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A B S T R A C T

This study introduces a sustainable approach for enhancing the fire retardancy and smoke suppression of poly 
(lactic acid) (PLA) composites, contributing to addressing one of the major challenges in biocomposites that 
limits their application in various engineering fields, as automotive and construction sectors. Flax fibers (FF) 
were surface functionalized with a novel organic-inorganic hybrid flame retardant (FR), offering a sustainable 
bioinspired approach that mitigates potential mechanical properties impairment and FR leaching, which can 
cause environmental concerns and reduced composite durability.

The process involves a three-step coating procedure. First, the flax fibers (FF) are pretreated with ozone to 
promote carboxylic group formation (FF-O3); subsequently, gallic acid (GA) units are covalently immobilized on 
the fiber surface (FF-GA); finally, the hybrid FR iron phenylphosphonate is complexed with the phenolic groups 
of GA units (FF-GA-FeP).

Fourier transform infrared (FT-IR) analysis of FF-GA-FeP confirmed the presence of specific absorptions 
associated with the deposited FR coating. Scanning electron microscopy coupled with energy-dispersive X-ray 
spectroscopy (SEM-EDS) revealed changes in fiber morphology and confirmed the incorporation of iron and 
phosphorus. Solid-state nuclear magnetic resonance (SSNMR) spectroscopy and X-ray WAXS microscopy 
revealed that fibers' crystallinity was not significantly affected by derivatization. Microwave plasma atomic 
emission spectroscopy (MP-AES) detected a precise 0.1 wt% iron loading.

Using FF-GA-FeP as reinforcement in PLA-based composites (PLA/FF-FeP) resulted in enhanced thermal sta
bility and flame retardancy of the composites, with minimal coating application, as revealed by thermogravi
metric analysis (TGA) and cone calorimetry tests (CCT). A decrease in peak of heat release rate (pHRR), total 
smoke release (TSR), specific extinction area (SEA), and Fire Propagating Index (FPI) of 5, 87, 68, and 9.5 %, 
respectively, was achieved for PLA/FF-FeP, compared to untreated flax fiber reinforced PLA (PLA/FF). 
Furthermore, preliminary tensile tests indicate minor changes in tensile strength and a slight increase in stiffness 
of the PLA/FF-FeP compared to PLA/FF.

Hence, in the biocomposite, the immobilization of a minimal amount of iron phenylphosphonate directly on 
the flax fiber surface proved to be an effective strategy for smoke suppression while preserving the mechanical 
integrity of the composite.
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1. Introduction

Fiber reinforced polymer composites (FRPs) have been widely 
adopted by such industries as automotive, construction, aerospace, and 
marine [1] due to their distinctive specific mechanical properties. 
However, growing environmental concerns regarding non-renewable 
sourced materials, coupled with stringent environmental regulations 
[2] have driven research toward the development of alternative high- 
performance biobased materials. In this context, biopolymers rein
forced with natural fibers have emerged as promising sustainable al
ternatives to traditional polymer composites reinforced with synthetic 
fibers [3]. Polylactic acid (PLA), derived from renewable feedstock [4], 
has received considerable attention for its versatility in applications 
ranging from packaging to fiber production and composite 
manufacturing [5]. Several studies have explored the properties of PLA 
reinforced with different types of lignocellulosic fibers, such as hemp 
[6], flax [7], ramie [8], and bamboo [9]. The interesting physical and 
specific mechanical properties, coupled with their low production costs 
and sustainable environmental characteristics, make them attractive for 
application as non-structural components in the transportation sector 
[10].

However, challenges persist in such composites, notably the poor 
adhesion between the hydrophilic natural fiber and the hydrophobic 
polymer matrix. [11] This issue has been extensively studied, and 
different solutions have been proposed [12], including finishing treat
ments of the natural fibers with ionic liquids [13] or silane coupling 
agents [14].

In addition, these composites are prone to burn easily. Such bio
polymers as PLA are inherently highly flammable, exacerbating fire 
spread due to extensive dripping phenomena [15]. The presence of the 
natural fibers further reduces the fire resistance compared to synthetic 
reinforcing fibers like glass fibers [16]. Moreover, the combustion of 
these materials not only accelerates flame propagation but also gener
ates significant amounts of smoke and toxic gases, which impair visi
bility and pose serious health risks [17]. These hazards, including the 
release of irritant compounds and asphyxiating gases like carbon mon
oxide, make escape and rescue operations more difficult and increase 
the danger for trapped individuals [18]. To mitigate these risks, the 
prevailing strategy involves the direct incorporation of flame retardants 
(FRs) into the polymer matrix [19].

Based on their structure, FRs can be classified into organic, inor
ganic, and organic-inorganic hybrids. Hybrid organic-inorganic flame 
retardants combine the advantages of both inorganic and organic ma
terials [20]. In particular, the inorganic element, due to its incombus
tible nature and high specific heat capacity, enhances the composite's 
overall thermal stability and fire safety by releasing water vapor and/or 
providing a physical barrier toward heat and mass transfer, thereby 
reducing the intensity and propagation of flames [21,22]. The organic 
component, alongside enhancing the flame retardant efficiency [23], 
fosters compatibility with the polymer matrix, which, on the other hand, 
is extremely reduced in the case of inorganic FRs [24]. This ensures an 
effective dispersion of the flame retardant without compromising the 
mechanical properties of the polymer [25]. In this context, iron phos
phonate is an example of hybrid FR where the concurrence of radical 
scavenging effects in the gas phase by the organic component and cat
alytic charring in the condensed phase by the inorganic component 
occurs [26,27].

However, adding FRs directly in the polymer matrix has an inherent 
risk of FR leaching out of the matrix [28], thus contaminating the 
environment [29] and reducing the overall composite performance. 
Moreover, when a polymer is reinforced with cellulosic fibers, it is 
susceptible to the “candlewick effect” [30] due to the higher thermal 
conductivity of the fibers. One of the most widely used commercial 
phosphorus-based flame retardants (FRs) is ammonium polyphosphate 
(APP) [31]. Shumao et al. [32] studied ramie fiber-reinforced PLA 
composites with APP applied in three different configurations: blended 

into the PLA matrix, applied to the fibers, and a combination of both. 
They found that treating the fibers with APP rather than incorporating it 
directly into the matrix preserved the mechanical properties. In addi
tion, besides to circumventing potential leaching of the flame retardant 
(FR), which might occur when FR is directly dispersed within the 
polymer matrix [33], this approach effectively mitigated the “candle
wick effect”, enhancing fire safety by promoting char formation and 
reducing flame spread. Liu et al. [34] and Chen et al. [35] demonstrated 
that grafting 9,10-Dihydro-9-oxa-10-phosphaphenanthrene-10-oxide 
(DOPO), a commercial flame retardant, directly onto the surface of 
glass fibers and incorporating the latter as reinforcement in epoxy resin 
or polyamide 6-based composites resulted in improved fiber-matrix 
adhesion, circumvented FR leaching, and enhanced the fire behavior 
of composites. These findings reinforce the effectiveness of applying 
flame retardants directly to fibers, rather than dispersing them within 
the polymer matrix, as it limits mechanical degradation while providing 
excellent flame-retardant performance.

