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ABSTRACT

The drawback of biobased polymer matrix composites (PMCs) is their limited temperature stability, resulting from degradation,

which restricts their processability in established composite manufacturing processes requiring elevated temperatures. These

key issues not only affect the mechanical properties but ultimately limit the utilization of flax fibers as fiber reinforcement in

PMCs. In this study, kinetic models for the thermal degradation of flax fibers and PA11 are derived and combined with a model

for thermo-chemical fiber degradation. Selective degradation of the fibers and mechanical testing establishes a link between deg-

radation and the accompanying deterioration of the mechanical performance. The deterioration of flax fiber mechanical prop-

erties under concurrent thermal and thermo-chemical degradation is primarily governed by the thermos-chemical contribution

(chain scission) up to 3% thermal degradation, beyond which the influence of thermal degradation becomes evident. Even 1%

thermal degradation of flax fibers results in a pronounced reduction in their mechanical performance. In contrast, equal degra-

dation values enhance the PMCs' strength, which may be attributed to improved fiber-matrix interactions. Compiling results into

processing maps establishes a framework for designing tailored processing of temperature-sensitive materials, offering transfer

opportunities to individual processing conditions and heat treatments, enabling broader research on bio-based PMCs.

1 | Introduction

Bio-based polymers with natural fibers are promising candi-
dates for transforming petrol-based polymer matrix composites
(PMCs) for engineering applications into more sustainable alter-
natives. Replacing petroleum with biobased feedstocks for poly-
mer synthesis directly contributes to today's green chemistry of
renewable platform chemicals, becoming increasingly critical
for both ecological and economic concerns [1]. Additionally, nat-
ural fibers have the potential to replace glass as a reinforcement
in PMCs, thereby offering a more sustainable alternative [2, 3].
In this light, cellulosic fibers are of great importance due to their
characteristics, including low cost and low density, non-toxicity,
acoustic insulation, and the ability to enhance the strength and

stiffness of polymeric matrices [2-5]. Particularly, flax fibers
excel due to their superior mechanical characteristics, which
are attributed to their high concentration of cellulose (60wt%
- 70wt%), crystallinity (50%-90%), and small microfibrillar an-
gles (<10°) [5].

One key challenge for the application of natural fibers in ther-
moplastic PMCs is minimizing the thermal degradation of the
hemicellulose and cellulose materials that may occur during the
hot processing of the composite [6-8]. Specifically, temperature
and dwelling times during manufacturing represent critical pa-
rameters that govern the thermal degradation behavior of both
fiber and polymer matrix constituents. On the one hand, the im-
posed temperature during the consolidation step must exceed
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Highlights
« Model-free kinetics accurately model the degradation
of flax fiber and PA11.

» Thermal degradation is linked with the mechanical
performance of flax fibers and their composites.

« Thermal degradations up to 1% yield improved com-
posite strength.

« TTT diagrams can be utilized as a framework to out-
line distinct processing regimes.

the polymer matrix melting temperature to ensure a low melt
viscosity, thereby promoting adequate penetration and impreg-
nation of the fibrous reinforcement. On the other hand, the in-
tegral processing temperature should be minimized, and the
residual time should be as short as possible to mitigate undesired
thermal and thermo-chemical degradation, which can lead to a
loss of mechanical performance. This results in a constrained
processing window, where optimization is essential to achieve
adequate fiber-matrix consolidation without compromising the
structural integrity and mechanical performance of the result-
ing PMC.

Since bio-based fibers [9-14] suffer from this thermal stability
issue compared with synthetic fibers, the effect has increas-
ingly been focused on in the literature. Various studies indi-
cate that thermal degradation is predominantly determined
by fiber properties such as chemical composition, moisture
content, density, and crystallinity [15-18]. Degradation of
natural fibers is considered a three stage process consisting of
initial weight loss by dying and removal of water up to 150°C
(i), devolatilization of the major component of the fiber, like
hemicellulose, cellulose, and lignin in temperature range of
200°C-435°C (ii) and finally the formation of char by decom-
position of lignin contents at temperatures above 440°C (iii)
[19]. Step (ii) is accompanied by deterioration of the mechan-
ical properties [4, 20, 21]. For flax fibers, even at lower tem-
peratures (below 300°C), the presence of water can accelerate
degradation, and degradation can be autocatalyzed by CO,
and carboxylic acids [14]. Furthermore, the formation of free
radicals has already been observed at temperatures between
100°C and 160°C, which yields the formation of hydroper-
oxide groups and therefore contributes to the depolymeriza-
tion of cellulose through bond scission [14]. Even the drying
process can cause irreversible changes in the fiber structure,
making the fibers more brittle [21].

