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ABSTRACT
Flame retardancy and mechanical performance of multi-layered biocomposites,
consisting of polylactic acid (PLA) matrix films and plain-woven flax fabrics as
reinforcement, were investigated. Full factorial design (3%) was applied to evaluate the
effects of the distribution of P and N containing compounds between the matrix and the
fibrous carrier. Composition-property correlations of the composite constituents (i.e.
flax fabrics treated in aqueous solutions of diammonium phosphate and urea with
differing ratio and concentrations and matrix films with 0 to 20 wt% ammonium
polyphosphate based intumescent flame retardant content) were determined by
thermogravimetric analyses and open flame tests. Positive interaction between the
composite constituents was revealed for green composites consisting of various
combinations of treated fabrics and intumescent PLA systems. The biocomposites flame
retarded with a combined approach, i.e. with a balanced distribution of P containing
additives between the phases, were found to gain improved mechanical performance
and fire retardancy. It was confirmed by tensile testing and electron microscopy as well
as by UL-94, limiting oxygen index and cone calorimeter tests. As a conclusion,

interpretation is given for the optimum found.
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1 Introduction

Polylactic acid (PLA) is a commercialised biopolymer and more and more PLA
products are on the market. These goods are, however, mainly related to the packaging
industry even so the high strength and stiffness of PLA suggest it to be used as the
matrix of durable engineering composite materials. The widespread usage of PLA as
high-performance composite material is restrained mainly due to its low thermo-
mechanical and fire resistance, insufficient impact strength and relatively high price
[1,2]. Therefore, neat PLA is often combined with natural fibres with the aim of
decreasing costs while maintaining or improving the mechanical properties [3,4].

According to thermogravimetric analysis, PLA degrades in a main apparent step
taking place between 300 and 400°C (highest degradation rate is observed at 350°C).
The thermal degradation of PLA is based on a hydroxyl end-initiated ester inter-chain
process and chain homolysis. In the condensed phase, the char yield is quite low (about
2 wWt%) [5]. Flame retardants should, therefore, act before the degradation of PLA (T <
300°C) and/or modify the degradation pathway of PLA to yield char and to avoid (or at
least to decrease) the evolution of flammable products (acetaldehyde, lactide, methane
etc.). For this purpose, condensed phase mechanisms of action are proposed in the
literature (almost in all cases) to flame retard PLA.

Comprehensive reviews on the flame retardancy of PLA were published by
Bourbigot and Fontaine in 2010 [6], by Chow et al. [7]. and by Fei et al. [8] in 2018,
respectively. Among the phosphorus-based additives, Bourbigot et al. compared the
flame retardant effectiveness of phosphine-based flame retardants, designed for
polyamides and polyesters, to ammonium polyphosphate (APP) and melamine
polyphosphate (MP) in PLA matrix.The highest LOI value (34 vol%) was measured for
the 30 wit% APP containing PLA [9].

When bio-based fibres are used as reinforcements in polymer matrices (without
flame retardants) to form biocomposites, the heat conductivity increases while the
apparent stability of the polymer decreases. Thus the ignition of the composite is
facilitated [10,11]. Therefore, the understanding of the details of the flame retardant
treatment of biofibres is essential as well. Most of the flame retardants for cellulosic
fibres function via condensed phase conversion of the fibres to carbonaceous char. This
reaction is considered to be acid-catalysed dehydration. Char-promoting flame
retardants for cellulose typically contain phosphorus, either as acidic salts (e.g.

ammonium phosphate derivatives) or as organophosphorus (e.g. phosphonium salt and
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phosphonate derivatives) species. On heating, they first release polyphosphoric acid
which phosphorylates the C(6) hydroxyl group in the anhydroglucopyranose moiety and
simultaneously act as an acidic catalyst for dehydration of these same repeat units. The
first reaction prevents the formation of levoglucosan (1,6-anhydro-p-D-glucopyranose),
the precursor of flammable volatiles. This ensures that the competing char-forming
reaction becomes the favoured pyrolysis route [12].

A large variety of phosphorous compounds have been used to flame retard
cellulose-based fibres [13-16]. Gaan and Sun [15] investigated the flame retardancy
effect of six organophosphorus compounds, including Pyrovatex CP (PCP),
diammonium phosphate (DAP), phosphoric acid (PA), tributyl phosphate (TBP), triallyl
phosphate (TAP) and triallyl phosphoric triamide (TPT) on cotton cellulose. PCP, PA
and DAP were found to be more efficient in improving the limiting oxygen index (LOI)
of cotton compared with the other three compounds of the same phosphorus content.
Furthermore, PA, PCP, and DAP treated fabrics had a higher activation energy of
decomposition, higher char content and lower heat of combustion.

