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Rubber Containing Nanofibers and Their Ability in Structural

Modification of CFRPs: A Summary

Emanuele Maccaferri, Jacopo Ortolani, Tiziana Benelli, Tommaso Maria Brugo,

Andrea Zucchelli, Loris Giorgini, and Laura Mazzocchetti*

Rubber containing nanofiber is investigated as structural modifiers of carbon
fiber reinforced polymers (CFRPs) to improve their delamination resistance.
The ability to obtain long lasting nanofibrous shape from liquid nitrile
butadiene rubber (NBR) has been demonstrated even without requiring
instant cross-linking when a second component is used together with NBR in
the process. The second component can be a thermoplastic which either
melts, such as poly(e-caprolactone) (PCL), or holds steady, as
poly(m-phenylene isophthalamide) (PMIA) or nylon 66, during CFRP curing
process. Assuming that NBR is not crosslinked, during curing of low T,
thermoplastic-based rubber nanofibers, their morphology is lost, as for
NBR/PCL, and both polymers blend with the surrounding epoxy resin thus
leading to an outstanding toughening effect, but at the cost of the overall
composite mechanical performance. When a second component is used
which is preserved in nanofibrous fashion during curing (NBR/PMIA,

a viable solution to reduce structural vibra-
tions, and delamination when the case.!!!
Indeed, viscoelastic materials, such as ther-
moplastics and elastomers, are often used
as additives in rigid matrices for improv-
ing toughness and damping of the bulk
material. Thermoplastics are already used
both as particles and, recently, arranged in
nanofibrous fashion to improve the tough-
ness of hardly cross-lined resins in CFRPs,
with the former (particles) massively im-
pacting on the whole mass of the item,
while nanofibers can promote an outstand-
ing effect in reducing composite delamina-
tion, concomitantly limiting such an impact
on some specific and selected regions.[?!
Nanofibers themselves can be further modi-

NBR/nylon 66), instead, a good compromise is achieved, with still
outstanding delamination hindering ability, together with almost fully

preserved thermo-mechanical performances.

1. Introduction

The introduction of dampening components in rigid materials,
such as carbon fiber reinforced polymers (CFRPs), appears as
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fied, either by addition of nanosized objects,
i.e., graphene,®! or by formulation with dif-
ferent types of materials.¥l While the use
of nanosized objects in bulk modification
is indeed strongly sensitive to the size of
the modifier with an outstanding impact,®!
when graphene is deployed in CFRPs though nanofibers their
final effect is not necessarily as positive, as recently proved by
the authors.l®] The potential of nanofibers with different for-
mulations, which could contain rubbery components, is instead
still an open issue, probably due to the problems in rubber-
based nanofiber processing. Indeed, owing to processing require-
ments, liquid nitrile butadiene rubber (NBR) has to be applied to
be processed via electrospinning into nanofibers, and plain lig-
uid NBR fibers coalesce fast without proper post-treatment. On
the other side, the ability to obtain rubber containing nanofibrous
membrane would be a highly attractive approach for hampering
delamination in CFRPs. Hence in the present work, the possibil-
ity of using a liquid rubber precursor, and shape it in a nanofi-
brous way, has been revised addressing different approaches. In
particular, it was recently demonstrated that the use of a second
thermoplastic component, when conveniently selected and tai-
lored, can lead to nanofibers that are stable in time and can be
handled even without any postprocessing.l”#! The second com-
ponent can be chosen to be a thermoplastic which either melts
(or anyway flows) or holds steady during the CFRP curing pro-
cess. Moreover, liquid rubber can be coated onto an already es-
tablished thermoplastic matrix, simply dipping the membrane
in convenient NBR containing solutions.’

In this work, both approaches are investigated employ-
ing rubber-based nanofibers to modify epoxy-based CFRPs,
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and using as the second component poly(e-caprolactone)
(PCL) or poly(m-phenylene isophthalamide) (PMIA, Nomex) as
representative of melting or nonmelting thermoplastics, or ny-
lon nanofibrous mats which are coated in different amount of
liquid NBR and are able to maintain their fiber morphology upon
curing. In none of the employed systems, the NBR has been
crosslinked before lamination, and the performance of CFRPs
based on the same prepreg will be compared as a function of the
different rubber containing nanofibers employed.

2. Results and Discussion

Electrospinnable solutions containing NBR and the second
thermoplastic, either PCL or PMIA, to obtain NBR/PCL and
NBR/PMIA nanofibers, as well as nylon nanofibers to be fur-
ther coated with different amount of liquid NBR were prepared
according to previously reported procedures.!”1% The obtained
mats have final dimensions of approximately 30 X 40 cm and
a grammage in the 10-25 g m~2? range. CFRP panels for DCB,
ENF, and DMA tests were produced via hand lay-up in an air-
conditioned room. The nanofibrous membranes were directly ap-
plied onto the prepreg during the hand lay-up. Reference panels
without nanofibrous mats, as well as panel with nanofiber mats
based on the single polymeric components (PCL, PMIA, nylon,
and NBR in the form of a film after fiber coalescence) were also
produced for the sake of comparison.