Thus, the degradation of the fiber constituents constrains the
processing window of PMCs, and the thermal degradation of
flax fibers after submitting to isothermal dwellings ranging
from 170°C to 250°C has been studied in [9, 10, 14, 22-25].
Temperatures below 170°C have only a slight effect on the
mechanical properties (tenacity) of the fiber and the degree of
polymerization [10]. Additionally, isothermal dwellings above
180°C for one hour are accompanied by a significant deteriora-
tion in fiber tensile strength [22, 25] and an increase in failure
strain [22]. After exposing elementary flax fibers to isothermal
dwellings at 190°C, 210°C, and 250°C for 8 min, the modulus
and strength of elemental flax fibers start to decrease above

190°C, gradually [24]. Besides that, the tenacity of flax fibers
has been shown to decrease linearly with the degree of polym-
erization [10, 26]. Furthermore, Fourier transform infrared
spectrometry reveals that the band in the 1750-1700 cm™ region
changes, indicating that the hemicelluloses in the fibers have
degraded during isothermal dwellings at 200°C [23]. Conversely,
an increased strength of the fibers at temperatures of 180°C was
observed and attributed to the crosslinking of the cellulose.
However, a rapid decrease in strength was observed after sub-
mitting the fibers to 5min isothermal dwellings at 220°C, which
the authors claim is the maximum processing temperature [9]. It
is noteworthy that in the majority of studies, the effect of a spe-
cific temperature history (i.e., time-temperature pairs) on the
resulting fiber properties is typically characterized, rather than
the apparent thermal or thermo-chemical material degradation.

The mechanisms of thermal degradation in polymeric fibers and
polymers are inherently complex [27]. Molecular scission of the
polymer chain degrades the material and alters the molecular
weight distribution [27, 28]. Volatile products from hemicellu-
lose, cellulose, and lignin degradation may escape from the poly-
mer, resulting in a reduction in mass. The thermal degradation
of vegetal fibers undergoes a heterogeneous and complex process
transitioning from diffusion to random nucleation mechanisms
at higher conversion rates [2, 18]. Thermogravimetric analysis
provides a pathway for analyzing the macroscopic kinetics of
these thermally induced degradation processes. Applying iso-
conversional methods represents a well-established approach
to describing thermally activated processes such as chemical
reactions [28, 29] and enables the precise description of the ther-
mal degradation of various polymeric materials [14, 27, 30, 31]
and composites [32, 33]. Indeed, these methods do not allow the
isolation of elementary reactions but provide an average mea-
sure of the conversion rate, involving several superimposed
activation energies [34], allowing the precise prediction of the
thermal degradation process based on the mass loss [27]. For
bio-based fibers, modeling the global reactions involves typical
activation energies of hemicellulose (105-111kJ mol 1), cellulose
(195-213kJmol), and lignin (35-65kJmol~') [30]. For flax fi-
bers with different retting degrees, activation energies ranging
from 75.7 to 202kJmol~! are reported [14, 25]. The degradation
behavior of bio-based polyamide 11 (PA11) was investigated in
[31], revealing a two-step degradation process with activation
energies of 92kImol™! and 272kJImol~?, respectively. Notably,
there was no noticeable mass loss at temperatures below 325°C.
Therefore, isoconversional methods are convincing because
they describe degradation kinetics without knowing the exact
mechanisms, yet still provide meaningful mechanistic insights
and kinetic predictions. They thus offer a way to describe the
distinct degradation state resulting from arbitrary dwelling
times and temperatures.

In addition to evaluating the fiber and matrix components
individually, PMCs reinforced with continuous bio-based fi-
bers have been studied for their thermal degradation behavior
with a focus on identifying specific processing windows that
minimize this degradation [6, 21, 24, 35-37]. In general, ther-
moset materials are considered beneficial for circumventing
degradation during high-temperature processing [3], given
that the curing temperatures are significantly lower than
the melt processing temperatures of thermoplastic matrix
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materials [38]. Therefore, the low thermal stability of bio-
based fibers represents a significant limitation for the com-
posite manufacturing process [21, 39]. Due to its relatively low
melting temperature and the balance of cost and performance,
polypropylene (PP) is a favorable choice for PP/flax compos-
ites with continuous fiber reinforcements [35]. The selected
temperature and dwelling time have a significant influence
on the mechanical performance and aesthetics of Flax/PP
composites [35, 36], with prolonged exposures above 175°C
already significantly deteriorating the tensile properties [35].
Compared with PP, the higher viscosities and melting points
of PA6 and PA11 make it more challenging to establish an ap-
propriate processing window when manufacturing PMC with
flax reinforcement. By investigating the influence of process-
ing temperature and time on the tensile and flexural behavior
of flax/PA6 composites, the authors conclude that significant
deterioration of mechanical performance (up to a 64% loss in
tensile strength) occurs as consolidation temperatures are
increased to 250°C for 5 min [21]. Flax/PA11 bio-composites
with high mechanical performance are manufactured in
[24]. The processing window is defined based on studies of
the thermal degradation (distinct time-temperature profiles)
of elementary flax fibers, which highlight significant deterio-
ration of mechanical performance when processing tempera-
tures are above 210°C. Additionally, the authors demonstrate
that using the rule of mixtures, combined with the strength of
elementary fibers, enables the precise prediction of laminate
properties. The effect of the molding temperature and time on
the mechanical properties of flax/PLA bio-composites during
consolidation in compression molding is considered in [37]. As
the molding temperature and time increase, the mechanical
properties, especially the strength of the composite, decrease
by up to 35%.

