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Nano-engineered prepreg manufacturing: control of capillary rise

of resin into VACNTSs’ forests

Anh Tuan Le'*® . Quentin Govignon'

Abstract

- Samuel Rivallant?

- Thierry Cutard’

The incorporation of vertically aligned carbon nanotubes (VACNTSs) between composites plies has been said to enhance
the through-thickness strength, and it can also decrease the risk of interply delamination and reduce crack initiation.
Thanks to these high mechanical performances, nano-engineered hybrid composites are seen as promising for highly
demanding structural reinforcement applications. This paper is part of a study that focuses specifically on the
methodology for trans-ferring VACNTs onto a prepreg surface while maintaining their initial vertically aligned
morphology. The chosen method involved bonding the VACNTS’ forest through capillary impregnation of the forest by
the prepreg’s resin. Key parameters for an effective transfer and to achieve a partial capillary rise of the resin into the

VACNTSs will be discussed here.

1 Introduction

Composite materials play an increasingly important role in a
wide range of applications, including aerospace, due to their
high mechanical properties as well as their lightness [1-4].
However, delamination during fatigue or impact loading is
one of the major drawbacks of such materials [5-7].

Since the turn of the twenty-first century, the discovery
and scientific investigation of nanomaterials have been
increasingly prevalent across a wide range of applications,
including chemistry [8—10], biology [11], and environment
[12].
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In this context, the introduction of nanoconstituents has
been proposed to reinforce composite structures through-
out their thickness [13]. For example, several publications
demonstrate that the presence of carbon nanotubes (CNTs)
in matrix improves both the mechanical [14-16], electri-
cal [17, 18], and thermal [19-22] properties of composites.
Improvements of in-plane and interlaminar properties of the
composites with adjunction of VACNTSs between composite
plies are also observed [23-25].

As far as we are concerned, literature on hybrid compos-
ite VACNTs—prepreg manufacturing details are limited so
far. In the previous works, Garcia, Wardle et al. [26, 27]
described the VACNTS’ transfer process from their initial
rigid Si substrate onto prepreg bonding on a cylinder. The
VACNTS’ forests separate from Si wafer and then bond on
prepreg surface by capillary force. In consequence, the nano-
transferred prepreg surface is limited by cylinder’s lateral
surface.

Furthermore, Garcia et al. [28] suggest nano-engineered
composites based on the capillarity principle, where the
liquid impregnated to VACNTs ends by capillary rise. The
authors have not fully given the relationship between resin
capillary rise height and process parameters (temperature,
pressure, etc.). Beard et al. [29] estimated capillary rise
height versus liquid viscosity. The authors used VACNTs
with heights ranging from 400 to 700 um, an electrically
conductive chromium-complex dye additive was blended
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with low viscosity resin to simplify the resin capillary rise
height. According to Sojoudi et al. [30], one of the major
risks of this process is VACNTS’ coalescence due to high
resin-VACNTS’ surface tension during capillary rise, which
degrades the VACNTS’ initial morphology.

The aforementioned works give an idea to impregnate
resin into VACNTS’ forest by resin capillary rise. However,
the determination of capillary rise height over time and the
consideration of substrate roughness have not fully been
reported. The main objective in this work consists of observ-
ing the resin impregnation into VACNTS’ forest by capillary
rise while taking into consideration material properties, such
as dense VACNTS’ forest, limited VACNTSs height, highly
viscous resin without electrically conductive additive, and
prepreg roughness, which could make the impregnation pro-
cess and the resin capillary rise height determination diffi-
cult. These criteria allow us to manufacture a semi-product
which helps to study nano-engineered composites manu-
facturing afterwards. Hence, this paper deals with manu-
facturing process which transfers VACNTS’ forests from Al
substrate to prepreg surface. Process parameter intervals are
suggested to partially impregnate resin into VACNTS’ for-
ests. SEM images allow to observe VACNTSs” morphology
after impregnation process as well as capillary rise height.

