CHARACTERIZATION OF CARBON NANOTUBE
PAPERSINFUSED WITH CYANATE-ESTER RESIN

Celeste PereifaPaulo J. R. O. NévdaVincent Calarfl Stefan Forert
Felicitas Hepfy Laurent Pambaguidn
! Institute of Mechanical Engineering and Industkinagement (INEGI),
Composite Materials and Structures Unit
R. Dr. Roberto Frias 400, 4200-465 Porto, Portugal,
cpereira@inegi.up.pt, prnovoa@inegi.up.pt
? Austrian Research Centers GmbH (ARC)
Aerospace and Advanced Composites - Polymer M&ixposites
2444 Seibersdorf, Austria
vincent.calard@arcs.ac.at
% Future Carbon GmbH
Gottlieb-Keim-Stral3e 60, 95448 Bayreuth, Germany
stefan.forero@future-carbon.de
* High Performance Space Structure Systems GmbH)HPS
Christian-Pommer-Str. 34, 38112 Braunschweig, Gagma
hepp@hps-gmbh.com
® European Space Research and Technology Centre{ESAEC)
Technical and Quality Management (TEC-QMM)
Keplerlaan 1, 2200AG Noordijk, The Netherlands
laurent.pambaguian@esa.int

SUMMARY

Carbon nanotube skeletons were used to obtain golgomposites with high nanotube
contents through resin infusion. A cyanate estsmrevas used as matrix in view of
prospective aerospace applications, which resiittexd satisfactory thermal behaviour,
as determined by dynamic mechanical analysis. Mechhperformance was lower
than expected, and discussed in light of compaolgtects and test method limitations.
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INTRODUCTION

In recent years the potential of carbon nanotul@$TE) has been investigated for
various and highly demanding applications [1, 2}eThigh mechanical performance of
carbon nanotubes makes their use as the reinfoedEment in composites, a very
attractive development [3]. However there are difies associated with the effective
dispersion of nanosized constituents. Several mixathniques have been developed
that result in homogeneous dispersions, still, ute of nanoparticles usually requires
that content levels be kept to a minimum or disperproblems inevitably arise. A
possible and alternative solution to overcome limgation would be the use of stable
carbon nanotube preassembled structures. They beulden used as a means to obtain



polymer composites with high nanotube contentsutinoresin infusion manufacturing
techniques. The company Future Carbon GmbH haslaae carbon nanotube
structures labelled “skeletons”, that could be usedbove described. The present work
describes an effort to develop composite structbesed on carbon nanotube skeletons
and a high performance cyanate ester resin [4],amséss their relevance for highly
demanding aerospace applications. For that purgbeemechanical performance was
evaluated through quasi-static tensile and flexteating, while dynamic mechanical
thermal analysis (DMTA) was used to assess botimiileand mechanical behaviour.

EXPERIMENTAL

Materials

A high performance thermoset cyanate ester (CEp ig&imaset DT-4000, Lonza
Group Ltd.) was as used as polymer matrix, charaei® by high glass transition
temperature, excellent dielectric and mechanicap@ities, and particularly adequate
for uses in electronics, aerospace, automotive amtlstrial composites and
compounds.

The CNTs that constitute the basis of the CNT skake used as reinforcing element
were produced by a combustion chemical vapour die@ogCCVD) method developed
at Future Carbon GmbH. The CNTs can undergo diftesarface or thermal treatments
to improve the compatibility towards the polymesirebefore being subsequently used
to manufacture two types of 3-dimensional CNT shslestructuresi.e., CNT papers
and CNT felts. The production process can includedditional solvent treatment step
that may or not be used to expand the structure itiereasing porosity. More detailed
information concerning both CNT CCVD and CNT skefetmanufacture processes can
be found elsewhere [5].

For comparison purposes a CNT felt from anothedpecer (R&G) and a commercial
unidirectional (UD) carbon fibre fabric were alsged to produce reference composites.

Processing

The polymer composite structures were producedésynrinfiltration into the CNT

skeletons through capillary action of the low visitp heated resin. Following
infiltration, composites of one or more layers w@m@duced by stacking infiltrated
CNT skeletons before final curing, which took plaatea maximum temperature of
260 °C without application of any external pressioréghe composite structure [5]. The
same procedure was used to manufacture compositetises with the commercial
carbon fibre UD fabric.

Plates were also produced for neat cyanate estier cared under the same conditions
as above.

The composite structures produced for the purpbsieegpresent work are presented on
Table 1, which includes CNT reinforcement produttiletails.



Table 1. Composite structures and reinforcemerdymtion parameters.

) Reinforcement Reinforcement Production
Composite . . Solvent Treatment
Structure | Type Layers| Functionalizatior .

Solvent | Expansion
P-H 1 hydroxyl groups | n-hexan no
CNT
P-HE aper 1 hydroxyl groups | n-hexan yes
P-C pap 2 carboxyl groups - -
F1 CNT 3 - - -
F2 felt 5 - (R&G product) - -
UD CF - -
ub Fabric 6 i
Testing

The present work is part of joint research progxthe samples had to be divided by
several partners for distinct test evaluations, asch consequence the sample plates
were ca. 25 to 40 mm in length by 20 to 30 mm in width. Arample of specimen
extraction from a plate with typical dimensionspigsented in Fig. 1. The following
testing methods were performed over both specinestiracted from composite and
neat resin plates.
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Figure 1. Example of specimen distribution in an@® x 30 mm sample plate.

Tensile behaviour was characterized using minitendumbbell specimens (Fig. 1)
tested at a speed of 0.20 mm.thifThe tests were performed using both a TIRAtest
2805 table unit electromechanical universal testirghine and an INSTRGNmodel
4208 electromechanical universal testing machine.