The recent advances of phosphorus-based flame retardants developed for fibres
and fabrics have been reviewed by Salmeia and Malucelli [17]. In this survey, the newly
developed additives exploiting the synergistic effect provided by the concurrent
presence of phosphorus and nitrogen is particularly referred. Among others, urea
[16,18] has shown synergistic function with phosphorous flame retardants.

It is evident from literature that phosphorus-containing flame retardants can
efficiently initiate the charring of natural fibres, which is favourable in terms of flame
retardancy. However, the application of these treatments significantly decreases the
initial decomposition temperature of natural fibres [18-20]. The reduced thermal
stability can be a major issue, both from a mechanical and aesthetic point of view, when
the natural fibres are intended to be used as fillers or reinforcements in polymer
composites. Presence of water, acids and oxygen catalyses the thermal degradation of
cellulose; therefore, natural fibres usually turn brown during fibre treatments. Low
thermal stability is critical in case of thermoplastic matrices with processing
temperatures above 140°C, such as PP, PA, PET and also PLA.

As shown in the previous paragraphs, the flame retardancy of both PLA and
natural fibres are investigated in details. Still, the flame retardancy of their green
composites, consisting of PLA matrix and natural fibre reinforcement, has been barely

studied in the literature yet. It is known that the so-called candlewick effect of natural
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fibres encumbers the flame retardancy of the biocomposites reinforced with these fibres
[21][22].

Suardana et al. [13] fabricated coconut filter and jute fibre reinforced PLA
composites. To improve the flame retardancy of the biocomposites, the fibres were
immersed in diammonium phosphate (DAP) solutions with concentrations of 1, 2.5, and
5 w/VV%. Increasing the percentage of DAP for treatment of the fibres in the composites
decreased the temperature required for 5% weight loss and the decomposition rate, but
increased the char residue at 500°C. The lowest linear burning rate and weight loss rate
were observed for fibre treatment with 5 w/\VV% DAP. However, the flexural and tensile
strengths became lower than those of untreated fibre composites. On the other hand, the
tensile and flexural moduli of DAP-treated fibre composites increased generally.

Li et al. [21] compared the flammability of ramie fibre (30 wt%) reinforced PLA
composites flame retarded with APP by three different processes: (1) PLA was blended
with APP and combined with neat ramie fibres, (2) ramie fibres were treated with APP
and then compounded with PLA and (3) both PLA and ramie fibres were flame retarded
using APP and blended together. In contrast to the identical APP loadings (10.5 wt%),
significantly better flame retardancy was evinced for the composites where APP was
present in both phases, which they explained by the successful elimination of the
candlewick effect of the ramie fibres. The LOI of the best formulation reaches 35 vol%,
and the formulation exhibits V-0 rating.

Similar conclusions were drawn by Chen et al. [22], who used melamine-
formaldehyde microencapsulated ammonium polyphosphate (MCAPP) to flame retard
ramie fabric (30 wt%) reinforced PLA composites. Coupling agent, 3-
aminopropyltriethoxysilane, was used to improve the interaction between the ramie
fibre and the polymer. When MCAPP was applied both in the matrix and on the surface
of the ramie fabrics, effective flame retardancy was observed. At a total MCAPP
content of 10.5 wt% UL-94 V-0 rating and LOI value higher than 35 vol% were
achieved.

Based on the literature it can be concluded that achieving a good balance of the
fire safety and favourable mechanical properties is a serious challenge in the case of
green composites, the researchers in this field have to face the challenges of low thermal
stability and candlewick effect of natural fibres and compatibility issues as well. In the
present work, the flame retardancy possibilities of multi-layered biocomposites,
consisting of PLA matrix layers and plain-woven flax fabrics as reinforcement, were
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investigated. Phosphorus-based compounds were applied both in the polymer matrix
and on the surface of the reinforcing natural fibres to eliminate their candlewick effect.
APP based intumescent flame retardant (IFR) additive was incorporated into the matrix
layers, while in order to utilise the P-N synergism and compensate the reduced heat
stability of the phosphorous flame retarded natural fibres, DAP was combined with urea
(U) to treat the natural fibres. To reach the optimal composition of flame retarded green
composites and determine the optimal distribution of P-containing compounds between
the matrix and the fibrous carrier, in terms of flammability and mechanical properties,
various combinations of treated fabrics and intumescent PLA systems were studied by

following a 3% full factorial design.