This study builds upon such advancements by introducing a bio
inspired protocol for coating flax fiber (FF) with a low loading of 
halogen-free hybrid FR to increase the fire retardancy and suppress 
smoke production of PLA-based biocomposites. The hybrid FR, i.e., iron 
phenylphosphonate (FeP) complex, was immobilized on the FF surface 
to achieve a good dispersion within the matrix and to provide the pre
viously mentioned benefits, such as fiber protection in case of fire by 
favoring char production, limitation of the “candlewick effect”, and 
promotion of radical scavenging reactions in the gas-phase. This work, 
to preserve the environmentally friendly character of the biocomposites, 
proposes, for the first time, a biobased and bioinspired process for FR 
covalent immobilization on fiber surface. The protocol involves the 
covalent immobilization of renewable gallic acid units, a phenolic acid 
of biological origin widely found in waste vegetable biomass [36], that 
allow the in-situ complexation of iron phenylphosphonate to form the 
hybrid FR-coated fiber. Inspired by the siderophore enterobactin's iron 
acquisition mechanism [37], this process mimics nature's efficiency in 
coordinating FeIII through catecholate groups, given the gallic acid 
structural similarity to the iron coordinating moiety in bacteria. 
Different studies are reported in the literature to increase the fire 
resistance of composites by incorporating iron phosphonate FRs into the 
matrix [38–40], but approaches of immobilizing the hybrid FR on the 
fiber surface are limited. For instance, Zhang et al. [41] proposed a pre- 
deposition of polymerized polydopamine on the flax fiber surface to 
graft the hybrid FR, which differs from the covalent bonding proposed in 
this work. While their method achieved improved flame resistance, it 
required a significantly higher FR loading (6.1 wt%) compared to the 
minimal amount used in our system.

To complete the investigation, extensive characterization validates 
the effectiveness of the designed functionalization protocol, with 
Fourier-transform infrared (FT-IR) spectroscopy, scanning electron mi
croscopy coupled with energy dispersive X-ray spectroscopy (SEM-EDS), 
microwave plasma atomic emission spectroscopy (MP-AES), thermog
ravimetric analysis (TGA), solid-state nuclear magnetic resonance 
(SSNMR) spectroscopy and Small/Wide-Angle X-Ray Scattering (SAXS/ 
WAXS), confirming successful FR-FF coating without a significant 
reduction in the crystallinity of the fibers. The FR-coated fibers were 
then used as reinforcement in PLA-based composites (PLA/FF-FeP), the 
fire behavior of which was assessed by cone calorimetry tests (CCT); 
further, the mechanical behavior of the flame retarded composites was 
investigated through tensile tests.

2. Materials and methods

2.1. Materials

Flax fibers were provided by Teillage Vandecandelaere (Bourguebus, 
France) with a nominal length of 2 mm and without any specific sizing 
treatment. Flax fabric was provided by Composites Evolution (UK) as a 
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2 × 2 twill Biotex fabric with an areal weight of 200 g/m2. A PLA 
Luminy® LX175 (96 % (L-isomer)) supplied by TotalEnergies Corbion 
was used as polymer matrix. Gallic acid (GA, C7H6O5) was purchased 
from Thermo Scientific™. Thionyl chloride (SOCl2), tert-amyl methyl 
ether (TAME), iron (III) chloride hexahydrate (FeCl3⋅6H2O), and phe
nylphosphonic acid (PPA, C6H5P(O)(OH)2) were obtained from Merck 
KGaA, Darmstadt, Germany, and used without further purification un
less otherwise stated.

2.2. Methods

2.2.1. Flax fiber ozonization process
A Salinovo ozone generator was utilized to pretreat flax fibers and 

fabrics with ozone (O3). This generator operated on an air-feed system 
and reached a maximum diffusion rate of 0.5 h− 1. A total of 20 g of flax 
fibers were placed in a 500 cm3 ozonation chamber, where ozone was 
introduced through a porous diffusion plate. The treatment was con
ducted for up to 7 h.

2.2.2. Galloyl chloride synthesis
Gallic acid (34 g, 0.2 mol) and thionyl chloride (100 mL, 0.9 mol) 

were combined in a single-neck flask. The reaction mixture was heated 
to 80 ◦C for 3 h. Once the reaction time had elapsed, the excess thionyl 
chloride was removed under vacuum. The resulting crude galloyl chlo
ride was used in the subsequent reaction without any further 
purification.

FT-IR (cm− 1): 2800–3400 (O–H stretching); 1747 (C––O stretch
ing), 732, 692, 632, 589 (C–Cl stretching) [42].

2.2.3. Flax fiber coating
The crude galloyl chloride (36.9 g) was dissolved in TAME (270.6 g, 

2.6 mol) to reach a 12 % (w/w) solution. 30 g of flax fibers were 
immersed in this solution and stirred for 2 h. Afterward, the mixture was 
washed with deionized water and dried in a ventilated oven at 80 ◦C for 
2 h.

Subsequently, 36 g of flax fibers functionalized with gallic acid units 
(FF-GA) were placed in a beaker containing 520 mL of deionized water. 
To this, 130 mL of an aqueous solution of FeCl₃⋅6H₂O (0.82 g, 3 mmol) 
was added. The mixture was stirred, and after 6 h, PPA (0.96 g, 6 mmol), 
which had been dissolved in 130 mL of deionized water, was added 
dropwise. The reaction was conducted at room temperature for 12 h. 
Finally, the iron phosphonate-coated flax fibers (FF-GA-FeP) were 
washed with deionized water and dried overnight in a ventilated oven at 
85 ◦C.