To achieve this objective, capillary rise of resin from
prepreg into VACNTS’ forests could help maintain nano-
tubes’ morphology and partial capillary height is tar-
geted to reach the optimal transfer: half rise from inferior
prepreg ply and another half rise from superior prepreg
ply fill completely resin into VACNTS’ forests. In fact, the
resin impregnated at VACNTSs ends forms a bond to keep
VACNTS’ forests on prepreg surface. The partial capillary
rise also represents impregnation control, which is use-
ful to avoid coalescence phenomenon in VACNTS’ forests
due to surface tension. Moreover, VACNTs ends not yet
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impregnated with resin could be lightly pressed to create
reinforced contact between VACNTSs and prepreg surface.

2 Experimental
2.1 Materials

The prepreg reference used for the experiment is Hex-
ply® M18/32%/UD116/M55J/300 mm, which is made of
unidirectional M55J carbon fibre and M 18 thermosetting
epoxy resin. The average filament diameter of M55]J is
5 um (SEM images in Fig. 1), and the viscosity of M18
at 60 °C and 80 °C is 280 Pa.s and 60 Pa.s, respectively.

Multi-walled carbon nanotubes’ forests are synthesised
by Continuous Chemical Vapour Deposition (CCVD)
method [31, 32], by our industrial partner NAWA Tech-
nologies, on a 50 um-thick aluminium (Al) substrate.
The density of VACNTSs (Dy,cyr,) is about 2.10'! tubes/
cm?, with an average height of 30 um (a higher value of
height increases spacing between two prepreg plies and
it is likely to make delamination), and VACNTs have an
average diameter (dy,cyy,) of 8 nm. The volume fraction
of VACNTSs can therefore be estimated at approximately
10% following Eq. (1):

dyacn :
YvacNTs = ”(Ts Dysenrys (1

with yy, cyr, Volume fraction of VACNTS, dy, oy their aver-
age diameter, and D -y, their density.

Assuming that the interior of the VACNTSs cannot be
filled with resin, the amount of resin necessary to impreg-
nate the VACNTS’ forests can be estimated to ~27 ml/m>.

NL UD8.4 x100

Fig. 1 SEM images showing prepreg roughness due to 5 um elementary filament and resin distribution before the process



2.2 Impregnation and transfer process

To transfer the VACNTSs from Al substrate to the prepreg
surface, the controlled impregnation of resin in the VAC-
NTs’ forests by capillary rise is carried out. Partially
impregnating the resin at only one end of the VACNTs is
privileged. Indeed, prepreg’s resin impregnated in VACNTS’
forests gives high bonding and the VACNTSs can remain on
prepreg surface after substrate removal. Controlling resin
impregnation can avoid VACNTSs-resin coalescence and
make it possible to preserve VACNTSs’ morphology after
the impregnation process.

Figure 2 illustrates the impregnation process by resin
capillary rise, where the viscosity of the resin is adjusted by
controlling the temperature and the capillary rise height is
controlled by the contact time. Pressure is also applied on
the transfer zone to ensure good contact between the VAC-
NTs and the prepreg surface. After a given impregnation
time, the platens are separated, and the sample is removed
and cooled to freeze the resin. The growth substrate can
then be peeled off. To enable precise control of the tempera-
ture and pressure applied on a small sample, a Nanotest™
Thermal Interface Material Analyser (TIMA) [33], which is
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designed for thermo-mechanical characterisation of thermal
interface materials, was used.

Table 1 summarises the ranges of selected parameters
during the impregnation process and provides a priori justi-
fication for the choices.

