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ABSTRACT

The aim of this paper is to demonstrate that morphological particle properties inside the polymer matrix are
responsible for the variability of mechanical properties (elasticity, strength, resilience) and fire retardancy prop-
erties. Ultrafine kaolinites were modified and employed to obtain composites of polyamide. These composites
were characterized by means of mechanical (tensile static and dynamic tests) and fire retardancy properties
(cone calorimeter). Their morphological properties differed significantly according to the aspect ratio and surface
treatment of the kaolinites. These morphologies, characterized by the particle dispersion (interparticle distance
ID) and size distribution (median diameter MD) in the polymer matrix, were directly related to the mechanical
properties. The experimental results demonstrate the sensitivity of strength, resilience and flammability to
particle dispersion and distribution. The yield stress decreases with the increase of MD, the resilience decreases
with the increase of ID with a critical ID value from which the composite became brittle, and the pHRR increases

with the increase of ID.
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1. Introduction

Polymers have been widely used for more than 50 years due to their
good mechanical and physical properties and easy processing. Never-
theless, they have a very poor reaction to fire (Gérard et al., 2010).
Hence, improvement of the polymer fire reaction remains a constant
challenge, considering new applications and more and more stringent
standards.

Fire retardancy can be performed through different mechanisms in-
volving various kinds of flame retardant systems. Among flame retar-
dants, metal hydroxides, mainly aluminium and magnesium
hydroxides (ATH, MDH), offer the best opportunity to meet environ-
mental requirements. But, they require high loadings (often up to
65 wt.%) and thereby lead to poor mechanical properties. Interestingly,
nanoparticles can be used alone and entail a more progressive heat re-
lease, but the total heat release remains the same (Bourbigot et al.,
2000; Laoutid et al., 2006; Riva et al., 2002). Nanoparticles can also be
used in combination with the usual flame retardants at a lesser global
loading. This kind of combination involved mainly organomodified min-
eral nanoparticles such as layered silicates, e.g. montmorillonites (Mt)
to improve flame retardancy (Blumstein, 1965; Fina et al., 2006;
Giannelis, 2004; Gilman et al., 2000; Laachachi et al., 2005, 2009;
Peeterbroeck et al., 2007; Rothon and Hornsby (1996)). Nevertheless,
the processability of composites containing Mt limits their percentage
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of incorporation, used alone or in combination (always under 10 wt.%
by mass fraction composites Mt/polypropylene-grafted-maleic anhy-
dride (PP-g-MA) (Blumstein, 1965), Mt/polyimide (PI) (Giannelis,
2004), Mt/polyamide (PA6) (Gilman et al., 2000), and Mt/ethyl vinyl
acetate (EVA) (Peeterbroeck et al., 2007) to obtain intercalated or
exfoliated nanostructures).

The modes-of-action of organomodified layered silicates to decrease
the heat release can be the creation of a gas and thermal barrier layer
(Fina et al., 2006; Laachachi et al., 2005; Peeterbroeck et al., 2007), the
modification of the polymer degradation: heterogeneous catalysis asso-
ciated to a char structure (Fina et al., 2006; Peeterbroeck et al., 2007),
the modification of the thermal diffusivity (Friederich et al., 2010), the
reduction of the macromolecular mobility (around or inside the silicate
layers) (Laachachi et al., 2005), the increase of polymer viscosity (Razak
et al., 2012) or the trapping of radicals formed during the thermal deg-
radation (Laachachi et al.,, 2005). Recent study tried to promote another
kind of ultrafine layered silicates: the kaolinites (Villanueva et al., 2010),
which are already used in papermaking industry. Regarding the high as-
pect ratio of ultrafine kaolinite particles (Kaol), the main interest is the
promotion of a huge interface regarding their loading as well as their
potential as a reinforcing filler for loading that is significantly higher
than usual nanosilicates such as organomodified montmorillonites
(Swoboda et al., 2009). In this article, only a first step is carried out:
Kaol is introduced alone, and for a kaolinite/PA6 composite, a good pro-
cessability is still reached at 30 wt.%. The broad potential use expected
for this material needs investigation of the mechanical composite
performances. Even if pristine particles are ultrafine, their level of
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dispersion in the matrix and their distribution may result in poor me-
chanical properties. Hence, a surface treatment would be advisable
(the external surface of kaolinite could be covered with silanol groups,
which are able to react with organic molecules).