In the case a thermoplastic with a melting temperature below
the curing temperature of the composite is used, such as in the
case of PCL (T,, = 60 °C approximately) the nanofibrous struc-
ture is expected to disappear during CFRP processing.[1%! In the
specific case of NBR/PCL mixtures, when processed via electro-
spinning, the two polymers were able to form a miscible blend
only with PCL-like crystalline domains which melt around 60 °C
or slightly lower, depending on the NBR load in the mixture.
The obtained structure behaves similar to a thermoplastic elas-
tomer (TPE) and once inserted in the CFRP contributes to the
local toughening of the matrix, limited to the regions in which
the membrane is applied.['!]

The interleaving of such nonwovens in epoxy CFRP laminates
provides an extraordinary enhancement of the interlaminar frac-
ture toughness in Mode I (G, up to +480%) and a slight im-
provement in Mode II, besides a better damping behavior. How-
ever, the resulting laminates suffer from some important T, low-
ering, strongly depending on the nanomodification extent and
the nanofiber rubber amount and location.[') Such results sug-
gest the need for a compromise between improved interlami-
nar fracture toughness, damping, and overall mechanical proper-
ties. NBR/PCL blend nanofibers act exclusively as matrix tough-
ening since the crystalline fraction melts (T,, & 60 °C) and the
polymers’ pair mixes with the epoxy resin during the curing cy-
cle. When the second component is, instead, a thermoplastic
not able to undergo significant phase changes during the CFRP
curing, such as in the presence of PMIA, stable noncrosslinked
nanofibers with up to 60% wt of NBR are produced via single-
needle electrospinning. In this circumstance however, no ho-
mogeneous blend of the two polymers is detected, with just a
tiny fraction of the rubber mixed with polyaramid, and the mor-
phology of the nanofibrous mat strongly changes with the opera-
tional parameters. NBR and Nomex mainly phase-separate, and
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their relative arrangement in the nanofiber, investigated via se-
lective removal of the rubber fraction, shows the formation of
peculiar self-assembled structures resembling quasi-core—shell
nanofibers or fibril-like hierarchical structures, depending on the
applied electrospinning flow rate.®] Mode I and Mode 1I loading
tests show a significant improvement of the interlaminar frac-
ture toughness of rubbery nanofiber modified CFRPs, especially
GI (up to +180%), while G; enhancement is less pronounced but
still significant (+40% in the best case). In this circumstance, two
different phenomena can be contemporarily invoked to explain
the reinforcing ability. First the rubbery component is expected to
Dbe released in the matrix during the curing, thus contributing to
toughening the epoxy continuous phase, while PMIA nanofibers
stay unmodified and help upon potential crack formation to keep
together the diverging sections.[*l Moreover, it was found that the
two nanofibrous morphologies (quasi-core—shell and fibril-like
ones) improve the delamination resistance differently, also sug-
gesting that the way the rubber is located in the nanofibers plays
a role in the toughening action. The quasi-core—shell nanofiber
morphology provides the best reinforcing action, that is also asso-
ciated with the highest flow rate, i.e., highest nanofiber productiv-
ity. By contrast, pure Nomex nanofibers dramatically worsen the
interlaminar fracture toughness (up to —70% in GI), acting as a
release film.1812] The achieved delamination resistance improve-
ments are also combined with the retention of both the original
laminate stiffness and T,,.

In this frame, it was not possible to find a common solvent
to address single needle electrospinning to obtain mixed fiber
made of nylon 66 and NBR, hence a different approach was
implemented for producing rubber/thermoplastic membranes,
where premade nylon nanofibers were coated with liquid NBR.
The starting polyamide mats were electrospun using two dif-
ferent solvent systems: plain nylon 66 mats electrospun from
formic acid/chloroform perform better than the ones obtained
from a solvent system containing trifluoroacetic acid, show-
ing up to +64% versus +53% in interlaminar fracture tough-
ness (GI), respectively. The effect of NBR coating benefits both
nanofiber types, significantly raising the G,. The best results are
obtained when interleaving medium-thickness and lightweight
mats (20 pm, 9-10 g m~2) with 70%-80% wt of loaded rubber,
achieving up to +180% in G,.