Optimized process boundaries for flax/PLA bio-composites
are derived in [6]. The authors employ a multi-physical mod-
eling approach that includes heating, yarn impregnation, and
degradation (thermal and chain scission) to identify a distinct
processing window for the isothermal processing of flax/PLA
bio-composites. In the case studied, thermos-chemical degra-
dation by chain scission of the fiber and matrix sets the upper
limit, while the time required for the melt to penetrate the yarn
defines the lower limit for the allowable residual time during
hot pressing. Sticking to favorable processing conditions enables
the manufacture of laminates with elevated tensile strength.
Additionally, a relationship between the degree of polym-
erization (derived from the thermal history of the materials
during processing) and mechanical properties is established
and applied to calculate the tensile strength of a flax/PLA bio-
composite [40]. However, thermal material degradation (indi-
cated by a mass loss) is not considered the main concern for the
production process.

While practitioners working with bio-composites are undoubt-
edly aware of the degradation issue, there have been only a
few attempts to quantitatively map thermal process boundar-
ies for film impregnation of bio-composites, for example, by
means of Time-temperature-transformation (TTT) diagrams,
considering both thermal degradation and thermo-chemical
degradation (chain scission) of flax fibers. A precise under-
standing of the degradation processes is crucial for selecting

feasible processing windows and recycling routes. Indeed, ex-
isting models for the thermal degradation process of flax fibers
[6, 14, 41], which assume constant activation energies and pre-
exponential factors, allow the prediction of temperature and
time couples for specific isoconversional values; however, they
have been applied to strictly isothermal temperature profiles,
which rarely exist in reality.

The aim is to develop processing maps that support users in
tailoring processing windows to categorically avoid deterio-
ration in mechanical performance during the processing of
PMCs. Therefore, we first model both thermal and thermo-
chemical degradation, also for an arbitrary temperature pro-
file. These models are used to selectively degrade flax fibers
and flax-PMCs manufactured in the film impregnation pro-
cess. Subsequent mechanical testing of selectively degraded
specimens reveals a correlation between thermal and thermo-
chemical degradation and their effect on mechanical perfor-
mance. Finally, we compile the data into processing maps that
indicate a suitable processing window for the manufacture of
flax-PMC, accounting for tolerable deterioration in mechani-
cal properties.

2 | Experimental
2.1 | Materials

Rilsan Polyamide 11 (PA11) granulate, obtained from castor oil,
was provided by Arkema S.A., France. Its outstanding chemical
and thermal resistance has led to its widespread use in high-
performance components, particularly within aerospace appli-
cations, making it a promising green alternative to conventional
synthetic polymers. Continuous non-crimp unidirectional rolls
and flax fabric AmpliTex 5025 with a grammage of 280g/m?
were purchased from Bcomp Ltd., Switzerland, and used as re-
ceived. The external mold release agent Marbocote 227, from
Marbocote Ltd., UK, the sealant type Cytec LTS90B, UK, and
Wrightlon 8400 nylon film from Airtech, Luxembourg, were
used for the composite manufacturing process.

2.2 | Modeling Approach

Thermogravimetric analysis (TGA) was performed using a TGA
4000 from PerkinElmer Inc., USA. All measurements were per-
formed at an air flow rate of 20mL/min. Samples with mass
varying from 15 to 25mg were degraded in a range from 25°C
to 900°C with heating rates of 5,10,15, 25 and 50K/min. As is
also standard practice in processing, flax fibers and PA11 are
pre-dried at 100°C for 1h to minimize weight loss, which occurs
due to the release of moisture and low-molecular-weight com-
pounds, such as extractives. Additionally, previous drying of the
fibers may increase the apparent thermal stability of the vegetal
fibers [2]. Besides that, cryo-milled fiber-polymer mixtures with
a fiber weight content of 50 wt. % are submitted to heating ramps
of 15K/min to validate the applicability of the rule of mixtures.

Model-free kinetics based on TGA represent an established ap-
proach to modeling the degradation of fiber [2, 14, 42|, polymer
matrix [27, 32] and PMCs [4, 43]. The degradation of fiber and
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polymer matrix material exhibits complex degradation kinet-
ics. TGA registers the mass change of the sample with time or
temperature at the specified gas environment (in our case, air)
and heating rate. The actual weight m(t) is then converted into
conversion a(t):

a(t) = r::_—m(t)

@

s
o Mo

while m, and m_, represent the initial and final mass of the sam-
ple. By introducing a generalized kinetic equation Equation (1),
the degradation rate ‘Z—‘;’ is described by a temperature-dependent
rate constant k(T) and a mass-dependent reaction model

fl@)[27]:

da _
T k(T)f (@). @

While assuming that k(T) follows Arrhenius law and applying a
constant heating rate (3, the degradation rate % can be numerically
calculated from the temperature and conversion data according to:

da -E
Pz = exp( =7 )f(@. ®

where f = ‘;—f, represents the heating rate, E the apparent activa-
tion energy of the degradation process, and R the universal gas
constant. The mathematical manipulations of Equation (3) en-
ables the determination of kinetic triples (E, A and f («)) utiliz-
ing the degradation data obtained from the TGA measurements

at multiple heating rates.