2.2.4. Composite manufacturing
PLA/FF, PLA/FF-O3, and PLA/FF-FeP composites were fabricated 

using a Brabender-like apparatus (Rheocord EC, Haake Inc.) and a lab- 
scale hydraulic press (Collin model P400E) to create plates with di
mensions of 100 mm × 100 mm × 4 mm. Before compounding, the flax 
fibers (FF, FF-O3, FF-GA-FeP) and PLA pellets were subjected to drying 
in a vacuum oven at 70 ◦C for 4 h. The micro compounder was employed 
to mix FF, FF-O3, and FF-GA-FeP with PLA at a rotational speed of 60 
rpm and a temperature of 180 ◦C for 5 min. Subsequently, the PLA 
composites were compression-molded at 180 ◦C following this pressure 
sequence: 2 min at 0 bar, 1 min at 5 bar, 1 min at 10 bar, and 1 min at 20 
bar. The cooling step was carried out until reaching room temperature 
while keeping the material at a maximum pressure of 20 bar. The fiber 
content was maintained at 20 wt%.

For the tensile testing, the composites were prepared through an 
injection molding technique (Haake MiniJet II Pro, Thermo Fisher Sci
entific). During the injection process, the loading cylinder temperature 
was set to 190 ◦C, whereas the mold temperature was held at 45 ◦C.

All details about characterization techniques are reported in the 
supporting information.

3. Results and discussion

3.1. Preparation and characterization of flax fiber coating

The hybrid FR-FF coating protocol involved three main steps: (I) 
oxidation of the cellulosic component of FF via O3 pretreatment (FF-O3); 
(II) covalent immobilization of gallic acid (GA) units by anhydride bond 
formation (FF-GA); (III) promotion of the in-situ complexation of iron 
phenylphosphonate (FeP) by phenolic groups of the immobilized GA 
units (FF-GA-FeP), resulting in the hybrid FR-coated fiber, as depicted in 
Fig. 1.

Previous literature described oxidation processes of cellulose mi
crofibrils [43] and flax fibers [44] using 2,2,6,6-tetramethylpiperidine- 
1-oxyl (TEMPO) to create surface carboxyl groups. However, TEMPO is 
associated with challenges including high corrosiveness, difficult 
handling [45], and environmental toxicity, particularly concerning its 
impact on the biosphere [46]. In this work, ozone (O3) is proposed as a 
safer oxidizing agent [47], able to convert the primary surface hydroxyl 
groups of the cellulosic component (which is approximately 70 % of the 
total fiber) [48] into carboxyl groups [49].

Fig. 2 presents the FT-IR spectra of untreated (FF) and pretreated FF 
with O3 (FF-O3). The untreated fiber spectrum shows signals associated 
with hemicellulose and cellulose [50], which are the main components 
of FF (Table 1). A new absorption at 1731 cm− 1 ascribed to carboxyl 
group (C––O) is observed in the FF-O3 spectrum [43–45], validating the 
ozone effectiveness in the cellulose hydroxyl group oxidation to 
carboxyl group.

The effect of the ozonation process on FF was further evaluated by 
SEM and thermogravimetric analyses. The micrographs shown in Fig. S1 
reveal no significant differences in morphology between FF and FF-O3.

Thermogravimetric results of untreated FF and FF-O3, depicted in 
Fig. 3, highlight that the untreated FF experiences a maximum decom
position rate temperature (Tmax) at 358 ◦C [51], and a residual weight at 
800 ◦C of 17 %. FF-O3 exhibits a slight reduction in the maximum 
degradation temperature (354 ◦C) and an increase in the residual weight 
(27 %). This is attributed to the high reactivity of ozone with phenolic 
and polyphenolic structures, which in flax fiber results in partial 
removal of lignin [52], Consequently, the reduction in lignin content 
accounts for a lower Tmax and a higher percentage of thermally non- 
degradable elements, increasing the residual weight in FF-O3 [47].

In the second step (II) of the coating protocol, the carboxyl groups of 
FF-O3 were used to immobilize the designed FR complex, as depicted in 
Fig. 1.

Galloyl chloride was obtained via a solvent-free method, following 
established procedures [53]. Subsequently, a 12 % (w/w) mixture of 
galloyl chloride was prepared in green tert-amyl methyl ether [54,55]. 
The reaction between the carboxyl groups of FF-O3 and the acyl group of 
galloyl chloride enabled the immobilization of gallic acid units on the 
fiber surface via anhydride bond formation. The resulting fiber func
tionalized with GA units was named FF-GA.

Fig. 4 compares the FT-IR spectra of FF-GA and FF-O3. In the FF-GA 
spectrum, signals that can be associated with fiber-bound gallic acid 
units are observed: the absorption at 3493 cm− 1 is due to O–H 
stretching of the phenolic ring, while absorptions at 1609 cm− 1 and 
1540 cm− 1 are due to C––C stretching of the aromatic ring [56]. The 
signals at 1264 cm− 1, 1219 cm− 1 and 767 cm− 1 are attributed to C–O 
stretching, O–H bending and C–C stretching respectively, while the 
absorptions at 866 cm− 1, 799 cm− 1, and 733 cm− 1 are ascribed to C–H 
bending [57].

The success of the second step was further confirmed by a morpho
logical modification of the FF surface, as highlighted by SEM micro
graphs (Fig. 5). In Fig. 5b, the clean and smooth surface of the untreated 
fiber (Fig. 5a) is replaced by the appearance of a new rough coating on 
the fiber surface, resulting from the immobilization of GA.

In the third coating step (III), inspired by the iron acquisition bac
terial process, iron phenylphosphonate was complexed to the phenolic 
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groups of the GA units previously immobilized on the FF surface (Fig. 1) 
[58]. The reaction between FF-GA and FeCl3⋅6H2O took place in water at 
room temperature. Under these conditions, the dissociation of ferric 
chloride provides the metal ions required for complexation with 
phenolic groups, while the release of hydrochloric acid (HCl) contrib
utes to acidifying the reaction environment. At pH < 5, the formation of 
iron(III) mono(catecholate) complexes was ensured [59]. For the syn
thesis of iron phenylphosphonate, phenylphosphonic acid (PPA) was 
added to the reaction system. The high affinity of phosphonate moiety 
oxygen atoms to FeIII [60] allowed for tight binding of iron phosphonate 
to gallic acid units immobilized on the FF surface, resulting in the for
mation of FR-coated flax fibers (FF-GA-FeP).

