable and the gaps between

CNTs increased because of the different thermal expansion coef-

ficient between CNTs and PMMA matrix, resulting in a moder-

ate increase of volume resistivity [Figure 4(b)]. When the

temperature rose around the melting point of UHMWPE, its

crystallites started to melt. The transformation of the crystalline

phase into the amorphous phase caused the conducting CNT/

PMMA layers diffusing randomly on the UHMWPE granule

surfaces, corresponding to the disconnection of some conduct-

ing double-segregated pathways [see Figure 6(c)].

With an abrupt increase in the volume resistivity, a PTC phe-

nomenon took place. The PTC intensity (IPTC), was defined as:

IPTC 5 log (RP/RTR), where RP was the maximum resistivity in

heating journey, RTR was the original resistivity at room temper-

ature. IPTC of CNT/PMMA/UHMWPE composites was 1.29,

1.48, and 1.58, respectively from the first to third cycles for the

0.3 wt % CNT/PMMA/UHMWPE sample, and 0.77, 0.82, and

0.88 for the 0.5 wt % CNT one. Noticeably, the value of IPTC

was relatively low compared with conventional melt-mixing

CPCs.22–24 As shown in Figure 6(c), the CNT agglomerates

could not easily immigrate into polymer matrix because of the

segregated location of conducting component and high melt-

viscosity of polymer matrix, only diffusing along the polymer

granular interfaces. Thus, the double-segregated conductive net-

work of CNTs did not change pronouncedly during the heating

journey. It is also demonstrated from Figure 6(c) that the

double-segregated conductive architecture survived from the

ambient high temperature of 180�C. Additionally, the melt-

viscosity of UHMWPE due to the excessive entanglement of

UHMWPE chains was so high that the conducting CNT/

PMMA layers was also difficult to penetrate into the UHMWPE

matrix and was only squeezed at the interface between

UHMWPE particles, so the increase of the tube-tube gap was

limited. Both of the two factors led to the relatively low IPTC.

The NTC phenomenon took place when CNTs begun to aggre-

gate at the interface of polymer matrix to recover the conduct-

ing CNT pathways in the melt state. The high melt-viscosity of

the double-segregated composites restricted the reorganization

of the double-segregated conductive network, causing an

obvious NTC intensity. With the test temperature dropping

from 180�C, the volume resistivity rose slowly because of cool-

ing process inducing the higher viscosity of the double-

segregated CPC, which hindered CNTs from aggregating to

form perfect conducting CNT channels [see Figure 6(d)]. When

Figure 4. Resistivity temperature behaviors of 0.3 wt % (a) and 0.5 wt %

(b) CNT/PMMA/UHMWPE composites in three HCRs. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

Figure 5. DSC scans of 0.3 wt % CNT/PMMA/UHMWPE composites at

a heating and cooling rate of 2�C min21.
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the temperature was lower the UHMWPE melting temperature,

UHMWPE phase started to crystallize. The percolated CNT/

PMMA component was ejected from the UHMWPE crystalline

regions and concentrated in the amorphous regions [see Figure

6(e)]. Therefore, the conducting CNT channels were gradually

broken up, resulting in the increase of the volume resistivity.

After returning to the room temperature, the volume resistivity

of the double-segregated CNT/PMMA/UHMWPE composites

became a little larger than the initial one, same result with our

previous studies on the temperature dependence of volume

resistivity for CNT/polyethylene composites,25 and the second

and third curves shifted upward in comparison with the first

cycle. This phenomenon was ascribed to the initial and final

state of the double-segregated composites was a little different

from each other [Figures 6(a,f)]. Owing to the intense Brown-

ian motion and crystallization induced flow, the segregated con-

ducting CNT/PMMA layers was much thicker than the original

layer, and the conductive CNT/PMMA layers were less densely

packed compared to those of the original composites. Moreover,

the double-segregated conductive network might be weaker

than the common three-dimension conductive network, so it

did not recover to the original condition, leading to a higher

volume resistivity.

EMI SE is a measure of the capacity of materials to attenuate

EMI wave intensity.26 For the conventional CPC-based materi-

als, an efficient EMI shielding performance usually needs a high

electrical conductivity (usually >1 S m21).27 In this work, the

CNT loadings above the percolation threshold were incorpo-

rated into the double-segregated CNT/PMMA/UHMWPE com-

posites. As shown in Figure 3(a), the electrical conductivity of

samples with 0.8, 1.0, and 2.0 wt % CNT loadings, which were

�0.2, 0.6, and 2.8 S m21, respectively. Despite the low CNT

loadings, the electrical conductivity of the double-segregated

CNT/PMMA/UHMWPE composites met the requirement of

EMI materials. The electrical conductivity was comparable at

these three loadings, likely because of the saturation of electron

transfer in CNT pathways, since the CNT concentration of

CNT/PMMA was fixed at 5 wt %.

