N
N

N

HAL

open science

Combining infrared and Raman spectra to assess MDI
localization in novel flax-reinforced automotive

composites

Sylvie Durand, Angélina d’Orlando, Laurent Mougnard, Alain Bourmaud,

Johnny Beaugrand

» To cite this version:

Sylvie Durand, Angélina d’Orlando, Laurent Mougnard, Alain Bourmaud, Johnny Beaugrand. Com-
bining infrared and Raman spectra to assess MDI localization in novel flax-reinforced automotive
composites. Composites Part C: Open Access, 2023, 12, pp.100382.

hal-04663868

HAL Id: hal-04663868
https://hal.science/hal-04663868v1
Submitted on 29 Jul 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License

10.1016/j.jcomc.2023.100382 .


https://hal.science/hal-04663868v1
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr

Composites Part C: Open Access 12 (2023) 100382

ELSEVIER

Contents lists available at ScienceDirect
Composites Part C: Open Access

journal homepage: www.sciencedirect.com/journal/composites-part-c-open-access

composites
el =

t.)

Check for

Combining infrared and Raman spectra to assess MDI localization in novel &

flax-reinforced automotive composites

Sylvie Durand ", Angelina D’Orlando ?, Laurent Mougnard °, Alain Bourmaud ¢,

Johnny Beaugrand *

@ UR1268 Biopolymeres Interactions Assemblages, INRAE, Nantes, France
b Howa-Tramico, Manufacturer, Brionne, France
¢ University Bretagne Sud, UMR CNRS 6027, IRDL, Lorient, France

ARTICLE INFO ABSTRACT

Keywords: The present work describes the use of novel flax preforms reinforcement as substitution of glass fibres in complex
FTIR composite stackings made of polyurethane foam impregnated with methylene diphenyl 4, 4-diisocyanate (MDI),
Rama{l for automotive headliner parts manufacturing. Headliner structure, cohesion and mechanical performances are
Eﬁ’;ﬂzzﬁzne highly dependant of MDI distribution in both foam and fibre network. This study monitors the presence and
SEM localization of MDI in the final biobased composite by implementing a robust and innovative spectroscopic
methodology. For that, Infrared and Raman spectroscopies are used to characterize the fibres and polymer
chemical groups, such as the isocyanate and phenyl bonds in MDI and the urethane group. MDI in the flax
preform is identified by the signal of the isocyanate group in the infrared spectrum. The complementary Raman
study highlight two signatures of the interaction between polyurethane and MDI. One is the shift from 1620 to
1610 cm ™! between the urethane and the MDI aromatic vibration. The second is the aromatic ring substitution at
1530 cm ™!, which increases with the MDI concentration in the composite. These investigations demonstrate that
MDI is present on the surfaces of flax fibres and foam and at the foam/fibre interfaces in the composite. The
results clearly demonstrate the potential of flax for a use as headliner reinforcement, without penalizing the

structure of the part.

Introduction

Before the 1970s, car headliner composites were constituted either of
wood fibres coated by resin and waxes or styrene polycoated by paper.
The use of these composite materials generated considerable noise and
did not properly regulate environmental heat and moisture [1]. At the
end of the 1970s, glass fibres were introduced into composites to
improve the acoustic properties, and the addition of sprayed isocyanate
significantly improved the thermal and moisture regulation ability.
Innovative manufacturing processes and the development of polyethers,
especially polyurethane foam, have resulted in the production of com-
posites with enhanced mechanical properties, lower weights, and
reasonable costs [2].

Typical headliner composites are composed of 7 to 9 layers,
including several polymers (polyethylene, polypropylene, polyethylene
terephthalate, and polyurethane) impregnated with MDI (methylene
diphenyl 4,4'-diisocyanate) solution and amines as hardeners reinforced
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with glass fibres. These composite systems are well known to have
suitable mechanical properties but the glass fibres have the main dis-
advantages of not being biodegradable or biobased and requiring a large
quantity of energy for production. These effects could be mitigated by
substituting synthetic or mineral fibres in composites by plant fibres
(flax hemp, sisal, etc.), [3-6]. It is also useful to examine the patent
literature: there are more than 150 international patents on headliners
and their composition or manufacturing processes. The patents pending
over the last 20 years show the development of multilayer composites,
including natural fibres, as a result of end-user recommendations and
internal standards [7-11].