FF-GA-FeP was characterized by SEM-EDS analysis, as shown in 
Fig. 6. The typical micrographs show the presence of a new globular 
coating on the fiber surface, while EDS analysis reveals the presence of 
Fe and P, which can be attributed to the deposition of the iron phenyl
phosphonate coating.

The MP-AES analysis on FF-GA-FeP detected a very low iron loading 
(namely, 0.1 wt%), which, nevertheless, confirms the FeIII-gallic acid 
units complexation on FF surface.

Untreated FF, FF-GA, and FF-GA-FeP were analyzed by thermogra
vimetric analysis. TG and DTG curves are reported in Fig. 7, while 
Table S1 summarizes the onset degradation temperatures at a weight 
loss of 5 % (T5%) and 10 % (T10%), the temperature at the maximum 
decomposition rate (Tmax), and the final residue at 800 ◦C.

The fiber functionalized with GA units exhibited a maximum 
decomposition rate temperature (Tmax) at 333 ◦C, lower than untreated 
FF (358 ◦C). This decrease is due to the presence of gallic acid units [61] 
on the fiber surface, which exhibited a Tmax of 265 ◦C (Fig. S2), i.e., 
anticipating the degradation of the fiber due to the acidic functionali
zation. Additionally, the presence of GA affects the residual weight of 
FF-GA (about 10.8 %), which is lower than the untreated fiber (16.8 %), 
due to the thermal degradation of GA units bound to the fiber surface, 
which exhibited a residual weight of 1 % at 800 ◦C (Fig. S2). FF-GA-FeP 
showed a Tmax at 341 ◦C, marginally higher compared to the Tmax of FF- 
GA. This slight enhancement in fiber thermal stability is attributed to the 
incorporation of FeP, which has a Tmax of 479 ◦C as evaluated by ther
mogravimetric analysis of the as-synthesized complex (Fig. S3). 
Furthermore, FF-GA-FeP showed a modest increase in residual weight 

Fig. 1. Reaction pathway for FF surface modification.

Fig. 2. Infrared spectra of untreated FF (black line) and FF-O3 (red line).

Table 1 
Infrared assignments of FF.

Wavenumber (cm− 1) Functional groupa

3700–3000 νOH Intra- and intermolecular of cellulose
2990–2754 νCH of cellulose and hemicellulose
1639 δHOH of water in crystalline cellulose
1427, 1359, 1314 δCH2, δCH of cellulose and ωCH2 of cellulose and 

hemicellulose
1280 τC-H2 of cellulose
1248, 1159, 1106, 

1029
νC–O–C e νC–C of polysaccharide compounds (mainly 
cellulose)

1053 νC–OH of cellulose and hemicellulose
897 β-glycosidic bonds between the glucose units of cellulose

a ν = stretching; δ = bending; ω = wagging; τ = twisting.
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(12.4 %) compared to FF-GA, due to the catalytic charring effect of iron 
phenylphosphonate. However, the small extent of this increase suggests 
a low loading of the flame-retardant complex on the fiber surface.

In addition, the onset degradation temperatures (Table S1) of both 
FF-GA and FF-GA-FeP were higher than those of FF. In particular, the 
increase in T5% could be associated with the reduction in moisture 
content, while the presence of gallic acid and iron phenylphosphonate is 
responsible for the increase in T10% values, due to their higher thermal 
stability (Figs. S2 and S3).

To further confirm the presence of paramagnetic iron in the FF-GA- 
FeP sample, the untreated and treated fibers were characterized by 
low-field NMR spectroscopy to evaluate the 1H longitudinal relaxation 
times (T1) measured at the 1H Larmor frequency of 20.8 MHz. Indeed, 
the presence of paramagnetic species in proximity to 1H nuclei of the 
fibers can induce a shortening of 1H T1 [62]. The 1H T1 values of FF and 
FF-GA-FeP are reported in Fig. S4. It is worth noting that the 1H T1 
measured for FF-GA-FeP is slightly smaller than that of FF, confirming 
the incorporation of paramagnetic iron species into the fibers.

3.2. PLA-based composites characterization

3.2.1. Thermal characterization of PLA-based composites
Fibers coated with the developed target complex (FF-GA-FeP) were 

used as reinforcement for PLA-based biocomposite materials (PLA/FF- 
FeP). Fig. 8 shows the TG and DTG curves of pure PLA, PLA reinforced 
with untreated flax fiber (PLA/FF), and PLA/FF-FeP, while Table 2
collects the thermogravimetric data.

Neat PLA undergoes a one-stage complete degradation between 
approximately 300 ◦C and 400 ◦C, with Tmax at 373.4 ◦C. The T5%, T10%, 
and Tmax of PLA/FF shift to lower temperatures compared to neat PLA, 
due to the cellulosic component of the raw FF that undergoes thermal 
degradation between 230 ◦C and 370 ◦C. FR-coated fiber-reinforced PLA 
exhibits slightly higher degradation temperatures compared to PLA/FF. 
To evaluate the charring efficiency of the hybrid FR, the residual weight 
of the composites was evaluated at 800 ◦C (Table 2). However, no sig
nificant change was observed in the residues of PLA/FF and PLA/FF-FeP, 
likely due to the limited coating amount on the fiber surface, as detected 

Fig. 3. (a) TGA and (b) DTG curves of untreated flax fiber (FF) and FF-O3.

Fig. 4. Infrared spectra of FF-O3 (black line) and FF-GA (red line).
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by MP-AES analysis. Nonetheless, the developed FR complex, despite the 
low loading on the fiber surface, positively affected the thermal stability 
of FF-reinforced PLA composites.

DSC analyses were performed on pure PLA and its composites to 
investigate their thermal properties. The obtained parameters, including 
glass transition temperature (Tg), cold crystallization (Tcc) and melting 

Fig. 5. SEM micrographs of (a) untreated flax fiber and (b) FF-GA.

Fig. 6. SEM-EDS analysis of FF-GA-FeP.

Fig. 7. (a) TG and (b) DTG curves of untreated FF, FF-GA and FF-GA-FeP.
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(Tm) peak temperatures, are summarized in Table S2. In addition, the 
cold crystallization and melting enthalpy values were used for the 
determination of the degree of crystallinity (χc) of the polymer.