The present study focuses on the use of pristine and organomodified
Kaol (30% by mass fraction) to improve both mechanical and flame
retardancy properties of PA6 material. First, the composite morphol-
ogies are characterized by mean interparticle distance and particle me-
dian diameter. Then mechanical (static/dynamic) and fire tests (cone
calorimeter) are performed. Finally, mechanical/fire properties are re-
lated to morphology characterization.

2. Materials and methods
2.1. Materials and preparation

The polyamide matrix (PA6) (density 1.14 g/m?) used in this study
was supplied by Rhodia under the trademark Technyl® C206.
Two kinds of Kaol particles were selected for this study:

- K; particles: PARALUX® with a specific surface area (BET) of 12.2 &+
1.5 m?/g, an aspect ratio v of 10 and an average primary particle size
(der) of 0.9 pm,

- K, particles with a specific surface area (BET) of 19.9 m?/g, an aspect
ratio o of 5 and an average primary particle size (d;) of 0.2 um.

Both of them, were kindly supplied by Imerys (France) (Al,0O5
wt.% > 38, S;0, wt.% > 43). Their chemical composition and structure
are the same; they differ however in their size (see several cumulative
percentile values in Table 1) and shape factor (see SEM micrographs
of Fig. 1). Their measured densities were 2.78 g/m>.

Surface treatment was carried out as follows. 50 g of kaolinites
was dispersed in 500 ml of an ethanol/water mixture (96/4).
The pH of the solution was changed while stirring through the
addition of acetic acid to reach a pH of 4.5. Coupling agents
(treatment A: (3-aminopropyl)triethoxysilane (>298%); treatment
E: (3-glycidyloxypropyl)trimethoxysilane (>98%)) were supplied
by Sigma-Aldrich (used as received) and added with a mass concentra-
tion of 10% of the kaolinite mass. In these surface treatments, amine
groups have a good affinity with polyamide and epoxy groups can
react with amine functions of polyamine chains. In theory both of
these treatments are therefore expected to increase the particle matrix
affinity and therefore modify mechanical and fire retardancy properties.

These mixtures were stirred for 6 h. At the end of the reaction, the
solvent was evaporated and the kaolinite was washed three times
with ethanol to remove excess reagent.

Polyamide pellets were dried in a vacuum oven at 80 °C for a mini-
mum of 8 h prior to the compounding. A melt blending of PA6 with ka-
olinites was carried out on a co-rotating twin-screw extruder (Clextral,
standard profile, length = 1200 mm, speed = 250 rpm, screw
diameter = 20 mm, T = 180 °C to 240 °C). The samples were injection
moulded (Krauss Maffei KM 50 t, T = 200-240 °C, mould
temperature = 80 °C) to obtain standardized specimens (ISO 527-2,
2012) for uniaxial tests (ASTM D638-14, 2014), notched test bars for
Charpy impact (ASTM D6110-10, 2014) and square specimens for

Table 1
K; and K, characteristic size distributions.
Ky Kz
dgo (m) 25 0.23
d7s (um) 0.9 0.17
dso (um) 0.5 0.13
dys (um) 0.3 0.08

cone calorimeter tests (ISO 5660-1, 2015; see Fig. 2a, b and c). All
presented values are mean curves of at least five experiments.

