APPLIED PHYSICS LETTERS VOLUME 81, NUMBER 27 30 DECEMBER 2002

Morphological and mechanical properties of carbon-nanotube-reinforced
semicrystalline and amorphous polymer composites

M. Cadek, J. N. Coleman,® and V. Barron
Materials Ireland Polymer Research Centre, Department of Physics, Trinity College Dublin,
Dublin 2, Ireland

K. Hedicke
Department of Polymer Engineering, Technical University of Hamburg-Harburg, 21079 Hamburg, Germany

W. J. Blau
Materials Ireland Polymer Research Centre, Department of Physics, Trinity College Dublin,
Dublin 2, Ireland

(Received 16 September 2002; accepted 5 November)2002

In this work, multiwalled carbon nanotubes were investigated as potential mechanical reinforcement
agents in two hosts, polyvinyl alcoh@VA) and poly9-vinyl carbazole¢ (PVK). It was found that,

by adding various concentrations of nanotubes, both Young’s modulus and hardness increased by
factors of 1.8 and 1.6 at 1 wt% in PVA and 2.8 and 2.0 at 8 wt % in PVK, in reasonable agreement
with the Halpin—Tsai theory. Furthermore, the presence of the nanotubes was found to nucleate
crystallization of the PVA. This crystal growth is thought to enhance matrix-nanotube stress transfer.
In addition, microscopy studies suggest extremely strong interfacial bonding in the PVA-based
composite. This is manifested by the fracture of the polymer rather that the polymer-nanotube
interface. ©2002 American Institute of Physic§DOI: 10.1063/1.1533118

In recent years polymer-nanotube composites have begsreviously?!?> True nanotube mass fractions were measured
increasingly studied due to their interesting properties andby thermogravimetric analysigviettler TA 4000 and were
potential for a wide range of applicatiofis In these mate- found to range between 0.1 and 1 wt% for PVA and 1.5 and
rials nanotube$CNTS) are used as inclusions in various ma- 8 wt% for PVK. Films were formed on glass substrates by
trices to improve electric&’ mechanicaf, or thermal drop casting for PVA composites and spinning multiple lay-
properties*'® In particular, due to their high Young's ers in the case of PVK. Film thicknesses were measured by
modulug!~**CNTs are considered promising candidates forwhite light interferometry and were greater than one micron
mechanical reinforcement of polymers. There are, however, & all cases. Both DSCTA Instruments DSC-292(and ther-
number of issues to be resolved, with the control of polymermogravimetric analysis measurements were carried out on
nanotube interfacial bonding as the main aim. Good interfafree standing films with special care being taken to remove
cial bonding is essential to ensure efficient stress transfé@nvironmental moisture. In both cases the scan rate was 10
from polymer matrix to nanotube lattice. Research intoK/Min. To perform transmission electron microscafbyjta-

polymer-nanotube interfacial bonding has therefore been thehi H'7QOQ forrr_lvar coated copper grids were d_ipped intq
topic of several studie¥4—20 composite solutions and allowed to dry in ambient condi-

In this study, the increase in Youngs modulog) (and ~ tONS: _ _ _ _
hardness ki) as a function of nanotube content are investi-  Mechanical _  properties ~ were  studied  using

. . -25 .
gated by nanoindentation for two different polymer-CNT nanomdentlo?F (CiEM l(\jlano Hardgiss Tes);]efren |r|1— h
composites. Furthermore, the nature of the increase in méi_enta'uons were made and averaged for each sample. Inhe

chanical properties is studied using differential scanninqrax'mum indentation force was 0.5 mN with a loading/

calorimetry (DSC) and transmission electron microscopy . hloading rate of 1 mN/min and mdgntgnon dept200 nm
; in all cases. As the nanotubes are distributed randomly in the
(TEM). It is found that the local polymer morphology and,

. . . ilm Y can be modeled using the modified Halpin—Tsai equa-
hence, the macroscopic mechanical properties are strong Yon [Eq. (1)] for randomly oriented filler925
effected by the presence of nanotube inclusions. 4 y