The PLA/FF composite showed a Tcc of 119.8 ◦C, slightly higher than 
neat PLA (115.2 ◦C). This enhancement can be attributed to the influ
ence of FF on the molecular chain mobility of PLA. FF hinders the 
migration and diffusion of PLA molecular chains on the surface of the 
growing PLA crystals, thus affecting the formation of the crystal struc
ture. Consequently, the cold crystallization temperature increases, and 
the overall crystallinity of PLA decreases [63,64]. In contrast, the PLA/ 
FF-FeP composite showed a Tcc of 118.8 ◦C, lower than PLA reinforced 
with untreated FF. This decrease suggests that the FR complex promotes 
the nucleation phase of the crystallization process. To further investigate 
this hypothesis, as-synthesized iron phenylphosphonate was added to 
neat PLA at a concentration of 1 wt% (PLA-FeP sample). DSC results 
showed a decrease in Tcc for PLA-FeP (111.0 ◦C) compared with neat 
PLA, and a 65 % increase in χc. This confirms that the developed com
plex acts as a nucleating agent. The hybrid FR, present in low loading on 
the fiber surface, had a negligible impact on the crystallinity of the PLA, 
hence favoring the decrease in Tcc but not significantly affecting the 
overall crystallinity.

3.2.2. SSNMR characterization of PLA-based composites
The composites were also characterized by low-field SSNMR to 

evaluate if the paramagnetic iron present in the derivatized fibers (FF- 
GA-FeP) is still retained into the PLA/FF-FeP composite. To this purpose, 
1H T1 measurements were conducted on PLA/FF and PLA/FF-FeP 
composites and compared with those obtained with the FF and FF-GA- 
FeP fibers. The 1H T1 values measured for PLA/FF and PLA/FF-FeP are 
reported in Fig. S5. For both samples, two values of 1H T1 could be 
detected, a longer one (T1,PLA) of about 550 ms, ascribable to the PLA 
matrix, and a shorter one (T1,FF), of <100 ms, which was assigned to the 
reinforcing fibers. It is worth noting that T1,FF strongly resembles the T1 
values measured for FF and FF-GA-FeP, with T1,FF of PLA/FF-FeP being 

shorter than T1,FF of PLA/FF due to the presence of iron at the fibers' 
surface. These results suggest that the FR agent remains immobilized at 
the fibers' surface even after composite preparation.

3.2.3. Fire behavior of PLA-based composites
The flame-retardant properties of the developed FR coating complex 

were analyzed by flammability (LOI and UL-94) and cone calorimetry 
tests (CCT); the latter is a widely accepted method for evaluating the 
combustion behavior of materials under conditions close to a real fire 
scenario [65]. Table S3 collects the results from the flammability tests. 
First, it is worth noting that the modification of the flax fibers accounted 
for a limited increase in the LOI value, which moved from 20.3 to 20.8 
%. Furthermore, all the specimens, irrespective of the modification of 
the flax fibers, could not be classified in vertical flame spread tests. 
Indeed, the applied flame reached the holding clamp very quickly, 
meanwhile providing a significant dripping of incandescent drops that 
ignited cotton batting. Table S4 summarizes the key parameters of CCT 
tests evaluated for PLA/FF and PLA/FF-FeP composites. The results 
revealed several notable findings. First, the time to ignition (TTI) of 
PLA/FF-FeP composites exhibited a slight increase compared to un
treated FF-reinforced PLA. Additionally, the peak of heat release rate 
(pHRR) underwent a 7 % decrease. Most significantly, both total smoke 
release (TSR) and specific extinction area (SEA) of the FR-coated fiber- 
reinforced composites remarkably lowered (by 87 and 68 %, respec
tively) compared to PLA/FF counterparts. These findings indicate the 
substantial suppression of smoke generation and flame spread, which 
are critical factors in fire safety. In particular, also considering that final 
residue of the cone calorimetry tests for the composites containing the 
treated fibers is lower than that of untreated counterpart, it can be 
assumed that the surface treatment of the fibers is active mainly in the 
gas phase, through the formation of phosphorus containing radicals that 
are capable of entrapping the radical species propagating the flame. 
Besides, the possible formation of ferric oxide during the decomposition 
of the flame retarded fibers during the exposure to the irradiative heat 
flux may account for the smoke reduction, because it is well known to be 
an effective smoke suppressant [66–68]. A representative illustration is 
shown in Fig. 9.

Moreover, the fire propagation index (FPI), calculated as the ratio of 
pHRR to TTI, turns out to be lower for PLA/FF-FeP than for PLA/FF. This 
result points out that the modified FF composite tends to be less prone to 
fire propagation. Interestingly, all these enhancements are achieved in 
the presence of low FR coating loadings on the fiber surface, hence 
demonstrating its flame-retardant effectiveness.

Importantly, in accordance with thermogravimetric and MP-AES 

Fig. 8. (a) TG and (b) DTG curves of PLA, PLA/FF and PLA/FF-FeP.

Table 2 
Onset temperatures evaluated at a weight loss of 5 % (T5%) and 10 % (T10%), 
maximum decomposition temperature (Tmax) and weight residues at 800 ◦C 
(Residue) obtained from TGA measurements of PLA, PLA/FF, PLA/FF-FeP.

Sample T5% (◦C) T10% (◦C) Tmax (◦C) Residue (wt%)

PLA 341.3 ± 1.1 348.8 ± 1.2 373.4 ± 2.1 1.1 ± 0.4
PLA/FF 308.4 ± 3.6 319.4 ± 3.3 350.9 ± 1.4 2.8 ± 0.3
PLA/FF-FeP 318.8 ± 0.3 331.3 ± 1.1 359.1 ± 0.1 2.6 ± 0.6
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analyses, the low FR loading on the fiber's surface does not lead to a 
substantial reduction in mass loss attributable to char formation 
(Table S4).

Gaseous products generated during thermal degradation of com
posites were identified by TG-FTIR analysis. Fig. 10a–c present the 3D 
plots of the evolved gas products for PLA, PLA/FF, and PLA/FF-FeP, 
respectively. Fig. 11 shows the infrared spectra of PLA and its compos
ites at the temperature corresponding to the maximum decomposition 
rate (Tmax) versus the total absorbance intensity of the gaseous products. 
The signal between 4000 cm− 1 and 3500 cm− 1 was attributed to water 
generated during pyrolysis. Furthermore, absorbances due to the pres
ence of acetaldehyde generated by intramolecular transesterification 
reactions during thermal degradation of PLA were observed. In partic
ular, signals were observed at 2738 cm− 1 (aldehydic C–H stretching) 
[69], at 1762 cm− 1 (carbonyl group C––O stretching) [70] and between 
3000 and 2750 cm− 1 (C–H aliphatic stretching) [71]. Besides, signals at 
1456 and 1373 cm− 1 were associated with the C–H bending of CH3 
[72]. C–O stretching (1300 cm− 1 to 1000 cm− 1), carbonyl group C––O 
stretching (1762 cm− 1), C–H bending and stretching of methyl groups 
(1456 cm− 1, 1373 cm− 1) and the ring skeletal vibration (933 cm− 1) 
indicate the presence of lactide or cyclic oligomeric species among the 
products evolved from the thermal degradation of PLA [72,73], which 
can be generated by either radical or esterification processes [74].