Fillers were incorporated at 30% by mass fraction (equivalent to a
volume incorporation rate ¢, = 15%). Such a filler fraction can be
reached without hindering the processability. Six different formulations
were thus prepared and are presented in Table 2. In the following, PA
denotes the polyamide and KiPA (i = 1, 1A, 1E, 2, 2A, 2E) the kaolinite
composite (K;, Kja with A treatment, K¢ with E treatment, Ky, K5
with A treatment, K¢ with E treatment respectively). Kaolinites (coated
or not) are introduced in polyamide at a same level of incorporation.

2.2. Methods

2.2.1. Morphology by image analysis

Tensile test specimens were cryo-fractured and the central zone of
the samples (perpendicular to the flow direction) was observed using
a Quanta SEM instrument (FEI, USA) under an accelerating voltage of
5 kV.

SEM micrographs were binarized and kaolinite stack sections were
identified and filtered by surface area value with respect to the scale
of observation and then numbered. This procedure was repeated for
all the micrographs and the number of particles, identified for each
magnification, was scaled by the surface analysis area. As selected ob-
jects did not have a well-defined shape, it was useful for comparison
to consider each object as a disc occupying the same measured surface
area. These discs were well described by their diameters, denoted d.
For each composite, a distribution and a cumulated density in diameters
were therefore obtained. For each sample particles (from aggregates to
elementary ones) size distribution was obtained by image analysis
(Aphelion™ 3.2 (ADCIS)) from a multi-scale analysis (from 100 to
5000 pm? (scale factor 100); from 15 to 100 um? (scale factor 1000)
and from 0.1 to 15 um? (scale factor 20,000)). For each scale of observa-
tion several micrographs (at least 5) were used to cover the whole spec-
imen surface area. Collecting data of each magnitude analysis, a filler
diameter size distribution can be obtained from d = 0.18 pm to
40 pm. This range of dimensions which is representative for the com-
posite microstructure (fillers size distribution) must be related to com-
posite properties.

The cumulative distribution can easily be fitted by a log-normal law:

11 <ln(d)—M>

f(ln(d)):jJrjerf 5137\/2 (1)

where M and Sp are the mean and the standard deviation of the log-
normal distribution and erfis the Gauss error function; for each formu-
lation two parameters (M and Sp) were then extracted from a well fitted
result. A statistical analysis could therefore be performed from these
variables:

 The equivalent diameter d,,, which is the median value of the distribu-
tion

dp = eM (2)
* The dissymmetry coefficient

S= (eSD2 + 2) Ve’ —1 3)

A higher dissymmetry coefficient means a more heterogeneous
distribution.

 The agglomeration rate

A =dn/dg (4)



Fig. 1. SEM image of kaolinite K; (left), K, (middle) native particles and (right) K, agglomerates within the polymer matrix.

* The interparticle distance

m ; 2 2
L=dp|C| =] % —e™/?

where C is a constant value depending on the compactness of stacking.
For the sake of simplicity and for all formulations C was assumed equal
to 1 (which corresponds to a cubic stacking). The equivalent diameter is
not enough to explain the composite mechanical behaviour. Particle
density is usually described through the distance between the edges
of two adjacent particles and is related to the confined matrix thickness
(Michler, 1993). It is possible but complicated to evaluate a mean
particle distance from the position of each particle (Hamming et al.,
2009). A simplified interparticle distance evaluation was chosen in
which a regular compactness stacking of the objects was considered:

2.2.2. Mechanical testing (quasi-static and dynamic)

Uniaxial tensile tests were carried out using a Zwick THO10 universal
testing machine according to the ISO 527 standard (ISO 527-2, 2012).
The crosshead speed depended on investigated properties: 1 mm/min
to describe linear behaviour and 50 mm/min for the non-linear behav-
iour until breakage. The software used was TestXpert® and allowed
the recording of time, load (F) and elongation (¢). The nominal stress
was defined by the following expression: o= F/So where Sy was the ini-
tial sample section (40 mm?). Young's modulus (E) value was given by
the slope, calculated between 0 and 1% elongation of the curve giving o
vs. axial €. Out of this range of elongation, the nominal stress reached a
maximum (called the yield stress) corresponding to the value 0yjeiq at
the strain &yieiq.