The polymers used in this study were polyvinyl alcohol |
(PVA) and poly9-vinyl carbazolg¢ (PVK). These materials 3 1+2 dN—T 7 VnT 5 14 (27:Vyr)
were purchased from Aldrich and used as supplied. Arange vy _=| = NT b TTVNT v
of composite solutions were prepared by adding arc dis- 8 1-(mVn7) 8 1—(71Vnr)
charge multiwalled carbon nanotulf®WNT) soot (pro- @
duced in TCD to 30 g/l solutions of PVA and PVK in their v v
respective solvents, de-ionized water and dichloromethane. (_NT) -1 <_NT) -1
These solutions were mixed and purified as described L= Y = Y %)
- YT Int|’ T YT ’
— | +2| — —|+2
3E|ectronic mail: colemaj@tcd.ie YM dNT YM
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FIG. 1. (a) Young's modulus andb) hardness for polyvinyl alcohol and p@8rvinyl carbazolg composites.

where (/D) is the aspect ratio for the nanotubes andis  sure of the stress transfer for both matrices. This result shows
the volume fraction of dispersed nanotubes. In order to fithat the interfacial bonding is far superior for the PVA ma-
these equations to the experimental data, mass fractions wettéx.

transformed to volume fractions by assuming a density for In order to understand the differences in interfacial
perfectly graphitized MWNTSs of 2.16 g/ch{Ref. 20 and a  ponding for the two host polymers DSC measurements were
polymer density of 1.3 g/cfnfor PVA and PVK. In addition  carried out. Shown in Fig. 2 are DSC traces for the PVA and
Y for MWNTs was taken to be 1 TPa in agreement withpyK based composites, respectively. For PVA based com-
recent research studi€s*For the polymers was found to posites, melting behavior is observed around 170 °C. Analy-
be 7 and 2 GPa for PVA and PVK, respectively. Shown ingjs of this peak gives the percentage crystallinity of 14% for
Fig. 1(a) are normalizedy values for both PVA and PVK " ;re pyA. On the introduction of nanotubes, however, the
plotted versus volume fraction of MWNTS in addition t0 fitS ¢y tajiinity increases sharply to 24% before rising to 27% as
to the Halpin—Tsai equation. It can clearly be seen that the,e \ywNT content is increased to 1 wt%. This shows that
values measurgd with napomdentgﬂon can indeed be fit "®3e nanotubes act as nucleation sites for the crystallization of
sonably well with the earlier equation. PVA in good agreement with previous conjugated polymer-

Significant increases in botW [Fig. 1(@] andH [Fig. 26,27 "
1(b)] were observed for both composite types. In case of thévIWNT studies™®*" In addition the presence of a shell of

PVA based composit¥ increased from 7 to 12.5 GPa as the crystalline polymer around each nanotube appears to
/gtrongly enhance the stress transfer and, hence, the overall

nanotube content was increased to a loading level of 1 wt9 . . .
(0.6 vol%. For the same range of samples the hardnesgompos'te mechanical properties. Furthermore, the presence

increased from 300 to 470 MPa. Similar results were ob-Of this crystalline coatir_19 explains the unexpectedly large
served for the PVK based composites, withincreasing Valué for the aspect ratio suggested by EQ.for the PVA
from 2 GPa for the pure PVK to 6 GPa for the 8 wt% based system. It is likely that the amplified crystallinity acts

sample. SimilarlyH values increased linearly from 300 MPa @S an additional component of reinforcement, thus increasing
for pure PVK to 600 MPa for the 8 wt %&.8 vol % sample the modulus above the levels expected from the nanotubes

before leveling off. alone.

As Yy was assumed to be 1 TPa, the aspect ratio is a I contrast PVK composites show typical thermal behav-
free parameter and can be obtained from a fit to the Halpindor for amorphous materials. They exhibit only glass transi-
Tsai equation. Thel(D) values obtained were 800 and 40 tion points with no melting peaks and, hence, no crystallinity
for the PVA and PVK composites, respectively. This result isiS observed. While a seconf is observed for the PVK
unexpected though as the same batch of MWNTSs was used @pmposites this suggests the creation of a second phase but
produce each composite and the true aspect ratio, as meaet a crystalline one. These results, in conjunction with the
sured by TEM is close to 100. However, as the Halpin—Tsaimechanical measurements strongly suggests that the interac-
equation is derived assuming perfect stress transfer it i§on of an amorphous polymer with nanotubes results in poor
likely that the difference in predicted aspect ratios is a meastress transfer. This is despite the fact that the conjugated
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FIG. 2. Differential scanning calorim-
etry of (a) polyvinyl alcohol and(b)
poly(9-vinyl carbazolg¢ composites.
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