The variation of EMI SE over X band for the double-segregated

CNT/PMMA/UHMWPE composites with various CNT loading

is shown in Figure 7(a). It is observed that the EMI SE of the

double-segregated composite was almost independent of the fre-

quency in the measured frequency region. The average EMI SE

of the 0.8, 1.0, and 2.0 wt % CNT loading samples (2.5 mm in

thickness) was measured to be 19.6, 19.7, and 19.8 dB, respec-

tively, over a frequency of 8.2–12.4 GHz. The specific EMI SE

(the ratio of EMI SE to conducting filler loading) was used to

evaluate the shielding performance, since EMI SE and economic

feasibility are both limited by the incorporation of conductive

fillers. In our study, it is worth noting that the average specific

EMI SE of the double-segregated composite containing 0.8 wt

% CNTs was as high as 25 dB�(wt %)21. The efficient EMI

shielding by the double-segregated composite at relatively low

CNT loadings was attributed mainly to the formation of the

double-segregated nanotube networks between the insulating

polymer matrixes. The EMI SE independence of CNT loading

Figure 6. OM images of 0.5 wt % CNT/PMMA/UHMWPE composites in the first cycles at a heating and cooling rate of 2�C min21. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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was ascribed to the maximum density of conducting CNT path-

ways having been reached in the segregated CNT/PMMA layers.

In other words, the EMI SE of the double-segregated compo-

sites could not be improved at higher CNT/PMMA loadings,

since its EMI capability was limited because of the fixed CNT

content in the percolated CNT/PMMA layers, the average EMI

SE of which was �21.5 dB.

To clarify the EMI shielding mechanism of the double-

segregated composite, the average EMI SE, microwave absorp-

tion (SEA) and microwave reflection (SER) were estimated, as

shown in Figure 7(b). The contribution from microwave reflec-

tion was negligible compared with the strong absorption of elec-

tromagnetic energy. For example, the average SER and SEA for

the 0.8 wt % CNT sample were �1 and 18.6 dB, respectively

[Figure 7(c)]. This indicated the formation of an effective

double-segregated conducting network containing extensive

conducting CNT paths within the CNT/PMMA layers, which

favored the multiabsorption and attenuation of electromagnetic

waves by conductive dissipation.28

In the next section, we discussed the tensile behaviors of the

double-segregated composites, as shown in Figure 8. Figure 8(a)

illustrates the representative stress-strain curves of the double-

segregated CNT/PMMA/UHMWPE composites and neat

UHMWPE. Pure UHMWPE shows a ductile fracture with a

strain-at-failure of about 340%. After adding the percolated

CNT/PMMA component to the UHMWPE matrix, the compos-

ite strain decreased significantly below 50%. The yield strength

Figure 7. (a) EMI SE in the X band of the CNT/PMMA, neat UHMWPE

and double-segregated composites. (b) Comparison of average EMI SE,

SEA, and SER at various CNT loadings. (c) Comparison of EMI SE, SEA,

and SER for the double-segregated composite with 0.8 wt % CNT loading.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 8. (a) Typical stress-strain curves for the CNT/PMMA/UHMWPE

composites. (b) Yield strength and modulus of CNT/PMMA/UHMWPE

composites with various CNT loadings. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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and tensile modulus of the double-segregated composites were

obtained from the curves and are summarized in Figure 8(b).

The yield strength exhibited a general trend: the properties lev-

eled off at a certain value of �20 MPa and then decreased to

only 10 MPa at a critical CNT content of 0.8 wt %. The degra-

dation of yield strength may have originated from three factors;

(1) the poor compatibility between PMMA and UHMWPE

domains, (2) the agglomeration state of CNTs, and (3) weaker

adhesive interaction between the polymer granules.7,29,30 How-

ever, the tensile modulus of the double-segregated composites

showed a moderate increase, from 431 MPa for pure

UHMWPE, to 522 MPa for 1.0 wt % CNT/PMMA/UHMWPE

bars, because of the reinforcement of CNTs in the conducting

CNT/PMMA layers.

CONCLUSION

In summary, we fabricated a double-segregated conductive poly-

mer composite, in which the continuous segregated conducting

CNT/PMMA layers localized at the interfaces of UHMWPE

granules to form another segregated conductive network. The

double-segregated composite exhibited a high electrical conduc-

tivity, invariable thermal conductivity, low temperature-

resistivity intensity, and efficient EMI performance at relatively

low CNT loadings. The degradation of mechanical properties

was ascribed to the poor compatibility between PMMA and

UHMWPE domains and the agglomeration of CNTs in the

double-segregated structure. This work also provided a new

guideline for the easy fabrication of a high-performance CNT

based CPC materials at low loading levels.
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