Plants fibres (especially flax fibres) are of considerable interest in the
composites field due to their availability (being mainly produced in
France and other countries in Europe) and the existence of a strong value
chain. They are mainly associated with the textile industry but are also
developing for composite reinforcements, such as nonwoven, unidirec-
tional or woven preforms [12]. These fibres exhibit unique mechanical

2666-6820/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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Table 1
Samples and characterization. ‘X’ and ‘- denote that the considered character-
ization technique was and was not performed on the sample, respectively.

References Sample Origin FTIR Raman SEM
name
MDI MDI Density 1.225 g/cm® X X -
Covestro Elastomer,
Uerdingen, Germany
Polyurethane Foam 0 Ref E2024P, Howa- X X -
foam, Tramico, Brionne,
(PU) France
Flax fibres, 80 Flax 0 Eco-technilin, X X X
mm, Valliquerville, France
Flax and MDI Flax 0 + Howa-Tramico, X X X
MDI Brionne, France
Car headliner Howa-Tramico,
Composites Brionne, France
Flax and MDI Flax 1 Flax in the composite 2 X X -
Flax and MDI Flax 2 Flax in the composite 2 X X -
PU and MDI Foam 1 Foam in Composite 1 X X -
PU and MDI Foam 2 Foam in Composite 2 X X -
Composite Foam 3 Foam in Composite 3 - - X

properties and are fully biobased and renewable with low environ-
mental impact [13,14]. The environmental impact of the production of
scutched flax fibres is approximately 8 times lower than that of E-glass
fibres [13]. The use of biobased fibres opens up alternative end-of-life
options, such as recycling and composting [15], that are not feasible
for thermoset resins. Plant-fibre composites have a lower residue con-
tent after burning than that of glass-fibre composites and are therefore of
interest in case of in incineration for heating or carbon production [16];
they can also be interesting for decreasing the knife degradation in case
of grinding, compared to glass, much more abrasive. Polyurethane foam
is synthesized by reacting isocyanates (TDI: toluene diisocyanate), pol-
yol compounds and other additives. The polyols used are polyether (80
to 90% of the production) or polyesters, which are expensive and have a
low resistance to hydrolysis but exhibit a high resistance to traction,
flexion and abrasion [17]. The polymerized reaction products are
polyurethane ester or polyurethane ether. MDI solution is added to
reinforce adhesion between the fibres and foam, thereby stiffening the
soft foam. A fundamental question in the fabrication of novel fibre-based
car composites that may have industrial repercussions is whether MDI
interacts differently with flax fibres than glass fibres.

Indeed, uncertainties remain about the behaviour of flax during the
production process, especially concerning the localization of the MDI
resin. To determine whether MDI can be absorbed by flax fibres, foam or
at the fibre/foam interface, we designed a study on a composite of
polyurethane foam reinforced by flax fibres impregnated with MDI
resin.

The objective of this study was to develop a method for precisely
identifying MDI in the final composite to assess the final quality of the
parts. The use of flax preforms to reinforce composites made of poly-
urethane foam impregnated with MDI for use as headliner parts was
carefully investigated.

First, Fourier Transform Infra-Red (FTIR) studies are carried out to
obtain information about the principal chemical groups of each con-
stituent of the composites. In addition, an in-depth Raman analysis is
performed to thoroughly investigate the chemical structure of the layers
and finally, SEM analysis is used to characterize the morphology of the
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flax fibres and the polyurethane foam at different scales. Principal
Component Analysis is used to make connections amongst and confirm
all the results.