Various analytical and computational methods have been
developed to approximate data derived from dynamic TGA
measurements into an appropriate mathematical expression.
Isoconversional methods provide meaningful insights into
mechanistic analysis, detecting governing degradation mech-
anisms [44, 45]. The isoconversional principle states that the
degradation rate % at a certain isoconversional value is solely a
function of temperature [28, 46]:

da
aln<a> 5 .
oT-1 - R’ @

o

whereas E, is the apparent activation energy for a conversion
@, and R is the universal gas constant. Based on Equation (5) a
model-free value of the apparent activation energy can be esti-
mated for each a value. The applied isoconversional methods can
be grouped into integral (Kissinger [47], Ozawa-Flyn-Wall [48, 49]
and Vyazovkin [50]) and differential methods, such as Friedman
[32]. Within the present work, we utilize Friedman's method [32]:

d E,
In <d_?)a,i = In[A,f(0)] - RT

®)

Applying this method requires knowledge of the degradation
rate ( ‘;—‘:) “and the corresponding temperature T, ; for a specific

extent of conversion a across i temperature programs utilized

[44]. Within the present work, E,, is calculated for @ ranging from
0.001-0.100 within steps of 0.001 yielding N =100 discrete steps.
The threshold of 0.1 forms the ultimate upper boundary for the
fiber degradation during the processing of bio-based PMC in
compression molding [6], which is accompanied by ~10% degra-
dation of the composite's tensile strength.

The five temperature programs include heating with constant
heating rates g, of 5, 10, 5, 20, 50K/min, which represent tempera-
tures apparently occurring during film impregnation of PMCs.

For each g, the (%) ~and T,; values are determined. As the
a,l
term In [Amf (a)] remains constant for a particular value of a, the

left-hand side of Equation (5) depends linearly on the reciprocal
temperature. Taking advantage of this linear correlation, the ef-
fective E, can be calculated from the slope while A f («) represents
the y-intercept, respectively. By applying Friedman's differential
method, we obtain the activation energy and kinetic parameters
conversion for N discrete points within the selected « range.

To solve this problem for an arbitrary temperature program 7'(t),
we apply the approach suggested by Farjas and Roura [51] and
discretize the dependence of temperature on time into constant
time intervals, At, so that t, = k At where k is a natural number
and T, = T(t; ). The method is derived directly from Equation (2)
by replacing the differentials by increments yielding:

a,k
RT > At ©)

W = 0 + Ay if () EXP(
Interpolation of distinct pairs of activation energy and preexpo-
nential factors with defined At of 0.1s. E,; and A, ;f (a;) in
Equation (6) are interpolated from discrete sets of E,; and
A, f (a;) [52] with j rangig from 1 to N+1 and covering an «
range of 0.0-0.10. Following the methodology outlined, this
manuscript determines kinetic evolutions through direct time
integration of the transformation rate. This approach has been
employed to predict the kinetics of decomposition under isother-
mal and dynamic conditions.

The fiber materials were selectively degraded by submitting to el-
evated temperature dwellings in a convection oven (Votsch VTL
Votsch GmbH, Germany). After preheating the oven for 1 h, the
fibers, specifically PMC, are subjected to the time-temperature
histories provided in Table 1. An analytical consideration of 1-D
heat conduction in the radial and laminated thickness directions
of fibers indicated a negligible effect of in-thickness temperature
gradients and close-to-instantaneous heating (cf. section 1 in SI,
Figure S1). Still, for the PMC laminates, we increase the dwelling
times by 200s to account for the delayed heating of the thicker
cross-section (Figure S2). Due to the projected low processing tem-
peratures and short residual times, degradation of the PA11 matrix
material may be considered negligible, as no significant impact
of the thermal history on mechanical performance was observed
during the initial mechanical recycling and remolding at tempera-
tures of up to 235°C [53]. Still, the thermal degradation of neat PA
11 and PMC is also investigated to confirm that assumption and
explore the effect of interactions within the mixture.

In addition to thermal degradation, cellulose chains undergo
chain scission (thermo-chemical degradation) at elevated tem-
peratures, similar to that of polymeric matrix materials. While
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TABLE1 | Imposed time-temperature profiles for selective thermal
degradation o of fiber bundles and FRP laminates and corresponding
thermal and thermo-chemical degradation.

a x Temperature [°C] Time [min]
0.01 0.49 205 19.5
0.02 0.57 218 19.2
0.03 0.72 240 22.5
0.05 0.77 245 25.4
0.06 0.79 250 25.7
0.07 0.80 255 241

the overall weight remains constant, the average molecular
weight of the polymer decreases. For jute and flax fibers, a
thermo-chemical degradation process parameter x(t) has been
introduced to identify the extent of chain scission during the
processing [10]:

DP, — DP(t)

K(t) = W, 7)

while DP represents the degree of polymerization, describing
the number-averaged molar mass divided by the molar mass of
a monomer unit during the isothermal dwellings and DP, the
dimensionless initial degree of polymerization is set to 1505 for
flax fibers [6, 10]. It should be emphasized that a single distinct
degree of polymerization is atypical for natural fibers, which
generally exhibit a broader property distribution and may there-
fore differ from the flax fibers investigated in this study. To
quantify the chain scission effect, the chemical rate equation
can be expressed in terms of N, the total number of bonds be-
tween the monomer units [26]:

Assuming the random scission of bonds in a linear chain poly-
mer follows a first-order kinetics rate law, Equation (8) can be
written as [26]:

dN
LXK xN,
T X ©

with K representing the rate constant. Utilizing the approach
suggested in [6] with a temperature-dependent rate constant
exhibiting Arrhenius-like behavior, the scission rate ‘fi—lj can be
dismantled by the following differential equation:

N _E
d _AeXp< RTO)

> x N, (10)

with E, =50.5 KJ/mol and A=-0.178s7! being constant [6].
By applying Euler integration, similar to Equation (6), the total
number of bonds N, excluding any crystallinity effect and non-
covalent interactions, may be calculated for an arbitrary tem-
perature profile T}:

Ea
Ny =N +Aexp| - RT, At

an

Considering Equation (8) with N, =1- L% and N, =
0
1 . . P .
~ Ty ory the degradation cause by chain scission « is cal-

culated at each step k utilizing Equation (12).
12

In conclusion, by applying Equation (6) with parameters ob-
tained from TGA experiments, Equation (11), and Equation (12)
in combination with literature values [6], the thermal degrada-
tion a and thermo-chemical degradation « can be determined for
arbitrary temperature profiles.

2.3 | Mechanical Testing of Flax Fiber Bundles

For the fiber bundle testing, single fiber bundles
(d=0.1-0.46 mm) were mounted on paper tabs using adhesive,
with a gauge length of 80 mm (Figure S6) according to ASTM
C1557 standard [54]. Only individual fibers were selected and
confirmed under a microscope. Individual fiber diameters
were measured via optical microscopy (VR 5000 digital micro-
scope from Keyence Corp., Japan, with a 100 X magnification)
before testing, and the average of three diameters was used
to calculate the cross-sectional area for stress calculations,
thereby avoiding distortions from extreme values. Before test-
ing, the fiber-tab assemblies were dried in an oven at 50°C for
30min. Tensile tests were conducted at a strain rate of 0.1 mm/
min using a Universal testing machine Z10 (ZwickRoell AG,
Germany) equipped with a 100N load cell. A total of 10 speci-
mens were tested to ensure statistical significance. The tensile
strength and failure strain were recorded, and the average ten-
sile modulus was determined from the linear region (0.2-0.3
€max) Of the force-displacement curve. The crosshead displace-
ment was used to calculate the strains, assuming a negligible
contribution from machine compliance with maximum forces
not exceeding 35N. Additionally, Scanning electron micros-
copy (SEM) of degraded flax fibers was performed using a JSM-
7500F (JEOL Ltd., Japan).

2.4 | Manufacturing of Fiber-Reinforced Polymers

A schematic illustration of the composite manufacturing process
is provided in Figure 1. PMCs were fabricated using compression
molding in a custom aluminum mold placed in a hydraulic hot
press (Joost LAP 100, Gottfried Joos Maschinenfabrik GmbH
& Co. KG, Germany). Unidirectional (UD) flax fiber mats and
PA11 films, each measuring 15cm in length and 9cm in width,
were inserted into the mold.

Prior to processing, flax mats were subjected to the tempera-
ture-time histories presented in Table 1 to achieve mass losses
of 1%, 2%, 3%, 5%, and 7%, respectively, thereby specifying the
state of degradation selectively. Laminates consisting of six lay-
ers of flax mats and the corresponding number of films, each
with a thickness of 40 um, were stacked to achieve a fiber weight
fraction of 50 wt.-%. The approximate weight of a 6-layer lami-
nate was determined to be 48 g based on the weight of a single
fiber-mat layer (4g) and the equivalent weight of the polymer
films (4g). A more detailed explanation of the manufacturing
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FIGURE1 | Schematic illustration of pristine PMC manufacturing and selective degradation of the laminates.
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FIGURE 2 | Temperature and pressure profiles applied during lam-
inate manufacturing.

process can be found in section 2 of the SI. The apparent fiber
volume content V; was confirmed to be 39.1+2.8 vol-.% using
Archimedes' principle (cf. section 3 in SI, Table S3). The total
thickness of the laminate was designed to be equivalent to close
to 2mm (cf. Table S2). First, the mold was placed in a preheated
hot press at 180°C for 10min to allow for initial melting and
impregnation. Subsequently, final consolidation was carried
out at 180°C under a 5bar consolidation pressure for 10 min.
Cooling was performed within the hot press, maintaining the
consolidation pressure throughout the cooling phase. The man-
ufacturing cycle is shown in Figure 2. Thermocouples (Type K)
were integrated in the top and mid-plane layers to record the
apparent temperature profile during laminate manufacture and
provide localized data for calculating degradation according to
Equation (6).

2.5 | Mechanical Testing of Fiber-Reinforced
Polymers

For the PMC testing, specimens measuring 120mm in length and
15mm in width were cut from the manufactured laminates, using

Compcut ACS 600 (CompCut Advanced Composite Machining,
USA) equipped with a 2mm-wide diamond blade, and paper tabs,
measuring 30 X 15mm? were applied with glue to prevent slip-
page during testing (Figure S8). To ensure minimal fiber damage
at the sides, the cutting parameters were chosen as described in
section 2 of the SI. Tensile testing was performed in accordance
with ASTM D3039 standard [55]. Five specimens were tested for
each mass-loss percentage to achieve statistical significance. Prior
to testing, all samples were dried in an oven at 80°C overnight. A
crosshead gauge length of 60mm was used to provide adequate
clamping area, and an extensometer with a 30mm gauge length
was attached to the specimen surface to obtain accurate strain
measurements for stiffness evaluation. Tensile tests were con-
ducted at a strain rate of 0.1 mm/min using a Universal testing
machine Z10 (ZwickRoell AG, Germany) equipped with a 20 kN
load cell (Figure S9). The tensile strength and failure strain were
recorded, and the average tensile modulus was determined from
the linear region (0.1%-0.3%) of the force-displacement curve.