2 Materials and methods
2.1 Materials and sample preparation

2.1.1 Preparation of flame retarded flax fabrics

Plain woven flax fabric with an areal weight of 200 g/m? was received from
Meshining Engineering Kft (Gy6r, Hungary). For flame retardant treatment, the flax
fabrics were immersed in aqueous solutions of diammonium phosphate (DAP) and urea
(U) with differing ratio and concentrations for 2 min at room temperature. The excess of
the treating solutions was removed by pressing the fabrics by a foulard and then dried in
an oven at 80°C for 12 h.

2.1.2 Preparation of flame retarded PLA matrix films

Ingeo™ Biopolymer 2003D type PLA (NatureWorks, Minnetonka, MN, USA)
with a specific gravity of 1.24 g/cm® and a melt flow index (MF1) of 6 g/10 min (210°C,
2.16 kg) was used as matrix material. The PLA resin was dried at 90°C for 8 h prior to
processing. Exolit AP462 supplied by Clariant (Muttenz, Switzerland), a melamine
resin micro-encapsulated ammonium polyphosphate (APP) based additive (intumescent
flame retardant (IFR)) with an average particle size (Dsp) of 20 um was used to obtain
flame retarded matrix materials.

200 pum thick PLA matrix films with increasing IFR contents (0, 5, 10, 15 and 20
wt%) were produced by melt compounding using a Labtech Scientific LTE 26-44
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modular corotating twin-screw extruder (Labtech Engineering, Samutprakarn, Thailand)
(temperature 170-190°C, rotation speed 25 rpm) and subsequent film extrusion using a
Labtech LCR 300 laboratory flat film line (Labtech Engineering, Samutprakarn,
Thailand) with the following parameters: screw rotation speed: 22 1/min; extruder
temperature profile from feed zone to die: 190, 195, 195, 200, and 200°C, temperature
of coat-hanger die: 210, 205, and 210°C; winding speed: 15 1/min.

2.1.3 Preparation of multilayered biocomposites

Multilayered flax fabric reinforced PLA composites were manufactured by
laminating 5 matrix films and 4 woven flax fabrics by alternating the warp and weft
directions. The packages were hot-pressed to form 2-mm-thick multilayer composites in
a Collin P200E type laboratory hot press set to 185°C under a pressure of 0.25 MPa for
2 minutes. An average reinforcement content of 45% was determined for the
biocomposite plates by measuring the actual mass of the used fabrics and the composite

mass after hot-pressing.

2.2 Characterisation methods

Thermogravimetric analysis (TGA) measurements were carried out using a TA
Instruments (New Castle, NH, USA) Q5000 type instrument with a heating rate of 10
°C/min under 25 ml/min nitrogen gas flow, covering a temperature range of 25-500 °C.
About 5-10 mg of sample was used in each test.

Reaction to fire of the flame retardant treated flax fabrics was evaluated based on
EN ISO 11925-2 standard. The edges of vertically mounted fabric specimens with
dimensions of 90 x 250 mm were exposed to a 20 mm gas flame for 30 s, and the burnt
length was registered (average of 4 test specimens of each type). Dripping was not
characteristic for the flax fabrics.

Limiting oxygen index (LOI) measurements were performed according to the 1SO
4589 standard. The LOI value expresses the lowest oxygen to nitrogen ratio, where
specimen combustion is still self-supporting.

Standard UL-94 flammability tests were performed according to 1SO 9772 and
ISO 9773. UL-94 classification is used to determine dripping and flame spreading rates.



Mass loss type cone calorimeter tests were carried out by an instrument delivered
by Fire Testing Technology Ltd., (East Grinstead, West Sussex, United Kingdom),
using the I1SO 13927 standard method. Specimens (100 mm x 100 mm x 2 mm) were
exposed to a constant heat flux of 50 kW/m? and ignited. Heat release values and mass
reduction were continuously recorded during burning.

Comparative static tensile tests were performed based on the ISO 527 standard on
rectangular composite specimens of 15 mm x 120 mm (width x length) (the gauge
length was 50 mm) using a Zwick Z020 universal testing machine (Zwick GmbH & Co.
KG, Germany) with a crosshead speed of 5 mm/min. Young’s modulus values were
determined from the stress-strain curves between the strain levels of 0.1 and 0.5%

Scanning electron microscopic (SEM) images were taken from the cryogenic
fracture surfaces of the composites. A JEOL JSM-5500 LV type apparatus (JEOL Ltd.,
Akishima, Tokyo, Japan) was used for the examination with an accelerating voltage of
15 keV. All the samples were coated with gold before examination in order to prevent

charge build-up on the surface.