Materials and methods
Materials

The flax fibres (Linum usitatissimum) used in this study were culti-
vated in Normandy in 2019 and field retted for 6 weeks. The retted flax
stems were mechanically processed on an industrial scutching line
(Depestele, Bourguebus, 14), and flax tows were collected and 80-mm
cut for nonwoven manufacturing. The veil is an anisotropic preform
with a machine direction orientation and an areal weight of 100 g/m2.

This study was performed using reference sample consisting of MDI
(density: 1.225 g/cm® Covestro Elastomer, Uerdingen, Germany) and
polyurethane (PU) foam, 10-mm-thick, (E2024P) (Howa-Tramico,
Brionne, France). Then, we analysed a mixed sample of flax fibres
soaked with MDI and a composite of flax, MDI and PU foam (Table 1).

Fourier transform infrared spectroscopy

Spectroscopic investigations were already conducted to investigate
the structure and arrangement of MDI components. Through FTIR
analysis it is feasible to identify the isocyanate and phenyl groups in MDI
and urethane groups [18-22]. FTIR is also a well know technique for
identifying polysaccharides, and the alcohol and ester groups in the flax
fibres [23-26].

In preparation for the FTIR analysis, approximately 1 g of each
sample (Table 1) was cut with scissors, ground for 1 min at 20,000 rpm
with an IKA 20 grinder and immersed in a liquid nitrogen cryogrinder
(made of polycarbonate and stainless steel tube with a magnetic stirrer)
for 8 min. FTIR spectra were recorded using potassium bromide (KBr,
120 mg) pellets containing 2 mg of each sample, with 5 repetitions per
sample. The spectra were collected in transmission mode between 4000
and 400 cm™ ! at a 2 ecm ™! resolution with an IS50 spectrometer (Ther-
moFisher Scientific, Courtaboeuf, France). The infrared spectra were
obtained from 200 coadded scans using OMNIC 9.2.41 software. All the
spectra in the 2000-700 cm ™! region were baseline-corrected and unit-
vector normalized using OPUS 7.5 software (Bruker Optics, France). The
Unscrambler 10.1 software (CAMO, Oslo) was used to obtain the mean
spectra and perform Principal Component Analyses (PCA). PCA is a
multivariate analysis method for reducing a large number of data by
creating linear combinations of uncorrelated variables [27] (Lebart
et al., 1995). PCA determines the variability in sample data and extracts
outlying data. PCA yields two plots: a score plot, which classifies the
sample data into different groups with similar spectra, and a loading
plot, which identifies the main wavenumber of each group (not shown).

Raman spectroscopy

Moreover, Raman microspectroscopy can reveal bonds that cannot
be identified by infrared absorption [28,29]. As the isocyanate linkage
in MDI also occurs in the polyurethane foam, Raman spectroscopy can
be used to identify MDI by aromatic ring substitution [18,30,31].

Samples without preliminary preparation were observed on an
aluminium slide, and Raman spectra were recorded using an InVia
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Fig. 1. Schematic of a stack of different layers in car headliner composites.
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Fig. 2. SEM images of Flax 0 without MDI (A and C); Flax 0 with MDI (B and D); Foam 0 without MDI (E and G); and Foam 3 with MDI (F and H). The white arrows
indicate specific characteristics of the samples.
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Table 2
Assignments of the main bands in the FTIR spectra of flax fibers, MDI and
polyurethane.