3 | Results and Discussion
3.1 | Modeling of Degradation

Figure 3a shows representative normalized mass loss and
mass loss derivatives for the flax fibers and the PA11 material.
Complete data are shown in Figure S10. It becomes apparent
that, especially in the low-temperature regime up to 300°C, the
fibers are heavily subjected to thermal degradation, while the
matrix remains nearly unaffected up to temperatures of 400°C.
Furthermore, prior to the central polymer degradation peak, the
flax fiber exhibits initial degradation of hemicellulose and cellu-
lose, which is already triggered at temperatures below 300°C [4]
and manifests as a small peak in the normalized mass derivative
located at 270°C (Figure S10b, Figure 3a). As expected, the fi-
bers are the more temperature-sensitive constituent and require
careful examination of their degradation behavior to provide ap-
propriate temperature-time schedules for processing.

Therefore, Friedman's model-free method is applied to approxi-
mate the degradation of both the fiber and the matrix. The activa-
tion energies Eqand preexponential factor Adf (@) for degradation
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values ranging from 0 to 0.2 are provided in (Figures 3b and S11).
The activation energies of 155-200kJ/mol and 180-230kJ/mol for
fiber and matrix materials are located in the range associated with
the degradation of natural fibers [14, 25, 30] and PA11 [31] and
confirm the premature degradation of the natural fibers compared
with the polymeric matrix. It becomes apparent that the degrada-
tion process is subject to conversion-dependent changes and may
be better approximated by apparent activation energies rather
than a constant value. Average activation energies of 180kJ mol~
were reported for all degradation steps of natural fibers, suggest-
ing that cellulose plays a significant role in Arrhenius parameters
[30]. Furthermore, a comparison of experimental and model data
(Figure S12) confirms good agreement for both fiber and matrix
materials. Besides, the rule of mixture is applied to approximate
the degradation of the composite:

op(T) = Wiae(T) + (1 — Wy, (T), (13)

with o, and «, describing the individual gravimetric deg-
radation of fiber and polymer material, and W; the weight

fraction of the fibers, which is calculated from Vi according
to Equation S5. Figure 3c,d compare calculated data accord-
ing to the gravimetric rule of mixture and measured data at
a heating rate of 20 K/min. Figure S13 confirms the applica-
bility of Equation (13), with a mean average error of <0.5% in
the temperature interval of 185°C to 343°C corresponding to
20% degradation for the mass loss and 0.015%/°C for the de-
rivative. Interestingly, the PMC model calculation underesti-
mates thermal degradation in the initial region (cf., Figure 3d
and Figure S13). Some interactions may be beneficial and may
result from the interaction of functional groups, which tend
to increase temperature stability. Specific functional groups
forming hydrogen bonds, dipole-dipole interactions, or even
limited crosslinking with the polymer matrix might restrict
chain mobility, suppress the release of low-molecular-weight
volatiles, and thereby delay the onset of decomposition, re-
sulting in an apparent increase in thermal stability. It can
be concluded that considering degradation according to the
rule of mixture conservatively estimates the accompanying
degradation.
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Based on thermal and thermo-chemical degradation kinet-
ics, TTT diagrams with isoconversional thermal degradation
lines are derived, which enable us to read the thermal degra-
dation that occurs when the materials are subjected to spe-
cific time-temperature profiles (Figure 4a, Figure S14). For
this, Equation (6) was solved with the parameters in Figure 3b
for isothermal dwellings (160°C to 260°C) up to 1E5 s, and
isoconversional lines (time-temperature pairings) were in-
terpolated. As the higher activation energies for the ther-
mal degradation of PA11 already imply, noticeable thermal
degradation of PA1l initiates at much higher temperatures
(Figure S14), even above the 10% isoconversional lines of the
flax fibers. Therefore, these results reaffirm that flax fibers
exhibit a markedly higher temperature sensitivity, thereby
constituting the principal vulnerability during processing.
The TTT diagram for the thermo-chemical degradation is
shown in Figure 4b and the resulting thermo-chemical deg-
radations for the integral temperature histories provided in
Table 1 are indicated. This comparison demonstrates that
even small thermal degradations of 1% are accompanied by

significant thermo-chemical degradation (or chain scission)
of the flax fibers, making low-temperature processing rather
chain-scission-dominated. In contrast, thermal degradation
becomes increasingly significant at elevated temperatures.
Nevertheless, within the temperature regime relevant for pro-
cessing, both chain scission (i) and thermogravimetric deg-
radation (ii) occur concurrently, rendering their individual
contributions difficult to distinguish.