Instrumented Charpy impact tests (CEAST 9340, INSTRON®) were
performed on standard notched Charpy specimens (Fig. 2b). The speci-
men was impacted by a pendulum hammer of m = 3.14 kg at an impact
velocity of 1.6 m/s; the drop height was 130 mm which corresponded to

115mm
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a striking hammer energy up to 4 J. The instrumentation enabled the
evaluation of the load F(t) as well as instantaneous displacement of
the specimen u(t):

v(t) :v0—<%> / ;F(t)dt, u(t) = / ;v(t)dt

where v(t) was the instantaneous velocity of the impactor.
From the load evolution, a useful global parameter, the impact
energy, could be deduced:

(6)

J= /" F(v)dv.
0

2.2.3. Flame retardancy using a cone calorimeter

The flame retardancy of PA6 composites was characterized by cone
calorimetry using a FIT apparatus according to the ISO 5660 standard
(ISO 5660-1, 2015). This technique has been widely used to describe
polymer flammability and particularly for polymer-clay nanocompos-
ites (Schartel, 2007). In this study, irradiance was set at 50 kW/m?.
Tests were duplicated for all composites to ensure reproducibility.
Cone calorimeter experiments provided several parameters: Time to ig-
nition (TTI), peak of heat release rate (pHRR), total heat release (THR),
which was formally the integral of the HRR curve with respect to the
time, effective heat of combustion (EHC) and mass loss.

3. Results, analysis and discussion
3.1. Morphological properties
SEM images of composites revealed the presence of large and well

distributed aggregates of kaolinite stacks (see for example Fig. 3 for
the K,PA composite).

80 mm
L]
8 mm
A ': 2mm
N
(b) 45 8mm
(€ g
.
100mm

Fig. 2. Standard test specimens. (a) Tensile (ISO 527-2 1A), thickness 4 mm; (b) Charpy impact; (c) Cone calorimeter tests, thickness 4 mm.



Table 2
Materials under study.

Sample PA K{PA KiaPA KiePA K,PA KoaPA KePA
Filler - Ky Ky KiA K> K> Ky
Grafting - - A E - A E

The morphological characteristics of all the PA6 composites have
been summarized in Table 3. Particles were highly agglomerated in
the composite and the smallest particles led to the biggest agglomerates
(see parameter A in Table 3, which is five times larger for the K, particle
types). Hence, extrusion process conditions did not allow for obtaining a
fine dispersion of kaolinite particles in the matrix. Except for the K;5
particles, the surface treatment induced a reduction of both the agglom-
erate size (d,,;) and the level of agglomeration (A). The coefficient S was
not related to d,; it only revealed the heterogeneity of the agglomerate
size. The interparticle distance (L) was defined from all the previous
parameters. Even though a dispersion assumption has been chosen to
establish Eq. (5), this parameter was a suitable tool to compare the for-
mulations. The surface treatments led to an increase in the interparticle
distance. Unexpectedly the same trend is not observed for the K, parti-
cles modified with the A treatment, the compactness of stacking could
be less regular in this case.

3.2. Relations between morphology and mechanical/fire properties

3.2.1. Mechanical properties

The whole stress/strain profile of the materials is given in Fig. 4. As
commonly observed for these kinds of material, the nominal stress
reached a maximum (called the yield stress) corresponding to the
value 0yeq at the strain &4 Unexpectedly, it appears that the K, spec-
imen exhibits mostly a failure in brittle mode while K;/PA6 composites
were much more ductile, independently of the surface treatment. Does
the composite microstructure explain these observations? This will be
the point of the paragraph concerning impact tests. The mechanical
properties of all the PA6 composites are summarized in Table 4.