The presence of carbon dioxide (CO2), a major homolytic thermal 
degradation product of the PLA chain, is indicated by the appearance of 
two bands at 2359 cm− 1 and 2322 cm− 1 [75], while carbon monoxide 
(CO), generated by the transesterification reaction, is identified by sig
nals at 2178 and 2115 cm− 1, which correspond to the bending of the 
C–O bonds [76].

In the PLA/FF spectrum, a decrease in signals associated with CO and 
acetaldehyde production was observed. The scientific literature reports 
that the reinforcement of PLA with lignocellulosic fiber can promote the 
occurrence of radical reactions in PLA during pyrolysis by favoring the 
degradation of lignin component while limiting the transesterification 
reactions responsible for the production of CO and acetaldehyde 
[77,78]. Further, there is an increase in the signal at 1241 cm− 1, 
attributable to various organic compounds containing C–O bonds, such 
as carboxylic acids, alcohols, anhydrides, and esters [79], which are by- 
products generated in the presence of FF.

On the other hand, the spectrum of PLA/FF-FeP shows a decrease in 
absorbances associated with lactide or cyclic oligomer (including C–H 
bending and stretching of methyl groups, C––O stretching of carbonyl 
group, C–O stretching, and ring skeletal vibration) and CO2 compared 
to PLA/FF. This suggests that the FR coating may affect the radical 
process during the co-pyrolysis of PLA/FF.

Therefore, TG-FTIR results confirm that even if the FR coating is 
present in low loading on the fiber surface, it exhibits flame retardant 
effectiveness.

3.2.4. Preliminary characterization of the mechanical behavior of PLA- 
based composites

To evaluate the effect of ozone treatment and FR coating on the 
mechanical properties of the composite, some preliminary tensile tests 
were conducted; the results as stress-strain curves for PLA, PLA/FF, 
PLA/FF-O3, and PLA/FF-FeP are shown in Fig. 12. In the presence of FF, 
there is a noticeable embrittlement of the material, as evidenced by the 

Fig. 9. Schematic illustration of the proposed mechanism of FR coated 
flax fiber.

Fig. 10. 3D TG-FTIR plots of (a) PLA, (b) PLA/FF and (c) 3D PLA/FF-FeP.

Fig. 11. Infrared spectra of gas products from PLA (black line), PLA/FF (red 
line) and PLA/FF-FeP (blue line) at Tmax.
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lowering of strain at break, together with a decrease in tensile strength. 
The tensile strength of the neat PLA was equal to 63.9 (± 2.1) MPa, 
while the tensile strengths for PLA/FF, PLA/FF-O3, and PLA/FF-FeP 
were found to be 59.9 (± 2.4) MPa, 56.7 (± 0.8) MPa, and 56.9 (±
1.5) MPa, respectively. These findings are consistent with several studies 
in the literature, which highlighted a worsening in the mechanical 
properties of polymers after the incorporation of plant fibers, because of 
poor reinforcement-matrix interfacial adhesion and fiber agglomeration 
as fiber content increases [80,81].

It is important to note that the O3 pretreatment of FF, along with the 
subsequent coating with FeP, contributed to a further reduction (5.3 %) 
compared to PLA/FF. In this case, this result could be ascribed to the 
effect of O3 on lignin structure, as previously assessed by thermogravi
metric analysis. Moreover, the addition of 20 wt% flax fibers in PLA/FF 
promoted an increase in Young's modulus from 1.9 (± 0.2) to 2.7 (± 0.2) 
GPa for PLA and PLA/FF, respectively. PLA reinforced with ozone- 
pretreated fibers (2.8 (± 0.3) GPa) maintained stiffness akin to PLA/ 
FF, whereas PLA/FF-FeP exhibited a Young's modulus of 3.1 (± 0.2) 
GPa, with a slight stiffness increment compared to PLA/FF-O3. This 
finding suggests an enhanced fiber stiffness due to the presence of the 
hybrid FR coating, resulting in an increase in the Young's modulus of the 

composite.
Fig. 13 depicts SEM micrographs of the fracture surfaces of PLA/FF 

and PLA/FF-FeP composites after tensile tests. Examination revealed 
poor interfacial adhesion between untreated flax fibers and the PLA 
matrix, evidenced by clean fiber surfaces and prevalent failure modes 
such as pull-out and debonding (Fig. 13a). Similar characteristics were 
observed in the fracture surface of PLA/FF-FeP, albeit with indications 
of mild interfacial adhesion between fibers and the matrix, as shown by 
covered fiber surfaces and connection points with the polymer matrix 
(Fig. 13b). It is, thus, hypothesized that the FR coating might improve 
the adhesion between flax fibers and PLA, although the low loading and 
non-uniformity of GA-FeP complex on the fiber surfaces could mask this 
effect during quasi-static mechanical tests.

Aiming to confirm that the results of the mechanical tests on the 
composites are specifically influenced by the properties of the treated 
fibers, tensile tests were performed on flax fabrics that underwent 
similar modification steps as the short fibers used as reinforcements in 
PLA. The breaking forces measured were 342 (± 34) N, 301 (± 38) N, 
and 226 (± 26) N for untreated flax fabric, flax fabric-O3, and flax fabric- 
GA-FeP, respectively.

The O3 treatment led to a decrease in tensile strength (around − 12 % 
with respect to neat fabric) because of the aforementioned action on the 
lignin component, whose removal contributes to reducing the tensile 
performance of the flax fibers [82].

On the other hand, O3 treatment could also affect the crystal struc
ture of the flax fabric cellulosic component. Cellulose is a high- 
molecular weight linear chain polymer containing three hydroxyl 
groups for each glucose residue unit [83]. These hydroxyl groups form 
extensive intra- and inter-molecular hydrogen bond networks, and the 
formation of van der Waals forces between adjacent cellulose molecules 
is also allowed [84]. The combination of these interactions gives rise to 
ordered crystalline arrangements. Several studies in the literature have 
explored the relationship between tensile properties and the cellulose 
crystallinity index (CI) in natural fibers, identifying an increase in tensile 
strength and Young's modulus as the crystallinity index increases [85]. 
O3 treatment converts the primary hydroxyl groups of celluloses into 
carboxyl groups, potentially altering the interactions and thus the 
crystal structure of cellulose [86].