3.2 | Mechanical Characterization of Flax Fiber
Bundles

Figure 4c,d present the mechanical testing results and evaluate the
tensile strength. The derived modulus values and failure strains
are provided in Figure S15. The flax fiber bundle tests confirm
the continued deterioration of the mechanical properties associ-
ated with thermal degradation and chain scission. The stiffness
and strength of the flax fiber bundles heavily depend on the gauge
length [56], so we cannot directly apply the analytical relationship
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between flax fiber strength and thermo-chemical degradation
as proposed in [40]. Therefore, the relationship is normalized,
and the expected effect on the initial bundle strength values of
271MPa is calculated. The thermo-chemical degradation is cal-
culated by solving Equations (11) and (12) with the temperature
profiles to achieve thermal degradations of 1%-7%, as provided
in Table 1, and for isothermal continuous degradation at 190°C.
Surprisingly, the measured overall deterioration of mechanical
strength matches the predicted decay associated with thermo-
chemical degradation x up to 3% thermal degradation. A higher
reduction would have been expected, given the superimposed
effects of thermo-chemical and thermal material degradation.
However, given the literature model for chain scission as granted,
the influence of mass loss appears to be negligible up to a value of
3%, and the decay in mechanical properties can be solely explained
by thermo-chemical degradation. In other words, either thermal
degradation determined by gravimetry has a subordinate effect of
up to 3%, which would have important implications for processing,
or the literature parameters for the thermo-chemical degradation
of flax fiber are not universally transferable to the underlying fiber
of the present study considering batch to batch variation and de-
gree of polymerization distribution. At higher temperatures, and
upon reaching the constant limit value of the decline in mechan-
ical properties caused by thermo-chemical material degradation,
further steady thermal degradation of fiber strength occurs, char-
acterized by weight loss exceeding 3%. Therefore, a thermal degra-
dation of up to 3% remains within predicted range without further
deteriorating the mechanical properties of flax bundles as already
associated with earlier onset of chain scission (thermo-chemical
degradation).

In Figure 5, elementary flax fibers can be identified in the
SEM images. With increasing degradation, the fibrillar struc-
tures of the cell walls become less distinct or exhibit signs of
fragmentation, resulting in a decrease in the diameter of the
elementary fibers. Additionally, cortical middle lamellae, resi-
dues from the retting process, can be identified in the pristine
state (Figure 5a) and become less prevalent with increasing
thermo-chemical degradation. With the initial removal of
waxes and leftover debris and associated irregularities at the
surface of the fibers, the roughness of the fibers seems to be
decreasing with increased mass loss and thermal degradation.
Due to the hollow nature of the natural fibers, even though
outgassing is expected, the air is removed without disruption
of the surface of the fibers.

3.3 | Mechanical Properties
of Flax-Reinforced PMC

During the manufacturing of flax-reinforced PMC reference lami-
nate, temperature profiles at the part surface and in the mid-plane
are recorded (Figure 6a) to calculate the resulting thermal degra-
dation, as per Equation (13). While thermal degradation is limited
to (negligible) values below 0.25%, significant chain scission of up
to 40% can already be expected (cf. Figure 6b), even during the
processing of the reference laminate at tool temperatures of 190°C.

Before testing, micrographs of samples from each laminate at
different levels of thermal degradation were obtained to as-
sess impregnation quality and overall condition. The optical
images were captured using a VR-X-1000 confocal scanning
digital microscope (Keyence Corp., Japan). Figure 7 presents
representative micrographs corresponding to different thermal
degradation percentages, showing a clear evolution in impreg-
nation quality and compaction. In pristine samples, a signifi-
cant number of irregular voids can be observed, which decrease
progressively with increasing degradation. The presence of
these voids indicates insufficient resin infiltration of the fiber
network, resulting in incomplete wetting and weak interfacial
bonding. At lower degradation levels, voids appear both within
the fiber bundles and between individual fibers. Additionally,
more gaps are observed at the interfaces between fibers, fiber
bundles, and the polymer matrix, as shown in the magnified im-
ages of Figure 7. At higher percentages of thermal degradation, a
gradual improvement in impregnation and compaction becomes
evident. The fiber bundles appear more densely packed, with a
noticeable reduction in both voids and the resin-rich regions be-
tween them. The resin appears to have effectively impregnated
the fiber bundles with fewer gaps and voids present between the
individual fibers. Consequently, the composite exhibits a denser,
more homogeneous microstructure, indicative of improved ma-
trix distribution and reduced interfacial defects.

Tensile testing results of the flax-reinforced PMC after selec-
tively degrading the flax fiber are shown in (Figures 8 and S16).
Only samples that failed within the gauge region, as can be seen
in Figure 9a were considered for the determination of the tensile
properties of the laminates. The majority of specimens exhib-
ited failure that was dominated by fiber breakage and matrix
cracking, showing cohesive failure, which can be translated into
better interfacial adhesion (Figure 9a). However, some samples
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FIGURE 7 | Representative micrographs of laminates at different thermal degradation levels.

exhibit extensive fiber pull-out, interfacial debonding, and lon-
gitudinal splitting, characteristic of weaker fiber-matrix bond-
ing and interfacial failure (Figure 9b), while others also failed
at the tab location. These samples were not considered for the
mechanical analysis. Similar to the neat flax fibers, the mechan-
ical performance of the PMC decreases with increasing ther-
mal degradation. It can be observed that the tensile properties

increase slightly before showing a significant drop at a 2% deg-
radation level. This temporary increase in fiber strength may
be associated with the crosslinking of cellulose, which can be
accompanied by an increase in strength. Still, an effect on the
actual wetting behavior and fiber impregnation cannot be ex-
cluded. Cracking hemicellulose during selective degradation re-
duces the hemicellulose content and the polarity of the treated
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FIGURE9 | Fracture mechanisms of representative tensile samples showing cohesive (a) and interfacial (b) fracture behavior.