3 Results and discussion
3.1 Characterisation of flame retardant treated flax fabrics

3.1.1 Optimisation of DAP to U ratio

As a first step, the ratio of diammonium phosphate (DAP) as char promoting
flame retardant and urea (U) as a nitrogen-containing synergist in the treating solution
of flax fabrics was optimised. For this purpose, the flax fabrics were immersed in
aqueous solutions of constant 20 w/\VV% concentration but containing different ratios of
DAP and U (Table 1).



Table 1 Composition of the 20 w/\VV% aqueous solutions used for fabric treatments

fabric treating solutions DAP to U ratio DAP concentration [w/\V%]

1 0:1 0.0

1:4 4.0
3 1:3 5.0
4 1:2 6.7
5 1:1 10.0
6 2:1 13.3
7 3:1 15.0
8 4:1 16.0
9 1:0 20.0

The effect of the relative concentration of DAP and U on the thermal
decomposition and flame retardancy of flax were examined using TGA, vertical flame
tests and LOI measurements, respectively. The changes of initial degradation
temperature, as measured by TGA in N, atmosphere, can be seen in Figure 1 a as a
function of increasing DAP content in the treating solution. As low as 4 w/V% DAP
(and 16 w/V% U, representing 1:4 ratio) in the treating solution leads to a reduction of
the initial degradation temperature of flax by 56°C. Furthermore, even by 113°C lower
degradation temperature was measured when the solution contained 20 w/V% DAP
(and no U). It has to be noted that the significantly reduced decomposition temperature
of the 20 w/V% DAP treated fabric (204°C) is too close to the composite preparation
temperature (185°C) which would unavoidably cause considerable loss of the
mechanical properties. The sharply decreasing function, however, shows a plateau
between 4 w/V% and 16 w/V% DAP concentration, where the initial degradation
temperature of treated flax fabrics varies between 260 and 230°C. In parallel, with
increasing DAP ratio in the treating solution increasing amount of char formed (as
shown in Figure 1 b). The char promoting effect most prevails up to 6.7 w/\V% DAP
concentration, at which 38% charred residue was obtained, and which did not
considerably increase further when the DAP to U ratio was raised above 1 to 2.
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Figure 1 a) Initial degradation temperature and b) residual mass values of flax fabrics

treated in 20 w/VV% aqueous solutions with varying DAP and U ratio

The open flame resistance of the flame-retardant-treated flax fabrics was
evaluated by vertical flame tests and LOI measurements. The results of vertical flame
tests are summarised in Table 2. It can be seen that the non-treated and urea-treated
fabrics completely burned during testing; U alone (20 w/V%) did not provide flame
retardation. In contrast, DAP alone (20 w/V%) significantly reduced the charred length
without generating after-flame or after-glow. When considering the results of the DAP
and U containing solutions, it can be noticed that if the DAP concentration in the
solution was higher than 5% (DAP : U =1 : 3), char lengths of about 46 mm were
obtained, the same as by using DAP alone. Consequently, the effect of U in further
reducing the char length is negligible, as also found by Nam et al. during vertical flame
testing of DAP and U treated greige cotton fabrics [16].



Table 2 Vertical flame test results of flax fabrics treated in 20 w/\V% aqueous solutions
with varying DAP and U ratio

DAP :U ratio in the 20 w/V% Average char length
fabric treating solution after vertical flame test (1SO 11925-2)
[mm]

>150

>150
47
46
o1
64
46
46
45
46
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In Figure 2 the LOI values of flax fabrics are plotted as a function of the DAP
concentration of the DAP and U containing 20 w/VV% treating solution. The trend is just
the opposite of the changes of the decomposition temperature (Figure 1 a). The LOI
values increase almost linearly with DAP concentration, but a local maximum can be

observed at DAP to U ratio of 1 to 1, where a LOI of 38 % was measured.
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Figure 2 LOI values of flax fabrics treated in 20 w/VV% aqueous solutions with varying
DAP and U ratio

By considering the TGA and open flame testing results, the DAP to U ratio of 1 to
1 was chosen for further optimisation of the fabric treating solution. Namely, at this
ratio the thermal decomposition temperature of flax remained 243°C, the achievable
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amount of charred residue is closely maximised (38%) and the observed local maximum
of the LOI value plots can be utilised. This DAP to U ratio in the solution means a P to
N atom ratio of about 1 to 3 on the surface of the fabrics, which is a well-proven P to N
atom ratio for the flame retardant treatment of other cellulosic substrates such as cotton
[23].