Wavenumbers  Assignments Molecule References
(em™)
3200-3600 bound O—H alcohol Marechal and Chanzy,
2000
3300-3500 N-H amine protein/ PU Hiltz and al., 2001
2800-3000 CH,, CH3 Himmelsbach and al.,
2002
2270 N=C=0 MDI Pitsevitch and al., 2011
; Boukrim and al., 2011
1720 C = O ester MDI Pitsevitch and al., 2011
Himmelsbach and al.,
2002;
1705 bound C =0 urethane Hiltz and al, 2001 ;
Colombini and al.,
2008
1638 8 (OH) adsorbed adsorbed water, Himmelsbach and al.,
water, C =0 protein 2002; Marechal and
amide I Chanzy, 2000
1600 C = C aromatic MDI Pitsevitch and al., 2011
1540 C—N,N—H amide urethane Hiltz and al, 2001 ;
I Colombini and al.,
2008
1515 C = C aromatic MDI/phenolic Pitsevitch and al., 2011
1435 8 (CH) in CH, MDI Pitsevitch and al., 2011
1245 8 (CH), & (OH) ester, acetyl Himmelsbach and al.,
2002
1225 v (C—0-C) urethane Pelizzi, 2012; Hiltz and
al., 2001
1167 v (C—0-C) cellulose Marechal and Chanzy,
(asymmetric) 2000
1135 v (C—0-C) (ether) MDI
1105 v (C—0) cellulose Marechal and Chanzy,
v (C-C), v (C-H) MDI 2000 ;
Pitsevitch and al., 2011
1100 v (C—0-C) urethane Hiltz and al., 2001
1062 v(C—0O)vC—C cellulose Marechal and Chanzy,
2000; Beaugrand and
al., 2022
1050 v(C—0O)vC——C mixture Beaugrand and al.,
polysaccharide 2022
1028 v(C—0)vC—C cellulose Marechal and Chanzy,
2000; Beaugrand and
al., 2022
895 B (1-4) glycoside cellulose Marechal and Chanzy,
2000
815 8 CH aromatic MDI Hiltz and al., 2001
761 5 COO™ MDI Pitsevitch and al., 2011

confocal Raman microspectrometer (Renishaw, Marne la Vallée,
France). Confocal Raman microscopy is a sensitive surface technique
with a spatial resolution on the order of 250-500 nm. A 785-nm laser
with a power of 100 mW was used with a grating of 1200 grooves/mm.
The spectra were collected between 200 and 3200 emtatalem™!
resolution using an X50 objective and a pinhole of 65 um. Wire 4.2
software was used for data acquisition and processing to remove spikes
and perform a baseline correction. Data smoothing, vectorial normali-
zation, and spectral averaging were performed with The Unscrambler
10.1 software (CAMO, Oslo, Norway).

Scanning electronic microscopy (SEM)

Scanning Electron Microscopy (SEM) was performed using a Quat-
troS ESEM (ThermoScientific) microscope. Images were recorded using
a low-vacuum detector to prevent sample deformation due to the use of
high vacuum and without metallization. The acceleration voltage
ranged from 3 to 7 kV, and the pressure ranged from 65 to 70 Pa. A cube
of each sample was cut and taped on a copper support placed on the
sample holder.
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Fig. 3. FTIR spectra of Flax fibres (A), MDI solution (B), Polyurethane
Foam (C).

Results and discussion
Morphological characteristics of samples

Scanning electron microscopy was used to observe the structural
characteristics of the flax fibres and polyurethane foam components of
the composite (Table 1 and Fig. 1) with and without MDI to analyse the
impact of MDI on the fibre and foam surfaces and the fibre/foam
interface (Fig. 2). The original foam has a homogeneous and smooth
surface (Fig. 2. G, without MDI), whereas the foam soaked in MDI so-
lution is no longer uniform, and small bubbles and discontinuities


https://www.sciencedirect.com/science/article/pii/S0144861719307908#fig0020

S. Durand et al.

Flax 0
Al Flax 0 + MDI
@
g |
=
o
a
—
=]
5
\
h
[ Sao. Ch T Y
3700 3200 2700 2200 1700 1200 700
Wavenumbers (cm)
Flax 0
B_1 == =Flax 1
seseess Flax 2
o I
o
g A
e
<]
w
n [ [
L=
a
LAt
iy
i\
f . \ i . .
3700 3200 2700 2200 1700 1200 700
Wavenumbers (cm-)
@
o F
c
© H
a i
o
2 Al
iy
I L4
o e
>
5 el - ; l\--.- ‘l
— A AT