Kaolinite filler incorporation led, as expected, to an enhancement of
elastic properties. On the basis of the Mori Tanaka model, Tandon and
Weng (TW) (1984) proposed an analytical solution for the longitudinal
elastic modulus (E) of an isotropic matrix filled with aligned spheroidal
inclusions:

E 1

i - 8
En . by 1 20mAy) ®
L T
3

where E,,, and v,,, denote the Young's modulus and Poisson ratio of PA6
matrix (E, is displayed in Table 4 and v, is assumed, according to the
literature (Sato et al., 2005), to be around 0.35) and A1, A5, and A5 are re-
lated to the Eshelby tensor components and to the properties of the

(a) scale factor 100

() sle fator 1000

Table 3
Morphological characteristics of the PA6 composites with the 100x, 1000, and 20,000 x
scale factors.

Name M Sp dy S A L
pm pm pHm

PA - - - - - -
K;PA 1.72 1.62 5.6 10.1 6.2 97.1
KyaPA 1.86 1.61 6.4 8.1 7.1 106.1
KigPA 1.68 1.67 54 119 6.1 1114
K,PA 1.90 1.60 6.7 7.7 335 107.7
KyaPA 1.77 1.56 5.9 7.7 29.5 83.7
KoePA 1.76 1.64 5.8 10.3 29.0 109.0

inclusions and the matrix (elastic constants, inclusion volume fraction
and aspect ratio). The particle Young's modulus and Poisson ratio
were equal to 180 MPa and 0.20 for both kaolinites, as reported by
Chen and Avans (2006). Prediction from the TW model slightly
overestimated the experimental modulus (6750 MPa and 5750 MPa
for K; and K; kaolinites respectively) but it was significantly higher for
the K; particles (with a higher aspect ratio), according to the experi-
mental values and to the literature (Shen et al., 1995). It appeared that
surface treatment did not significantly impact the material's elasticity.
In fact, the Young's modulus was evaluated at a low level of strain induc-
ing only a little disruption of the interfacial area (Levita et al., 1989).
Nevertheless, surface treatment could modify the matrix (crystallinity)
and filler dispersion (Wang and Velankar, 2006). Considering the
results of Tables 3 and 4, there was no obvious relation between the me-
dian diameter and the Young's modulus. However, a drastic decrease
was observed as the level of agglomeration increased (K, particles
were much more agglomerated than K; ones, see Table 3).

Usually, yield stress increases and yield strain decreases with the in-
corporation of well dispersed rigid particles. It is recognized that it can
be ascribed to a good adhesion between fillers and matrix (which is re-
sponsible for the stress increasing) with reduction of the matrix volume
which allows deformation (responsible for the strain decreasing). Some
authors explained the stress increasing by the particle size and shape or
the interface of matrix/particle behaviour (Alter, 1965; Okuno and
Woodhams, 1974; Shen et al., 1995; Turcsanyi et al., 1988). Without
surface treatment, the K, particles (with the lower aspect ratio) led to
the lower yield stress. Nevertheless they offered the larger specific
surface area leading a priori to a good efficiency of grafting. The key
parameter for the yield stress seemed to be the median diameter d,;,
(Fig. 5a) as 0 e depended linearly on the median diameter. The medi-
an diameter value was a direct consequence of the particle size, shape
and treatment. Concerning the yield strain, the same trend was ob-
served for each kind of kaolinite. & ;s decreased drastically with the
level of aggregation (A) (Fig. 5b). Although on different deformation
levels, the same sensitivity to the aggregation parameter (A) was
detected for the two types of particles (K; and K5).

_ e |
(c) scale factor 20000

Fig. 3. SEM micrographs of PA6 with 30 wt.% of K5, scale factors (a) 100, (b) 1000 and (c) 20,000.
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Fig. 4. Stress vs. strain in uniaxial tensile tests for PA6 composites.