3.1.2 Optimisation of the concentration of the fabric treating solution

As a second step, the concentration of the fabric treating solution containing DAP
and U with 1 to 1 ratio (marked as DAP/U hereinafter) was optimised in terms of
thermal degradation and flame retardant properties of the treated flax fabrics. Figure 3 a
shows the noticeable drop (about 56°C) of the initial degradation temperature of the
fabric after treatment in 5 w/\V% DAP/U solution. With further increase of the solution
concentration, only a slight reduction of the decomposition temperature is observable.
Based on these results, it was concluded that regarding thermal stability the ratio of
DAP and U has a more significant effect than the concentration of the treating solution.
5 w/V% DAP in the solution leads to about 56°C reduction of the decomposition
temperature, but at higher DAP concentrations the addition of U (by keeping the P to N
atom ratio of about 1 to 3) effectively protects the fabric from further destabilisation.

The amount of charred residue obtained at 500°C during TGA (in N, atmosphere)
shows, however, a saturation curve as a function of increasing DAP/U solution
concentration (Figure 3 b). Residue of 18% remained from the non-treated flax fabric,
which increased to as much as 36% when the fabric was treated in the 5 w/VV% solution
of DAP/U. Further noticeable increment in the amount of char, however, cannot be
achieved by a further increase of the DAP/U concentration of the treating solution. Up
to the examined concentration level (20 w/V% DAP/U), about 38% seems to be the

maximum achievable amount of solid residue.
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Figure 3 a) Initial degradation temperature and b) residual mass values of flax fabrics

treated in solutions with increasing concentration of DAP/U

The charred lengths measured after vertical flame tests and the LOI values of the
flax fabrics treated in solutions with increasing DAP/U concentration are shown in
Table 3. Accordingly, the treating solution needs to contain at least 10 w/V% DAP/U
(ie. 5 w/V% DAP) to avoid complete burning. Further increase of solution
concentration does not provide a noticeable improvement in the performance during the
vertical flame test. In contrast, the LOI values of the flax fabrics increase linearly with
the DAP/U concentration of the treating solution, at least up to the examined level of 20
w/V%. Close to 1% higher LOI value can be reached by increasing the DAP/U
concentration by 1 w/V%. The increment of LOI is, however, accompanied by a
decrease of the initial decomposition temperature, as presented (under nitrogen
atmosphere) in Figure 3 a. Therefore, the concentration of the treating solution needs to
be optimised by finding a balance between thermal stability and flame retardancy suited

for the targeted application and processing conditions.
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Table 3 Vertical flame test results and LOI values of flax fabrics treated in solutions

with increasing concentration of DAP/U

DAP/U concentration Average char length LOI
of the fabric treating solution after vertical flame test (ISO 11925-2)

[W/V%] [mm] %]

0 >150 20

5 >150 25

10 49 30

15 45 34

20 47 38

3.2 Characterisation of flame retarded PLA matrix films

TGA curves of 200 um thick PLA matrix films with increasing IFR contents are
plotted in Figure 4. Compared to the neat PLA film, the decomposition of the IFR
containing films starts at 6-10°C lower temperature. However, this slight difference
does not influence further processing or applicability of the flame retarded films. The
used IFR additive effectively promoted the charring of PLA, with increasing IFR
contents the amount of charred residue (obtained at 500°C in N,) increased
proportionally, as marked in Figure 4. Also, a linear increment of LOI values of the
PLA films was measured as a function of IFR content. According to the equation of the
linear fit (LOI [%] = 0.66 * IFR + 20.2), by increasing the amount of IFR additive by 3
wit%, the LOI increases by 2%. In summary, it was concluded that in the examined
range of IFR content (0-20 wt%), linear composition-property correlation of the PLA
films could be expected, at least regarding the residue and flammability represented by
LOLl.
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Figure 4. TGA curves of PLA films with increasing IFR content

3.3 Optimisation of multilayered biocomposites

Before composite preparation, the effect of DAP/U treatment on the mechanical
performance of the reinforcing fabrics was investigated by performing strip tensile tests.
To simulate the effect of heat exposure during composite preparation, the strip tensile
strength of fabrics after heat treatment at 185°C for 5 min in an oven was also evaluated.
It has to be noted that since these conditions do not exactly represent the actual
temperature, duration and pressure of hot-pressing, the obtained results cannot be
directly used to predict the mechanical performance of the fabrics used as composites
reinforcements. It can be seen in Figure 5 that the flame-retardant-treatment of the
fabrics caused noticeable deterioration of the mechanical performance. Reduction of 20
and 30% in the strip tensile strength was detected after immersing the flax fabrics in 10
and 20 w/V% solution of DAP/U, respectively, likely due to the acid catalysed
degradation of structural cellulose. This property loss was accelerated at elevated
temperature: after heat treatment, 12% lower strip tensile strength was measured for the
flame-retardant-treated fabrics at both examined DAP/U concentration. While heat
treatment at 185°C did not influence the mechanical performance of the non-treated
fabric, the strength of the 20 w/VV% DAP/U solution treated fabric after heat processing
reduced to approximately half of that of the neat fabric. Based on these results,
noticeably reduced reinforcing efficiency can be expected when flame-retardant-treated

fabrics are used as composite constituents.
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after heat treatment