3700 3200 2700 2200 1700 1200 700
Wavenumbers (cm-)

Composites Part C: Open Access 12 (2023) 100382

Flax 0
I A-2 -===-Flax 0 + MDI
o
o
| =
1]
=1
[ -
Q
8
<
2300 2280 2260 2240 220 2200
Wavenumbers (cm-')
Flax Q
B-2 - - —Flax 1
[ F|a:.'_ 2
Q
%)
=
o
=]
T
=]
0]
=]
<
s -7 T = -o -
- ~
f’ S~ ~.
. ——
£ LT W
2300 2280 2260 2240 220 2200
Wavenumbers (cm')
Foam 0
=--= Fpam 1
e Foam 2
@
(5]
e
g
[+]
2

Wavenumbers (cm™)

Fig. 4. FTIR spectra showing the 4000-700 em! region (A. 1, B. 1, and C. 1) and magnification of the isocyanate peak at 2270 cm ! (A. 2,B. 2,and C. 2): (A. 1 and
A. 2) Flax 0 and Flax 0 + MDI; (B. 1and B. 2) Flax 0, Flax 1 in the composite + MDI and Flax 2 in the composite + MDI; and (C. 1 and C. 2) Foam 0, Foam + MDI in

Composite 1 and Foam + MDI in Composite 2.

appear on the surface due to the presence of the MDI resin (Fig. 2. H,
foam + MDI). MDI covers the flax fibres (Fig. 2. B and 2. D), and known
defects kink bands [32], are no longer visible to the naked eye. A new
matrix surrounds individual fibres, which is not observed for the flax
fibres alone (Fig. 2. A, flax without MDI, 2. B, flax + MDI). MDI appears
to have penetrated into the fibres, but this result cannot be confirmed by
SEM observations. (Fig. 2. C, transverse section of flax without MDI and
2. D, transverse section of flax + MDI). Note that the embedment of the
fibres in MDI may slightly reinforce and protect the fibres from tearing
and collapsing during sample cutting.

FTIR analysis of reference samples with and without MDI

The flax fibre walls are mainly composed of cellulose, hemi-
celluloses, protein and lipids [33-36]. The main absorption bands and
their assignments according to the literature are summarized in Table 2.

The 3800-3000 cm ! region in the infrared spectra of the fibres
(Fig. 3. A) exhibits hydrogen bonding vibrations associated with the
v(O—H) vibrations of alcohol and acid functional groups and the
v(N—H) vibrations of amine and amide functional groups [24].
Stretching vibration bands v(N—H) appear from 3100 to 3500 em™ L
The stretching vibration of bound water bands v(OH) appear from 3200
to 3600 cm ™.
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The bands at 1735 and 1245 cm™! correspond to esters, whereas the
absorption bands at approximately 1645 and 1540 cm™! are charac-
teristic of proteins. The 1640 cm ™! band could also correspond to in-
ternal water of the fibres [24,25].

Polysaccharides are usually characterized in the 1200-800 cm™
spectral range. Cellulose, the major constituent of flax fibres, is identi-
fied by spectral bands at 898-995-1010-1030-1060-1105 and 1160
cm ! [24]. The hemicelluloses, O-acetylated glucomannan, xylan and
xyloglucan that are also present in flax fibre absorb in the same spectral
region as cellulose but can be identified by the shoulder at approxi-
mately 940 and 815 cm™! [34,37].

The MDI spectra (Fig. 3. B) are characterized by two important
chemical groups: the isocyanate group N = C = O, which has a vibration
at approximately 2270 em ! [18], and the phenyl group, which exhibits
aromatic C = C stretching vibrations bands at approximately 1600 and
1515 cm™! with an associated peak at 815 cm™! corresponding to
benzene C—H bending [21] and a -COO™ deformation band at approx-
imately 760 cm ™! [18]. A peak for the isocyanate group is absent in the
infrared spectra of the fibres alone and could therefore be a good indi-
cator of the presence of MDI at the surface and/or interior of the fibres.