2.3 Results and discussion

2.4 Capillaryrise

The capillary impregnation of the VACNTSs was determined
by SEM observations of the samples, as illustrated in Fig. 3.
While the presence of resin cannot be directly observed and
no chemical contrast appears, several clues can help deter-
mine the resin level in the VACNTS’ forests. A slight coa-
lescence of the carbon nanotubes caused by the capillary
impregnation can be observed in the impregnated areas.
While the dry nanotubes appear slightly frizzy, they appear
much straighter in the impregnated zone due to VACNTs-
resin surface tension. At a larger scale, a variation of the
grey levels on the SEM images can also give hints of the
resin front position.
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Table 1 Three process parameters and their ranges

Impregnation parameters Below inferior threshold Inferior threshold Superior threshold ~ Above superior threshold

Temperature High resin viscosity, difficult 60 °C (Viscos- 80 °C (Viscos- Low resin viscosity leading to fast
impregnation of the VACNTS’ ity of the ity of the capillary rise, resin impregnation
forests resin~280 Pa.s) resin~ 60 Pa.s) uncontrolled

Contact time (step of 5 min) Lack of repeatability due to han- 5 min 20 min Strong possibility of full capillary
dling variability and transient rise
phase of heating, loading, and
unloading

Pressure Higher risk of uneven contact 20 kPa 200 kPa High risk of VACNTSs’ buckling

between VACNTS’ forests and
prepreg

= b
e —— Prepreg "=§>

Completely
impregnated
VACNTs

/

Al substrate

s AR

Fig.3 SEM images illustrating a vertically aligned morphology of carbon nanotubes on prepreg surface and resin partial capillary rise at the
bottom of these nanotubes; b total resin impregnation in VACNTS, and sample process parameters: 80 °C—5 min—200 kPa

The level of capillary rise displays a significant variabil-
ity within a sample. This can be partly explained by local
variation in the VACNTS’ density caused by whether growth
condition or impregnation induced coalescence, as well as
the variation in the contact between the VACNTS’ forests
and the prepreg, and the local resin availability at the surface
of the prepreg.

Figure 3a shows VACNTS’ forests transferred onto
prepreg surface and resin partial capillary rise at the bot-
tom of VACNTSs, with the resin level highlighted by a yel-
low dashed line. Figure 3b illustrates total resin impregna-
tion into VACNTS’ forests, where the resin is visible all the
way to the aluminium substrate, and the VACNTS’ forests
remained on Al growth substrate. This demonstrates that
total resin impregnation is not favourable to the transfer pro-
cess as the resin might adhere to the growth substrate. For
each impregnated sample, the capillary rise of the resin in
the VACNTS’ forests is measured at approximately ten loca-
tions to determine an average capillary impregnation level.

Capillary impregnation is most commonly described using
Lucas—Washburn (LW) model [34]. For non-circular capil-
laries, with varying pore sizes and introducing a level of tor-
tuosity in the capillaries, the LW equation can be expressed
as [35, 36]

3 Fopo-Dy.y .cos6

h2
16u7?

Az, @)
with A resin capillary rise height, F,, geometric factor, D,
equivalent hydraulic diameter, y surface tension of the fluid,
6 contact angle between resin and fibre, y fluid dynamic
viscosity, 7 tortuosity of the VACNTs. and t VACNTs-resin
contact time.

While the equivalent diameter can be calculated as

d 1- ,
D, = VACNTs( WVACNTs) ’ 3)

YYVACNTs




with D, equivalent diameter, dy,cy;, VACNTS’ average
diameter, and w4 oy, VACNTS’ volume fraction.

The surface tension of the prepreg resin, the contact
angle, the tortuosity, and the geometric factor can be chal-
lenging to determine due to the nanoscale size of individual
nanotubes. However, these parameters could be assumed as
a constant C to study the effects of time and resin capillary
rise height. LW equation [Eq. (2)] can then be formulated as

t
h=Cy/[—,
\/ﬂ @

with C empirical coefficient that can be found by experi-
mental results, 1 VACNTSs-resin contact time, and y fluid
dynamic viscosity.