In order to optimise the flame retardant distribution between the fibrous carrier
and the polymer matrix, multi-layered composites consisting of flax fabrics and PLA
films were produced by varying the amount of the phosphorus-based flame retardants
between the two phases based on a 3° factorial design (Figure 6). In the design space,
the reinforcing flax fabrics were either neat or treated in 10 or 20 w/V% solution of
DAP/U (DAP to U mass ratio was kept constant at 1 to 1) while the IFR content of the
PLA matrix was 0, 10 and 20 wt%, respectively. Hereinafter, fX marks the DAP/U
concentration of the flax fabric treating solution and mX marks the IFR content of the

matrix films.
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Figure 6 The three-level design with 2 factors for the sample preparation
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The UL-94 ratings of the flame retarded biocomposites are shown in Table 4. It
can be seen that the FR content introduced through fabric treatment is not sufficient to
achieve better UL-94 rating than HB, the additive-free PLA layers burn out with
noticeable flame and intensive dripping independently of the FR content of the flax
fabrics. On the other hand, a V-2 rating was reached when non-treated fabrics were
combined with 20 wt% IFR containing PLA films. Without fibre reinforcement, about
20 wt% IFR would be sufficient to reach V-0 rating [24], however, in these multi-
layered composites, the harmful candlewick effect of natural fabrics prevail and thus the
UL-94 rating of the biocomposite composed of non-treated fabrics and PLA films with
20 wt% IFR content remains V-2. In contrast, when the flax fabrics were treated in 10
w/VV% DAP/U solution, the UL-94 classification increased from HB to V-2 and from V-
2 to V-0 when combined with 10 wt% IFR and 20 wt% IFR containing films,
respectively. This means that immersion in 10 w/V% DAP/U solution effectively
eliminates the candlewick effect of flax fabrics used as reinforcements in PLA based
biocomposites. Nevertheless, V-0 rating was only achieved when 20 wt% IFR was used
in the PLA matrix layers.

Table 4 UL-94 rating of flame retarded biocomposites

film
0 wt% IFR 10 wt% IFR 20 wt% IFR
fabric
HB HB
0 w/V% DAP/U (27 mm/min) 0 V-2
10 w/V% DAP/U HB : V-2 V-0
(17 mm/min)
20 w/V% DAP/U HB : V-2 V-0
(16 mm/min)

LOI values of the biocomposites are summarised in Table 5. A LOI of 22% was
measured for the non-treated biocomposite, which increased by 5% when only the
reinforcing fabrics were flame-retardant-treated in 20 w/V% DAP/U solution. A much
greater increase of the LOI value of 15% was reached when the matrix films were
loaded with 20 wt% IFR (by introducing a higher amount of P in this case), and the flax

fabrics were used as received. When considering the LOI values of the biocomposites
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containing P compounds in both phases, it can be found that the measured LOI values
are in some cases (marked with symbols) higher than expected based on the sum of the
LOI increments reached by modifying only one constituent. This observation suggests
positive interaction between the two flame-retardant-treated composite constituents. It is
proposed that the charred fabric layers act as a char stabilizing frames and enhance the

structural integrity of the protecting carbonaceous foam.

Table 5 LOI values of flame retarded biocomposites

film
0 wt% IFR 10 wt% IFR 20 wt% IFR
fabric
0 w/V% DAP/U 22 28 37
10 w/V% DAP/U 24 32* 39
20 w/V% DAP/U 27 32 45%

Cone calorimeter tests were performed to analyse the combustion behaviour of the
flame retarded biocomposites. The effects of the executed flame retardant modifications

on the heat release rate curves of the composites can be seen in Figure 7.
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Figure 7 Heat release rate curves of the flame retarded biocomposites
(fX marks the DAP/U concentration of the flax fabric treating solution and mX marks

the IFR content of the matrix films)