The infrared spectrum of polyurethane foam (Fig. 3. C) is dominated
by urethane peaks: a v(N—H) peak of the amine at approximately 3200
cm’l, C=0 stretching vibration band at 1720 cm’l, C—N and N—H
stretching vibration band at 1540 cm™! and C—O-C ether band at 1099
cm ! [21]. These bands are accompanied by an aromatic skeletal vi-
bration at approximately 1600 cm ™, which is associated with a band at
815 cm ! in response to out-of-plane C—H bending. The N=C=0
stretching band of the isocyanate group at 2270 cm™! [18] also appears
in the spectrum, which reflects that the reaction between TDI and
alcohol did not go to completion; this peak can be used as an indicator of
the presence of MDI in the fibres but not in the polyurethane foam.

1

Flax-MDI

The infrared spectrum of flax fibres soaked in MDI solution is shown
in Fig. 4. A. 1. The spectrum is clearly modified from that of the flax
fibres due to the presence of MDI by the appearance of two main peaks:
the N=C=0 stretching band at 2270 cm ™! characteristic of the isocya-
nate group and the appearance of the phenyl C=C vibration at 1515
em™ . The isocyanate peak (Fig 4. A. 2) is a good indicator for use in
sample classification. In the results presented below, we focus on the
presence or absence of this isocyanate peak marker to analyse different
composites.

FTIR — composites — ACP

The infrared spectra of composites containing flax fibres and MDI are
shown in Fig. 4B. 1. The composites were prepared from two flax sam-
ples. The spectra are quite similar in the 4000-800 cm ! region (Fig. 4.
B. 1) but exhibit differences in the 2200-2100 cm ™~ * region (Fig. 4. B. 2).
The difference in the peak intensities suggests that Flax 1 contains more
MDI than Flax 2.

An analysis of the spectra of two polyurethane foams obtained from
two composites (Fig. 4. C. 1) indicates that the presence of MDI results in
a considerable increase in the intensity of the aromatic C = C vibration
at 1515 cm ™! and a decrease in the intensity of the C—O-C ether vi-
bration at 1100 cm ™! [18]. The 2270 cm ™! isocyanate vibration (Fig. 4.
C. 2) appears in the spectra of the pure foam as well as in the spectra of
both composites.

Principal Component Analysis (Fig. 5) was performed on the entire
spectrum to grade the sample as a function of the intensity of the peak at
2270 cm ! (loading PC1, not shown), which is correlated with the MDI
concentration of the sample. The first component represents 94% of the
total variability of the panel of the sample and separates the sample rich
in fibres from the sample rich in MDI based on the intensity of the peak
of the isocyanate N=C=0 group.

Raman analysis of the foam reference sample and composite samples

We demonstrated in the first section that it is difficult to find MDI
markers in polyurethane foam based on FTIR spectra alone. The isocy-
anate linkage in TDI, N = O = C, is present in polyurethane foam itself.
Therefore, we use Raman spectra to identify more specific MDI markers,
in particular, the v(Aryl)-para disubstituted vibration of MDI in the vi-
cinity of the 1530 cm™! band, which does not appear in the FTIR
spectrum [18,31].

The Raman spectrum of polyurethane (Fig. 6. A) is characterized by
three main urethane peaks: the C = O stretching vibration at 1620 cm ™!
and N—H stretching and C—H bending vibrations at 1450 and 1320
cm ™}, respectively.

The main peaks in the MDI spectrum (Fig. 6. B) are the C = C aro-
matic stretching vibration at 1610 cm ™}, the isocyanate linkage N = O =
C at 1445 cm ™!, and the para-disubstituted aromatic vibration at 1530
cm ™. The main absorption bands and their assignments according to the
literature are summarized in Table 3.