To better characterize the efficiency of interface modification, the
model proposed by Pukansky was used (Demjén et al., 1998). In this
model, a B parameter is introduced to describe the interfacial cohesion:

B=—1In
by Opa yied 1=y

1 Oyield 1—2.5¢p) )

The higher is B, the better is the kaolinite/PA6 interfacial cohesion. A
first observation was that a good kaolinite/PA6 interfacial cohesion led
to a decrease in agglomerate size (Fig. 6a). The median diameter ap-
peared to increase inversely with the cohesion between matrix and ag-
gregates. The cohesion parameter could be controlled by a suitable
surface treatment and could therefore influence the particle dispersion.

The impact force vs time for the PA6 composites is plotted in Fig. 6b.
The impact behaviour was highly dependent on filler and/or surface
treatment. All specimens were totally broken after the impact and fillers
provided additional toughening effects. The fracture morphology of

Table 4
Mechanical properties (Young's modulus, yield stress and strain, impact energy) of the
PA6 composites.

Name E (MPa) Oyieta (MPa) Eyield J)
PA 3419 + 89 86.8 + 0.75 3.6 +0.12 29409
K,PA 6387 4 67 93042 3.2 £ 0.08 1.7 +£0.1
KiAPA 6200 + 87 78.8 +2 334015 32406
K;£PA 6300 + 93 935+ 03 3.9+ 0.20 38+08
K,PA 4581 + 59 672+ 35 194032 12402
KzaPA 4641 + 200 876+ 5 4.8 + 1.09 46403
K,ePA 4500 + 100 86.6 + 5 49 + 0.86 35402
100
95
1]
CEL 85
—rr 80
bt 75
70
65 -
60 r ‘

5 5.5 6.5

d,,(1m)

each broken sample was observed by microscopy to identify the failure
mode (ductile/brittle). Literature results (Bartczak and Pracella, 2006;
Fu and Wang, 1992; Yun et al.,, 2003) revealed the undeniable relation-
ship between rupture and interfacial cohesion in composites. In the case
of no adhesion, rupture will be conditioned by the matrix properties; if
the interface is brittle, stress concentration around particles will be in-
creased and will lead to a brittle breakdown. On the contrary, a ductile
interface will produce particle cavitation (Yun et al., 2003). Beyond
these observations, it seemed that rupture depended mainly on the big-
gest agglomerates (Fu and Wang, 1992). Some authors defined a size
criterion in relation with the fragile/ductile composite breakdown
(Bartczak and Pracella, 2006). According to these authors and ignoring
stochastic effects related to large agglomerates observed for each for-
mulation, it was chosen to deal with the largest magnification (x100);
these results are summarized in Table 5 with the associated mode of
failure. A good correlation was found between resilience and interparti-
cle distance through a sigmoid function (Fig. 7). This graph confirms the
existence of a critical interparticle value related to the ductile-brittle
material transition.

3.2.2. Flame retardancy

With regard to the previous part the mechanical properties could be
related to the morphology of composites and particularly to the agglom-
erates. Flame retardancy also depends on the dispersion of nanoparti-
cles. Such a relationship has been evidenced in polymers containing
low contents of specific nanoparticles like multiwalled carbon nano-
tubes or clays (Bourbigot et al., 2006; Kashiwagi et al., 2007) even if
the percentages of incorporation in these polymers were far below the
one used in this study. Particle dispersion has also a strong influence
in formulations in which various particulate components are present
(Quach et al., 2012; Si et al., 2007). Nevertheless, the role of dispersion

6
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Fig. 5. (a) Yield stress as a function of median diameter. (b) Yield strain as a function of agglomeration rate.
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Fig. 6. Kaolinite/polyamide interfacial cohesion versus median diameter (a). Impact force versus time for the PA6 composites (b).

on flame retardancy in highly filled polymers has not been clearly
shown. The following is a first attempt to assess the influence of
morphology (i.e. in this study the characteristics of the agglomerates)
on flame retardancy of the highly filled polyamide composites.