3. Conclusions

Here, it was demonstrated that application of liquid rubber con-
taining nanofibers significantly enhances the ability of typically
brittle CFRPs to better resist delamination. The use of a second
component together with liquid NBR is able to guarantee to the
uncrosslinked rubber sufficient handling and stability to be im-
plemented in the composite at the lamentation stage. This pro-
cess allows also for specific and optimized localization of such
membranes to impact only in the most sensitive areas prone to
delamination, instead of modifying the whole bulk of the com-
posite. Moreover, the specific tool used for such a nanomodifica-
tion, i.e., low or high T melting thermoplastic with respect to the
curing temperature, plays a significant role in the final compos-
ite performance since the ability to retain the nanofibrous struc-
ture leads to a slightly lower delamination resistance, but at the
same time is also able to retain mechanical performance almost
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intact with respect to unmodified counterparts. The latter ap-
proach has also been demonstrated valid with different process-
ing techniques, both of them easy and viable for a scale-up appli-
cation, thus paving the way to the extensive and reliable applica-
tion of NBR containing nanofibers in CFRPs modification.

Acknowledgements

Project Ecosyster—Ecosystem for Sustainable Transition in Emilia-
Romagna, project funded under the National Recovery and Resilience Plan
(NRRP), Mission 04 Component 2 Investment 1.5—NextGenerationEU,
call for tender n. 3277, dated 30 December 2021, Award Number: 0001052,
dated 23 June 2022 (CUP J33C22001240001).

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords

blend, composite laminates, damping, delamination, electrospinning,
nanofibers, rubber

Macromol. Symp. 2024, 413, 2400010 2400010 (3 of 3)

www.ms-journal.de

Received: January 4, 2024
Revised: April 4, 2024

[1] S.U.Khan, C.Y. Li, N. Siddiqui, ).-K. Kim, Compos. Sci. Technol. 2011,
71, 1486.

[2] R. Palazzetti, A. Zucchelli, Compos. Struct. 2017, 182, 711.

[3] E. Maccaferri, L. Mazzocchetti, T. Benelli, A. Zucchelli, L. Giorgini,

Compos. Part B 2019, 166, 120.

E. Maccaferri, A. Canciani, L. Mazzocchetti, T. Benelli, L. Giorgini, S.

Albonetti, Membranes 2023, 13, 212.

[5] a) R. Casadei, D. Venturi, M. Giacinti Baschetti, L. Giorgini, E.

Maccaferri, S. Ligi, Membranes 2019, 9, 119; b) L. Mazzocchetti, T.

Benelli, E. D’Angelo, S. Ligi, G. Minak, E. Poodts, F. Tarterini, V.

Palermo, L. Giorgini, 2D Mater. 2017, 4, 015020.

E. Maccaferri, L. Mazzocchetti, T. Benelli, . Ortolani, T. M. Brugo, A.

Zucchelli, L. Giorgini, Polymers 2022, 14, 5565.

[7] E. Maccaferri, L. Mazzocchetti, T. Benelli, T. M. Brugo, A. Zucchelli,

L. Giorgini, Mater. Des. 2020, 186, 108210.

[8] E. Maccaferri, L. Mazzocchetti, T. Benelli, T. M. Brugo, A. Zucchelli,

L. Giorgini, ACS Appl. Mater. Interfaces 2022, 14, 1885.

E. Maccaferri, M. Dalle Donne, L. Mazzocchetti, T. Benelli, T. M.

Brugo, A. Zucchelli, L. Giorgini, Sci. Rep. 2022, 12, 21426;

[10] E. Maccaferri, L. Mazzocchetti, T. Benelli, T. M. Brugo, A. Zucchelli,
L. Giorgini, Mater. Des. 2020, 195, 109049.

[11] E. Maccaferri, L. Mazzocchetti, T. Benelli, T. M. Brugo, L. Giorgini, A.
Zucchelli, Polymers 2021, 13, 1918.

[12] S.Merighi, E. Maccaferri, J. Belcari, A. Zucchelli, T. Benelli, L. Giorgini,
L. Mazzocchetti, Key Eng. Mater. 2017, 748, 39.

[4

6

9

© 2024 The Author(s). Macromolecular Symposia published by Wiley-VCH GmbH

85U8017 SUOWIOD 8AITeID) 8|qeotjdde ay) Aq peusenob 8. e 9o YO ‘88N JO S9N 10} AeIq1T8UIUO A8]1/W UO (SUORIPUOD-PUR-SLLIBY WD A8 im AReq 1 jpulu//SANY) SUORIPUOD PUe Swie | 8y} 8es *[20z/60/v2] Uo AkidiTauluo A8 |IM eI BUEILO0D AQ 0TO00YZ0Z ASeW/Z00T OT/I0p/W0D A8 1M Ale.q 1 pul|uoy/:Sdny Woij pepeojumod ‘v ‘vZ0Z ‘006ETZST


http://www.advancedsciencenews.com
http://www.ms-journal.de

	Rubber Containing Nanofibers and Their Ability in Structural Modification of CFRPs: A Summary
	1. Introduction
	2. Results and Discussion
	3. Conclusions
	Acknowledgements
	Conflict of Interest
	Data Availability Statement

	Keywords