The spectra of the composite of polyurethane foam and MDI (Fig. 6.
C) contains two peaks that correspond to the interaction between
polyurethane and MDI. The first peak is the shift from 1620 to 1610



S. Durand et al. Composites Part C: Open Access 12 (2023) 100382

A I B c=C e
C=0 I aromatic
urethan
T -‘3 I v (Ar)
: £
:Q; o | — N=C=0
I M
2750 2250 1750 1250 750 250 2750 2250 1750 1250 750 250
Wavenumbers (cm™') Wavenumbers (cm)
. Foam 0
- C I e FORINY
- i" weeneene FOam 2
)
. * == =MDl
§|
& - 33
= '
3 L H
Q il (| n
& § ¢
1800 1700 1600 1500 1400 1300 1200
Wavenumbers (cm-)
L ——Foam 0 ——Foam 0
L D 'z"\\ --= Foam 1 E -+ = Foam 1
I K ' -
g ’ Y - - -MDI g
3 o
8 o
1560 1560 1540 1530 1520 1510 1500 1490 1foo 1650 1600 1560
Wavenumbers (cm) Wavenumbers (cm)

Fig. 6. Raman spectra: (A) Foam 0; (B) MDI solution; (C) Foam 0, Foam + MDI in Composite 1, Foam + MDI in Composite 2 and the MDI solution; (D) Shifts of C =
O, C = G, Foam 0, Foam + MDI in Composite 1, Foam + MDI in Composite 2 and the MDI solution; and (E) the intensity of the peak at 1530 em™': Foam 0, Foam +
MDI in Composite 1, Foam + MDI in Composite 2 and the MDI solution.



S. Durand et al.

Table 3
Assignments of the main bands in the Raman spectra of MDI and polyurethane.
Wavenumbers ~ Assignments Molecule References
(em™)
1620 c=0 urethane Weakley and al, 2012
1610 C = C aromatic, MDI Pitsevitch and al., 2011
1530 v (ar); MDI/ Pitsevitch and al., 2011;
C—N and N—H in urethane Parnell and al., 2003
amide II
1445 vN=C=0andv MDI Pitsevitch and al., 2011;
(ar-N) Parnell and al., 2003
8 CHs in -O-CH;
1314 C-H in amide III urethane Parnell and al., 2003
1105 vC—Car MDI Pitsevitch and al., 2011
800 8 C—H MDI Pitsevitch and al., 2011

cm ™! related to the C=0 and/or the C=C aromatic vibration of urethane
to the C=C aromatic vibration of the phenyl ring of MDI (Fig. 6. D). The
second peak (Fig. 6. E) is the aromatic ring substitution at 1530 cm 7,

which increases with the MDI concentration of the composite.
Conclusions

Considering the application of the substitution of glass fibres with
flax fibres in car headliner composite materials, we used complementary
Raman and infrared spectroscopies to analyse the behaviour of MDI at
the surfaces of flax fibres and foam or at the interfaces of different layers
in automative composites. Raman spectroscopy clearly identified the
interaction between the foam and MDI, and infrared measurements
revealed the presence of MDI on the surfaces of the fibres. Our combined
results demonstrate the potential of flax for a use as headliner rein-
forcement. Indeed, the tested headline panel is at the TRL 6, 7, meaning
a prototype being demonstrated in a space environment, in respect with
the stability and mechanical properties [6]. The threat was about the
compatibility of the MDI, the main component in mass of the headliner,
with the biogenic flax fibre reinforcement. In this study, tools for iden-
tification of the MDI on the contact of the flax non-woven net has been
developed, and permit to conclude that the headliner structure is still
cohesive albeit that the MDI distribution could varie in term of location,
presence between fibre and layers. The use of the flax net for the fabric
provide also a positive environmental foot print [14] and could be an
economicaly interesting material regarding the initial E glass fibers used
as reinforcement. Further studies are needed to conclude whether MDI
soaks through to the middle of the fibres, which would require the use of
a focused ion beam cutting tool to ablate the surface of the flax fibres. In
addition, thin layers of composite need to be prepared to enable
observation by SEM and infrared microspectroscopy or Raman micro-
spectroscopy to determine the presence or absence of MDI inside the
fibres.
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