The flexural apparent modulus was determined bgethpoint bending tests performed
on the DMTA specimens before that analysis, by iltg@t a speed of 0.25 mm.rtin
up to a maximum strain of 0.3%, using a span-tokiess ratio of 16, and 5 mm



diameter loading and support members. The tests werformed on an INSTRON
model 4208 electromechanical universal testing rm&ch

The thermal mechanical behaviour of the materials wevaluated from room
temperatureda. 23 °C) up to 295 °C at a heating rate of 1.5 °@*pand a frequency of

1 Hz, on a Polymer Laboratories Mk Il dynamic metbal thermal analyzer fit with
Composites Head unit. The specimens were loadsthghe cantilever mode with a free
length of 22 mm, and with one exceptiare.( reference composite with commercial
UD carbon fibre fabric), all materials had theiespnens tested edgewise. This was
done to maintain the same testing conditions fa ktighest possible quantity of
available materials. Testing flatwise lead to lagnal resolution due to low specimen
stiffness in the case of the lower thickness stmest. The very high stiffness of the
reference UD composite ruled out testing it edgewis

RESULTSAND DISCUSSION

The small size of the sample plates determined rfinitensile specimens had to be
used. Several alternatives were considered andthetASTM [6] and JIS [7] standards
were discarded because their dumbbell specimengreelga gripping region with a
large width that would in most cases preclude olotgi more than a single tensile
specimen. The ASTM microtensile specimen was aisoldng (length> 38 mm) for
some of the existing sample plates. The choicspecimen geometry (Fig. 1) was one
proposed in a study addressing metals tensilente$, 9] in situations where not
enough material is available to extract standandilie specimens, as in the case where
welded joints have to be characterized or in cAs®mponent failures with not enough
material available for investigation. With this geetry it was possible to obtain two
tensile specimens for most samples in additionwto $pecimens for flexural/DMA
testing. The remaining material could be used theoanalyses not addressed in the
present report(g., differential scanning calorimetry and microscapydies).

The tensile resistance and apparent flexural med@sults from tensile and three point
bending tests, respectively, are presented in FEigt seems clear that the modulus
values for the obtained composite structures &teeresimilar or only slightly higher
than that of the polymer matrix, with the exceptioh that obtained for the UD
composite, which yielded a modulus value abouttieres higher. The proximity of
modulus values renders useless any trend anatysthié property between composite
structures with CNT reinforcements. The tensiléstaace for the UD composite is also
much higher than those of the CNT-based composites 7 to 15 times higher,
depending on the particular composite. However ténsile resistance property shows
greater amplitude of values for the CNT composated some observations are possible.
It should however be taken into consideration ghigngth values are usually associated
to higher scatter then modulus values, and thaaxdmum of only two specimens were
tested for each structure. With that in mind, arélase in strength is observed from the
P-H to the P-HE composite. The later having an edpd structure results in a lower
CNT volume fraction which can explain the obserwesd. The P-C composite shows
the lowest strength among the CNT paper reinform®dposites and may indicate that
infiltration is more effective for the hydroxyl fationalized CNTs. However, the P-C
composite refers to a double layer structure wiebesh the P-H and P-HE composites
are monolayer ones, and this may influence thergbderesults. In fact, it has been



observed in ongoing studiesd., microscopy) the existence of resin rich layersiole
and between the CNT reinforcing structures which g#luence the CNT volume
fraction and therefore make inadequate any coioriagesulting from observations for
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Figure 2. Results for tensile resistan®@ &nd apparent flexural modulus)(

composites with dissimilar number of layers. Thmsaemark can be made in relation
to a comparison of strength values between both @NiTreinforced compositexf(
Table 1). Additionally, the felts have different mdacturers and a better knowledge of
morphology differences between both CNT felts soakequired. A last remark on the
subject of mechanical characterization to state Ity unidirectional fibres in the UD
composite may partially explain its much higherfpenance, but not entirely. As stated
above, the modulus values for all CNT based congas$iuctures are not significantly
higher than that of the neat CE resin and thergbooblems with infiltration may be
playing an important role. We hope to clarify tissue with microscopy studies in
progress.

The dynamic mechanical thermal analysis curves otieghiin Fig. 3, reveal room
temperature bending storage modulus)(#alues that are consistent with the results for
flexural modulus presented earliege., very close values between the CNT composites
which are only slightly above that of the CE resind a much higher value for the UD
composite. However as temperature raises and we rmaxay from the matrix glassy
region, through the glass transition and into thbbery plateau a quite different
situation is portrayed. The gap between storageuinodthe rubbery phase temperature
range is now clear between different compositesadincbmposites show values clearly
above the one of neat resin.

The values for glass transition temperaturg (Jere assigned as the temperature of the
peak value in thdan & curves tan & = E “(loss modulus) / E (storage modulus)
obtained from DMTA, and are presented in Tablel# Values show some differences



that may be due, to some extent, to small variatiduring curing, reflecting slightly
different degrees of cure. In fact, different ridos neat resin specimens produceg T
values with differences reaching about 10 °C.
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Figure 3. Dynamic mechanical thermal analysis spect

Table 2. Glass transition temperature.

Material Glass Transition
(°C)
CE resil 247
P-H 238
P-HE 246
F1 237
F2 250
ubD 260
CONCLUSIONS

The mechanical performance of the manufactured ositgs was below the one

expected for a well impregnated composite and iddlee ongoing microscopy analyses
show resin rich regions around the CNT skeletons tielp explain the outcome. The
DMTA results confirmed the high thermal performarafethe selected cyanate-ester
resin system. Further work to improve impregnatloning resin infusion processing is

currently on progress. It should be noted that rotlses besides structural applications
are envisaged for CNT compositesg(, improved electrical conduction), where the
obtained structures might encounter successfulcgtn.
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