For better visibility, only the corner points and the centre point of the design are
plotted. It can be seen that the shortest time to ignition value (19 s) corresponds to the
additive-free biocomposite (f0_m0) and both the addition of IFR to the matrix layers

and the treatment of fabrics in DAP/U solution result in a shift of ignition time. The
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ignition time of the biocomposite with high flame retardant content in both phases
(f20_m20) shifted to even 99 s. It can also be observed that both the DAP/U treatment
of the reinforcing fabrics and the incorporation of IFR additive in the PLA matrix films
effectively reduced the peak of heat released rate and prolonged the combustion time of
the biocomposite. The best flame retardant performance was achieved when the
combined flame retardancy approach was implemented, i.e. in case of f10_m10 and
f20_m20 samples. The charred residues obtained after the cone calorimeter tests are
shown in Figure 8, the measured residual mass values are also indicated. It can be seen
that without modification the biocomposite burned almost completely, only some grey
ashes of the flax fabrics remained in the sample holder. When only the fabrics were
flame-retardant-treated (f20_m0), the matrix films burnt out completely and only the
shrunk, charred fabric layers remained indicating that the flame-retardant-treated fabrics
do not affect the combustion of the adjacent PLA films.

In contrast, when IFR containing PLA films were layered with neat flax fabrics
(f0_m20), the charring of the cellulosic fabrics is also evident together with the charred
residue remaining from the flame retarded matrix layers. Based on this observation
interaction between the layers was assumed, namely the degradation products of the IFR
embedded in the matrix actively promoted the charring of the flax fabrics as well. A
noticeable amount of compact charred residues were obtained when both constituents
were flame-retardant-treated (f10_m10 and f20_m20). It is also notable that 23.0 w%
residue remained from the f20_m20 sample, that is more than the sum (18.3 w%) of the
residual masses obtained from the f20_mO0 and fO_m20 samples, which also indicates

positive interaction between the flame-retardant-treated components.

Figure 8 Charred residues obtained after cone calorimeter tests

(fX marks the DAP/U concentration of the flax fabric treating solution and mX marks

the IFR content of the matrix films)
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Figure 9 Quadratic model response surface for a pkHRR and b THR

In order to investigate the suspected interaction and to better analyse the
contribution of the flame retardant treatment of the constituents to the complex flame
retardant performance of the composites, the evolution of the peak of heat release rate
(pkHRR) and the total heatrelease (THR) values were plotted with the fitted response
surface (Figure 9 a and b). The IFR addition to the matrix layers reduces the pkHRR
and THR values more effectively than the DAP/U treatment of the flax fabrics. This is
not surprising as noticeably higher amount of FR active components, such as P atoms,
can be introduced by incorporating into the matrix than by fixing on the surface of the
reinforcement. Nevertheless, curvature of the pkHRR response surface (Figure 9 a) can
be seen when both constituents are flame-retardant-treated, indicating a positive
correlation between the two factors. This means that lower pkHRR values are
achievable when the combined flame retardancy approach is applied than the sum of the
pkHRR reducing effect of the flame retardant treatment of the single constituents. Based
on Figure 9 a, the pkHRR of the biocomposites gradually reduces with the IFR content
of the matrix films, however, to achieve best performance the concentration of the
fabric treating DAP/U solution does not need to be increased above 15 w/V% (i.e. 7.5
w/V% DAP) as the saturated fibre cannot absorb more FR in its internal space. The
charred flax fabric layers are proposed to enhance the thermal and mechanical stability
of the carbonaceous foam structure which can thus preserve its barrier function for a
longer time. According to Figure 9 b, however, no relationship between the flame
retardant treatments of the two phases appears in THR values. Consequently, the
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distribution of the FR additives influences only the ignitability and the dynamics of the

burning, but these differences are compensated by the end of combustion.

Figure 10 Quadratic model response surface for a) tensile strength and b) tensile

modulus

Figure 10 a depicts the tensile strength of the flame retarded biocomposites.
Beyond the expected slight decreasing effect of IFR and quadratic effect of the flame
retardant treating solution of the flax fabrics on the tensile strength of the biocomposites
(in accordance with the strip tensile test results of the DAP/U-treated fabrics shown in
Figure 5), significant curvature of the response surface fitted on the tensile strength data
can be observed. The data were statistically tested, and there is sufficient evidence to
conclude that considerable relationship exists between IFR content and DAP/U
concentration because the interaction effect was close to significant (p=0.198).