Figure 4 summarises the measurements of capillary rise
height over time in the VACNTSs based on the SEM observa-
tions. Two values of temperature (60 °C and 80 °C) corre-
spond to 280 Pa.s and 60 Pa.s of resin viscosity, respectively.

Based on the measured capillary rise at 60 °C, the
constant C can be identified to draw a regression curve at
both 60 °C and 80 °C with known values of resin viscos-
ity. It can be observed that the capillary rise height pro-
gresses gradually in the targeted interval of time, from O to
20 min. Therefore, even in case of dense VACNTS’ forests
(2 x 10! nanotubes/cm?), resin partial capillary rise height
can be controlled when resin viscosity value is in the vicinity
of 280 Pa.s. Constituent material properties, such as prepreg
surface roughness, VACNTS’ tortuosity, and VACNTSs’ lim-
ited height, could be the main factors which exacerbate the
deviation in resin capillary height determination.

When heating the resin to 80 °C, due to low resin vis-
cosity, uncontrolled capillary rise has occurred and resin
from prepreg has completely impregnated VACNTS’ forests
upon 5 min, as shown in Fig. 3b. This observation is consist-
ent with theoretical curve in Fig. 4, which shows that resin
would reach 30 pm of height in less than 6 min. Therefore,
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Fig.4 Resin capillary rise curve (h—t relation)

the experimental results in capillary rise height cannot be
reported in 80 °C heating in our study.

2.5 Buckling of VACNTs

Both the LW model and the experimental measurements
show no effect of the contact pressure. However, while car-
bon nanotubes demonstrate tremendous tensile properties,
long and slender nanotubes can be prone to buckling when
subjected to longitudinal compression. At microscopic scale,
the unidirectional prepreg surface can also demonstrate a
certain level of roughness. While increasing the applied
pressure can improve the contact between the prepreg and
the VACNTS’ forest, care must be taken not to damage the
vertical alignment of the carbon nanotubes. Figure 5 pre-
sents observations of VACNTs transferred on the prepreg
after capillary impregnation at two levels of compaction.
Both were impregnated at 60 °C with a contact duration of
5 min. On Fig. 5a, the applied pressure was 20 kPa, and the
VACNTS remain straight and vertically aligned. On Fig. 5b,
after compaction at 200 kPa, some buckling can be observed
on the VACNTS’ forest. While the buckling remains mini-
mal, this demonstrates the limit to ensure proper vertical
alignment of the nanotubes.

3 Conclusion

The feasibility and control of capillary impregnation of
VACNTS’ forest using the resin of the prepreg have been
demonstrated, and a few preconisations can be made.

The characterisation of the height and density of VAC-
NTs’ forests is necessary to calculate the quantity of resin
needed for impregnation. The chosen prepreg needs to have
sufficient resin flow to ensure good impregnation.

The capillary impregnation of the resin into the VAC-
NTs can be controlled by careful selection of temperature
and contact time. A partial impregnation is more favourable
to ensure efficient transfer of VACNTSs from their growth
substrate to the prepreg. The capillary impregnation in the
VACNTS follows the Lucas—Washburn model with impreg-
nation height increasing as a function of t'2. Although a
temperature of 80 °C was not favourable in this study, due
to the chosen minimal time and the experimental apparatus
used, faster heating and cooling rates could allow efficient
impregnation and subsequent transfer at higher temperature.

The contact pressure applied between the VACNTSs and
prepreg does not significantly impact the speed of capillary
impregnation. While sufficient pressure is needed to ensure
a uniform and intimate contact between the prepreg and the
VACNTS’ forests, the applied pressure should not exceed the
buckling stress of the VACNTS’ forest.



Fig.5 VACNTS’ forests transferred onto prepreg at: a 20 kPa pressure and b 200 kPa pressure

The feasibility of nano-structured hybrid composite
impregnation aims to determine the range of process param-
eters. These factors are key to study the scalability of VAC-
NTs-prepreg transfer. Mechanical characterisations of this
novel material will be investigated afterwards.
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