Flax fabric-GA-FeP showed a decrease in breaking force compared 
with untreated and O3-treated flax fabrics, by 33 and 25 %, respectively. 
Fabric coating occurs in two main steps: (i) the first involved immobi
lization of gallic acid units by immersion of the fabric in the galloyl 
chloride/TAME mixture; (ii) the second required the complexation of 

Fig. 12. Tensile test results of PLA, PLA/FF, PLA/FF-O3 and PLA/FF/FeP.

Fig. 13. SEM micrographs of fractured surfaces of (a) PLA/FF and (b) PLA/FF-FeP.
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iron phenylphosphonate by reaction with FeCl3 and PPA in water. Both 
steps, however, expose the fiber to HCl, which is produced as a by- 
product in the first step and originates from the dissociation of FeCl3 
in H2O during the second step. The exposure of fibers to an acidic 
environment could catalyze the cleavage of β-1,4-glycosidic bonds be
tween two D-anhydroglucosepyranose units, resulting in a reduction of 
the cellulosic chain's degree of polymerization, thereby potentially 
lowering the mechanical properties [87,88]. Furthermore, the FR com
plex was immobilized on the fiber via anhydride bonds by exploiting the 
carboxyl groups of the cellulosic component, resulting in a possible 
change of the crystal structure [89,90]. Therefore, the reduction in 
mechanical properties is likely to be due to an alteration in the crystal 
structure of the cellulosic component of the flax fiber.

To assess whether the reduction in the mechanical properties 
observed in flax fabric-O3 and flax fabric-GA-FeP are ascribable to the 
change in the cellulose crystal structure, untreated flax fabric, flax fab
ric-O3, flax fabric-GA, and flax fabric-GA-FeP were analyzed by scanning 
SAXS/WAXS/Absorption microscopy. In Fig. 14, representative micro- 
diffraction data collected at the XMI-Lab in the wide (μWAXS 2D pat
terns) and small (composite μSAXS microscopies) angle scattering 
ranges, are reported for untreated and O3-treated flax fabrics, the results 
being similar for GA-FeP- and GA-treated flax samples (see also Fig. S6).

SAXS scanning microscopies clearly show the texture of the fabrics, 
being the preferred azimuthal orientation of the μSAXS intensity rep
resented by suitable colors, according to the reference color wheels, 
directly related (i.e. perpendicular) to the orientation of the flax fibers. 
On the other hand, no features relevant to possible nanoscale order in 
the accessible range of length scales (about 3 ÷ 100 nm) were detected 
in the μSAXS patterns (not shown). Micro-WAXS (μWAXS) patterns, 
representative of the atomic structure, were collected at selected sample 

positions, to investigate possible local structural variations within each 
sample and between different samples, and to relate the molecular 
structure to fiber orientation. The μWAXS patterns reported in Fig. 14
were collected at selected points of the single yarns, clearly showing that 
flax yarns feature a well-defined crystallographic orientation with 
respect to the fiber axis; the 2D WAXS pattern thus rotates according to 
the single yarn orientation across the fabric. Both crystallographic ori
entations overlap in the positions of fabric “nodes” (Fig. S7), where 
crossing yarns overlap. Therefore, based on the comparison between 
experimental and calculated patterns for different cellulose polymorphs 
(Fig. S8), flax atomic structure has been determined to be compatible for 
all samples with cellulose Iα/Iβ, as the main crystalline components 
(hard to distinguish because of peak overlap [91]), with triclinic unit 
cell, and minor contributions from cellulose II and III [92,93], with 
monoclinic unit cell. Cell parameters were derived for Iα/Iβ (a = 7.204 Å; 
b = 6.596 Å; c = 11.41210 Å; α = 119.285◦; β = 114.988◦; γ = 78.377◦) 
and cellulose II/III (a = 4.450 Å; b = 7.850 Å; c = 10.330 Å; α = 90.00◦; 
β = 90.00◦; γ = 105.10◦), by fitting a representative 1D-folded WAXS 
pattern of the untreated flax sample by using the program EXPO [94] 
(Fig. S9). Based on Figs. 14, S6, and S7, the Iα/Iβ component shows a 
preferred orientation of the main WAXS signals perpendicular to the 
fiber axis; on the other hand, the cellulose II/III component features a 
much wider azimuthal distribution of the crystalline domains' orienta
tions. The II/III component could act as a compacting filler for the main 
Iα/Iβ fiber template. Further, the average WAXS patterns were collected 
for each sample simultaneously with the relevant SAXS microscopy and 
showed no significant variations after O3 pretreatment or FR coating 
treatments. As a final confirmation of the local structural invariance 
across all fabrics, full WAXS scanning microscopies were collected af
terward by using the XENOCS equipment with a highly performing 1 M 

Fig. 14. Representative micro-diffraction data in the wide (μWAXS 2D patterns) and small (composite μSAXS microscopies) angle scattering ranges, respectively, for 
untreated and O3-treated flax fabrics. The white scale bars in the μSAXS microscopies are 1 mm long. The color in each angular sector of the wheels indicates a 
preferred orientation of the SAXS signal; the superimposed arrows indicate the main orientations detected in each sample.
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Eiger detector (DECTRIS). The results revealed no changes in the crys
talline structure of the cellulosic component of flax fabric resulting from 
either O3 pre-treatment or FR coating treatment all over the investigated 
sample areas. Only slight shifts were locally detected, due to sample 
mounting and conformation, which affect data calibration and hence the 
derived unit cell parameters (Fig. S10).

In addition, for further insight, also FR-coated short fibers were 
characterized to assess potential changes in their crystallinity. Untreated 
FF, FF-GA and FF-GA-FeP were analyzed using SSNMR spectroscopy. 
SSNMR is a well-established technique for the characterization of 
cellulose-based materials to assess the presence of amorphous and 
crystalline phases and to evaluate their degree of crystallinity [95–97]. 
For all samples, high-resolution 1H-13C cross-polarization (CP) spectra 
recorded under magic angle spinning (MAS) exhibit the characteristic 
signals of cellulose (Fig. S11), also allowing for the differentiation of 13C 
signals originating from both the crystalline and amorphous phases of 
the sample. Despite the non-quantitative nature of CP experiments, the 
relative intensity of all signals remains unaltered upon derivatization, 
suggesting that the chemical treatment does not perturb the crystallinity 
of the flax fibers.