flax fibers (less hydrophilic) compared with pristine fibers
[57]. Therefore, degradation of the fibers up to 1% may be ben-
eficial, as it induces better wettability and impregnation by the
hydrophobic PA11 resin, resulting in improved fiber-matrix ad-
hesion and higher strength values. Besides that, the fiber surface
becomes smoother as thermal degradation initiates (Figure 5c),
which diminishes wetting by decreasing the total available sur-
face area and reducing the interaction with the liquid.

By applying the volumetric rule of mixture (cf. Equation (13))
with an average fiber volume content of 39.1 vol.-% and a ten-
sile strength of 32 MPa [58] of the PA11 material, the composite
tensile strength is calculated according to the relationship from
[40], demonstrating a reasonable agreement with the measure-
ment data (Figure 8b).

Still, the Flax PMCs exhibit lower strength compared with
expected literature values. Owing to the low processing
temperatures, any influence of matrix degradation and ap-
parent scission can be neglected. The effect of gauge length

may explain this underestimation, as strength tends to de-
crease with increasing gauge length [56]. While initial bun-
dle strength values of 271 MPa were measured at an 80 mm
gauge length, the PMCs were tested at a 30 mm gauge length.
Only specimens with failure within the gauge length were
considered valid. The pristine strength values are located in
the range of literature values [59] for unidirectional flax with
PA11 matrix, considering the lower fiber volume contents in
the present study. One exception is the counterintuitive in-
crease in strength at 1% thermal degradation, which is not
covered in the correlation from [40] and may be associated
with the proposed effect of improved fiber-matrix adhesion,
facilitating the impregnation process. Besides tensile strength,
elongation at break decreases steadily, while stiffness remains
relatively unaffected (Figure S16).

Compiling the results of mechanical testing into the previ-
ously introduced TTS diagram enables us to identify distinct
processing regimes (i)-(iii) for the manufacturing of flax fiber
PMCs. Region (i) in Figure 10 indicates the secure processing
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window, which can be accompanied by improved fiber impreg-
nation, yielding better adhesion and PMC tensile strength. Even
though significant thermo-chemical degradation can already be
expected (Figure 4b) in this range, the impact on mechanical
property breakdown remains limited, as it's partly compensated
by better fiber impregnation. Beyond selecting the nominal pro-
cessing temperature, maintaining precise temperature control
is crucial, as deviations of 10°C or more may already drive the
system from the safe into the more critical processing regime
(cf. Figure S17). Region (ii) warrants a cautious approach, as it
may be accompanied by a detrimental reduction in mechanical
properties, depending on whether the individual degradation of
the fiber bundles or thermogravimetric degradation of the PMC
according to the rule of mixture represents the data basis for
setting the isoconversional lines.

In region (iii), the PMC undergoes significant thermal and
thermo-chemical degradation, resulting in a detrimental reduc-
tion in mechanical performance, which is to be categorically
avoided in the processing of PMCs.

4 | Conclusion

In this paper, we link the thermal and thermo-chemical degra-
dation of flax fiber bundles and flax fiber-reinforced bio-PMC
during thermal processing with their mechanical properties.
Thermo-chemical degradation by chain scission initiates well
before thermogravimetric degradation, and weight reductions
of 1% already cause a significant degradation in the mechanical
performance of the reinforcing flax fibers, thus highlighting the
necessity of precise temperature control. In PMC, a slight deg-
radation may be desirable, as a 15% increase in tensile strength
is reported at 1% thermal degradation, which may be due to
improved fiber-matrix adhesion caused by enhanced wetting
behavior.

A Framework for deriving processing maps for thermoplastic
PMC based on PA11 and flax fibers is introduced, compris-
ing thermal degradation kinetic modeling and determination

of the resulting mechanical properties of the flax fibers and
manufactured composites. By linking thermal degradation
to deterioration in mechanical properties, a threshold can be
identified beyond which the degradation becomes detrimental
to mechanical performance, thereby constraining the allow-
able processing window. The parameterized kinetic model en-
ables flexible mapping of various arbitrary temperature cycles
while ensuring that the degradation threshold is not exceeded.
The derived framework thereby facilitates transferability to
diverse processing conditions and heat-treatment protocols. It
may be applied to varying fiber and matrix systems, thereby
providing an expanded basis for systematic investigations into
bio-based PMC and fibers for advanced composite applica-
tions. However, these processing conditions must be carefully
balanced against the resin's flow behavior (for good fiber im-
pregnation) and potential delays arising from heat equilibra-
tion processes such as heat-up, thereby constituting a coupled
multi-physics problem. Further work may focus on more thor-
oughly characterizing the 0%-2% thermal degradation region
to identify the beneficial effects of processing. Additionally,
no chain-scission model for PA11 is currently available, which
could make a vital contribution to a more comprehensive
understanding of thermal degradation in the production of
bio PMC.
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