This newly described relationship means that better mechanical performance can
be achieved when the DAP/U treated fabrics are combined with IFR loaded matrix films
instead of neat PLA layers, even though the FR treatment of fabrics and the IFR loading
of matrix layers alone reduce the strength of the reinforcements and composites,
respectively. Similarly improved mechanical performance was observed earlier when
phosphorous-silane  (PSil)-treated chopped flax fibres were embedded into
PLA/glycerol-phosphate modified thermoplastic starch (PLA/GP-TPS) blends [20] and
also when phosphorus-treated flax fibres were combined with phosphorus-containing
epoxy resin [25]. This is always a very lucky hit since the flame retardant properties

also improve when the amount of additives is increased, and the combined flame
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retardancy approach is applied. The positive interaction between the flame-retardant-
treated constituents is explained by the better compatibility between the two phosphate-
treated phases providing better load transfer to the fibres.

Even though the tensile modulus is less sensitive to the fibre-matrix interactions, a
similar effect can be found when considering the modulus data presented in Figure 10
b. It can be seen that 20 wt% IFR content of the matrix films increases the modulus of
the biocomposites by 20% when combined with non-treated fabrics, but the increment
compared to the composite with 20 w/\V% DAP/U treated fabrics reaches even 70%,
when 20 wt% IFR is added to that one. As a result, the modulus of the biocomposite
with the highest flame-retardant loading (Efo m2o = 5.48 + 0.22 GPa) is only barely
lower than that of the neat biocomposite (Ef mo = 6.0 + 0.31 GPa). According to these
observations, it was concluded that from a mechanical point of view, the combined

flame retardancy approach is beneficial.

Figure 11 SEM micrographs taken from the fracture surface of the flame retarded

biocomposites
(fX marks the IFR content of the matrix films and mX marks the DAP/U concentration

of the flax fabric treating solution)

To investigate the fibre-matrix adhesion in the composites with various flame
retardant compositions, SEM micrographs were taken from the cryogenic fracture

surfaces. In Figure 11, proper embedding of the non-treated flax yarns can be seen by
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the additive-free (f0_mO0) and by IFR loaded PLA matrix (f0_m20) alike. However,
when DAP/U treated flax fabrics were combined with additive-free PLA layers,
noticeable fibre-matrix debonding can be observed (f20_mO0). The poor fibre-matrix
adhesion can be responsible for the noticeable deterioration of the mechanical properties
of this composite. Nevertheless, when DAP/U treated fabrics were layered with IFR
containing PLA films (f10_m10 and f20_m20), better interfacial interaction was
revealed during SEM imaging. This observation confirms the conclusions drawn based
on the static tensile test results, namely that the better interfacial interaction plays a key
role behind the improved mechanical performance achieved in the case of the

biocomposites in which phosphates are present both in fibre and matrix phase.

4  Conclusions

Composition-property correlations were analysed in flax fabric-reinforced PLA
composites flame retarded with phosphorus-containing compounds by systematically
varying their distribution between the phases using experimental design. Several
flammability features, such as LOI, TTI, pkHRR and residual mass obtained after cone
calorimeter tests revealed positive interaction between the flame-retardant-treated
composite constituents, meaning that better flame retardant performance was reached
when the combined flame-retardancy approach was applied than one would expect
based on the flammability features of the single constituents. Also, V-0 rating,
according to the UL-94 standard, was only achieved when both constituents (i.e. matrix
and reinforcement) were flame-retardant-treated. The reinforcing fabric can act as a char
stabilizing frame if it is charred. The volatile phosphorous compounds, originating from
the matrix layers, are able to initiate charring of fibres under the cone heater but in case
of vertical tests, the candlewick effect can only be eliminated by preliminary treatment.
Increase of the concentration of treating solution above 15 w/VV% DAP/U (7.5% DAP)
IS not effective as the saturated fibre cannot absorb more FR in its internal space.

Furthermore, the positive relationship between the flame-retardant-treated
constituents was evinced by analysis of variance (ANOVA) of the tensile strength data
of the flame retarded biocomposites with varying compositions as well. The improved
mechanical performance of the biocomposites flame retarded with a combined approach
is explained by the better interfacial interaction provided by the phosphates being

present both in fibre and matrix phase. This interaction, which needs further
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investigation, can probably be attributed to the fact that the increased surface roughness
of the fibres after acidic treatment with DAP (i.e. phosphoric acid generated from the
thermal decomposition of DAP) can result in an anchoring effect only if the viscosity of
PLA is decreased due to the presence of APP (as reported by the authors recently [26]).
As a conclusion, a combined approach is recommended for flame retardancy of
biocomposites, since phosphorus-containing species being present both on the surface
of the reinforcing flax fabrics and in the biodegradable matrix material in a well-
balanced distribution result in effectively flame retarded biocomposites accompanied

with improved mechanical properties.
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