To quantify the crystalline and amorphous phase of the samples, on- 
resonance 1H free induction decays (FIDs) were acquired using a low- 
field NMR spectrometer. Indeed, 1H FIDs profile depends on the trans
verse relaxation times T2 of 1H nuclei. Depending on the molecular 
mobility of the 1H nuclei, T2 monotonically increases with the degree of 
mobility of each fraction of the sample, allowing us to distinguish be
tween the amorphous and crystalline phases present in the sample [97]. 
The analysis of 1H FIDs was conducted using a linear combination of 
decay functions characterized by different T2 values and different 
weights, each ascribable to regions of the sample with different molec
ular mobility. For all fiber samples, the decay ascribable to the crystal
line and the amorphous component was reproduced by an Abragamian 
and a Gaussian function, respectively; an exponential function was also 
added to reproduce a more mobile component with longer T2, ascribable 
to adsorbed water. Fig. S12a shows the 1H FIDs obtained for FF, FF-GA, 
and FF-GA-FeP, where no significant differences can be detected among 
the samples. From the analysis of the decay, most protons (82–85 %) 
belong to the crystalline phase, with 6–7 % belonging to the amorphous 
phase and 9–11 % ascribable to adsorbed water (Fig. S12b–c). These 
results confirm that the fibers' crystallinity is practically unaffected by 
the surface modification, as also suggested by 1H-13C CP SSNMR and as 
observed for FR-coated fabrics analyzed by WAXS.

Therefore, the observed reduction in maximum force of O3 pre
treated fabric and the consequent decrease in tensile strength of the 
PLA/FF-O3 composite compared to untreated flax fabric and PLA/FF, 
respectively, is likely to be associated with the ozone-induced degra
dation of lignin structure, as the crystallinity of cellulose is not affected 
by the pretreatment. The decrease in breaking force observed in flax 
fabric-GA-FeP is also not attributable to changes in the crystal structure 
of cellulose. It is important to consider that flax fiber includes not only 
cellulose but also significant proportions of hemicelluloses (12–15 %) 
and pectin (1.4–5.7 %) [98]. Previous studies reported that both com
ponents, given their structure, can be hydrolyzed under acidic condi
tions [99,100]. Flax fiber can be considered as a composite itself, in 
which cellulose microfibrils, coated with hemicelluloses, are embedded 
in a pectin matrix [101]. Research in the literature highlighted a cor
relation between the cell wall composition—specifically the hemicel
lulose/pectin ratio—and the stress-strain behavior of the fiber, as these 
polysaccharides influence the reorientation of cellulose microfibrils 
during tensile testing [102].

In particular, variation in the amounts of hemicellulose and pectin 
can lead to changes in the microfibrillar angle (MFA) in the flax fiber 
structure. Therefore, these polysaccharides mainly affect the Young's 
modulus of the fiber, while a clear and direct correlation between MFA 
and strength at break has not been identified, which at variance appears 
to be more closely related to the cellulosic component [103].

Morphological changes, such as structural integrity, surface rough
ness, or fiber diameter can lead to a decrease in the breaking force [104].

Therefore, the fiber coated with the hybrid FR was examined by SEM, 
as depicted in Fig. 15. Although the coating does not allow a direct in
spection of the fiber morphology, it was possible to identify regions of 
uncoated fibers that showed direct damage of the fiber surface. In 
addition, regions of fiber showing FR coating damage were also iden
tified. These defects may influence the stress distribution along the fiber, 
acting as localized stress concentration points and thereby promoting 
fiber failure (Fig. 15a). Natural fibers such as flax are characterized by a 
highly heterogeneous structure presenting inherent defects, such as kink 
bands and microcompressions, which affect the fiber's mechanical 
properties [105]. Moreover, studies reported that kink bands, besides 
being preferential sites for crack initiation [106], are also more chemi
cally reactive regions of the fiber [107]. This phenomenon was also 
evident in SEM micrographs, where kink regions abundantly coated by 
the FR complex can be observed. It is therefore assumed that these re
gions are highly susceptible to crack propagation due to both the 
inherent fiber defects and the possibility of coating damage in these 
areas (Fig. 15b). This could explain the reduction in the maximum 
tensile force observed in flax fabric-GA-FeP compared to its untreated 
counterpart.

Interestingly, despite the FR-coated fabric exhibited reduced tensile 
properties compared to the flax fabric-O3, the tensile strength was not 
significantly worsened in the composite. Conversely, a slight increase in 
Young's modulus of PLA/FF-FeP compared to PLA/FF-O3 was observed. 
These results could support the hypothesis that FR coating may affect 
fiber-matrix interaction, an effect counteracted by the decrease in fiber 
strength.

4. Conclusions

A sustainable method for functionalizing flax fibers with an organic- 
inorganic hybrid flame retardant was successfully developed. The bio
inspired coating process enabled the immobilization of iron phenyl
phosphonate on the fiber surface, using mild reaction temperatures and 
exploiting green solvents such as TAME and H2O.

The coated fibers were employed for preparing PLA-based compos
ites: despite the low loading of the FR coating on the fiber surface, 
thermogravimetric analyses revealed an increase in thermal stability, 
while cone calorimetry tests showed a decrease in pHRR by 7 %, and a 
substantial decrease in total smoke production by 87 % and in specific 
extinction area by 68 % compared to the untreated flax reinforced 
composite. TG-FTIR analysis suggested that FR coating could influence 
the radical process of co-pyrolysis in the PLA/FF-FeP composite.

Compared to neat flax fabric, O3-pretreated fabric tensile test showed 
a breaking force reduction of 12 %, significantly lower than 33 % 
reduction of FR-coated fabric. However, PLA reinforced with O3-pre
treated fabric and FR-coated fabric exhibited comparable tensile 
strength. These findings suggest a FR-coating effect on fiber-matrix 
interaction, as confirmed by SEM micrographs of fractured surfaces. 
Nevertheless, this effect was counterbalanced by a reduction in fiber 
tensile strength due to the coating process.

Future work will modify the coating process by reducing treatment 
duration to minimize fiber damage and optimizing GA unit fiber func
tionalization. These changes aim to ensure a more uniform coating and 
reduce stress concentrations from coating defects.
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