The percolation of fillers which corresponds to the formation of a
long-range connectivity in random system is a phenomenon able to
modify significantly the behaviour of materials. For example, Wang
and Zhang (2012) indicated that the formation of a mineral crust con-
tributed to a significant reduction of the heat release rate, provided
that mineral particles were percolated. Lu and Mai (2005) proposed
the evaluation of the critical volume fraction of the percolation thresh-
old ¢. for the barrier properties of aligned clays as follows:

_ P
be =" (10)

where p. is the critical content for minimum permeability. This latest
value could be deduced from a stochastic model: the Monte Carlo Ran-
dom Graph model (Erdés and Rényi, 1959). In the case of clays, p. =
0.718 (Lu and Mai, 2005). The same value for the kaolinite particles
was assumed even if total dispersion at a nanoscale was not achieved
in the present application. The critical volume fractions evaluated
from Eq. (10) were 7% and 14% respectively for K; and K; particles, cor-
responding to the mass fractions of 15% and 28% respectively. In the
present study the level of mass incorporation was 30%. Therefore in
the composites, K; particles should be percolated (the mass fraction is
far beyond the critical mass fraction) while it was not so obvious for
K, particles. Thus the sensitivity of flammability to agglomeration
might in this case be hidden by the percolation phenomena. This
study was therefore focused on K;PA6, K;,PA6, and K;PA6 composites.
Nevertheless the cone calorimeter test was also carried out on K,/PA6
(untreated) composite for comparison.

The main cone calorimeter results are displayed in Fig. 8 and the fire
parameters are reported in Table 6. The results were reproducible with-
in + 10% (see average curves in Fig. 8). The theoretical residue mass was
calculated considering that the whole polymer fraction was volatilized
during the test and that kaolinite was dehydroxylated (L'vov and
Ugolkov, 2005). Except for K;gPA composite, the HRR curve exhibited
a constant increase of HRR up to a peak followed by a rapid decrease

Table 5

Morphological characteristics of the PA6 composites with the 100x scale factor.
Name M Sp dm S L Jpa Failure mode

pHm pum pm

KiPA 316 199 235 120 1303 12 +£0.05  Ductile
KiaPA 313 194 229 7.2 1344 11401 Ductile
KiePA  2.88 196 17.8 10.1 1149 13 +£0.08  Ductile
K,PA 3.48 199 327 7.1 2588 044 0.02  Brittle
KoaPA 266  1.81 143 8.0 492 1.6+02 Ductile
Ky:PA  3.00 195 20.1 12.5 1723 064 0.11 Brittle

due to the fuel shortage. Such a curve shape revealed poor fire
performances. On the contrary, the curve for K;gPA reached a low
PHRR followed by a plateau, i.e. a stabilization of HRR due to the kaolin-
ite protective layer. The slight increase of HRR at the end of the test may
be due to the breakdown of the protective layer. The maximum pHRR
reduction was of 44% for K;PA, 54% for K;,PA, and 65% for K,gPA (42%
for K,PA). In fact, to improve both mechanical properties and reaction
to fire, a good particle dispersion must be achieved regardless of their
sizes (as was the case for the formulation K;gPA).

The residue content was in all cases close to the theoretical residue,
which means that the polymer was fully degraded during the test and
that no significant char was formed. This was confirmed by the residue
aspect (see Fig. 9). The residue was grey with only small traces of black
char. The effective heat of combustion was similar for all materials,
despite the release of water from the kaolinite. Nevertheless, the
water released from kaolinite was only 15% and the filler fraction was
30%. Therefore, it was not surprising that EHC did not decrease marked-
ly. Finally THR of composites was close to 70% of the value for pure PA6
which confirmed the previous observations. Two parameters changed
significantly with kaolinite particles: TTI and pHRR. No correlation was
found between TTI and morphological parameters measured by image
analysis. The ignition was dependent on many physical and chemical
phenomena. The dispersion of particles could affect the TTI through
several phenomena. Particles decrease the heat absorption in-depth
(Fina et al., 2013; Sonnier et al., 2015) or can modify the emissivity or
the thermal conductivity (Kashiwagi et al., 2004). The decrease of TTI
could be due to a modification of heat transfer caused by the presence
of aggregates (Clerc et al,, 2005; Wang and Zhang, 2012), which
increased locally the polymer temperature and the concentration of
combustible volatiles in the gaseous phase surrounding the sample
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Fig. 7. Normalized impact energy (J/Jpa) versus interparticle distance (L) (100x
magnification).
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Fig. 8. Heat release rate (HRR) curves (left) and mass loss curves (right) of pristine PA6 and PA6 composites vs time.

(Drysdale, 2011). Viscosity (which is dependent on particle dispersion)
also influences the heat transfer (a low viscosity allows convective flow,
which can evacuate heat from the surface to the bulk) and the bubbling
(bubbling can change the optical properties of the surface and then the
heat absorption) (Oztekin et al., 2012). A more detailed study is needed
to assess if the kaolinite dispersion impacts the TTI. On the contrary,
some evidences could be found showing that pHRR as reported in
Table 6 may be dependent on the largest agglomerates defined in
Table 5. The change in pHRR versus the interparticle distance L is
demonstrated by the plot of Fig. 10. The higher was the interparticle
distance, the higher was the pHRR. In other words, the better was the
distribution of the agglomerates the lower was the pHRR. Viscosity
was strongly dependent on the filler dispersion. Generally a percolated
network promotes a high viscosity while large agglomerates tend to
decrease the viscosity. Viscosity has been proved as a very influential
parameter controlling the pHRR in various systems (Kashiwagi et al.,
2008) including polymers filled with moderate to high loadings of
mineral fillers (Batistella et al., 2014). The preliminary results shown
in the present work seem to confirm the beneficial role of a high
viscosity on the heat release rate. To decrease the pHRR, a great
challenge is the decrease of kaolinite agglomeration before and during
the process in order to reach a better dispersed system. Indeed, only

Table 6
Fire properties of PA6 composites.

Name  pHRR TTI (s) THR THR Residue  EHC
(kw/m?) (My/m?)  (K/g) (%) (k/g)
PA 1352 + 48 79+5 149 +£1 28 0.1 28242
K{PA 750 + 50 724+7 12542 19.7 26.4 298 +1
K;aPA 614+25 1004+20 100+20 19 25.8 288 +2
KigPA 470 £+ 12 50+5 50+5 21 25.0 298 +£2
K,PA 780 + 20 80 +8 80+38 19.7 26.0 298 +1

four formulations were tested and these results need to be confirmed
in a further study.

4. Conclusion

Kaolinite/PA6 composites were prepared by compounding and
injection-moulding. Some of the kaolinites were surface treated and
the composite microstructures were characterized via image analysis
at different magnifications. The composites thus prepared show a
wide range of microstructures, all of them however being highly
agglomerated. These microstructures were described via statistical
image analysis from the primary particle to the biggest agglomerates.
The influence of the microstructure on both flammability and mechan-
ical properties was investigated. The mechanical testing revealed the
strong relationship between the yield stress/strain, the resilience and
the microstructure. The Young's modulus decreased slightly as the
interparticle distance between particles increased, but in the range of
investigated interparticle values the sensitivity to this parameter is not
predominant. This result is in accordance with the literature: the
Young's modulus is not the key parameter to describe the effect of
functionalization. However, the yield stress was clearly decreasing
when the median diameter increased and the yield strain followed the
same trend with the level of agglomeration. The pHRR was reduced
when a better dispersion of the biggest agglomerates was reached.
These parameters seem to depend on the microstructure in its totality
which requires a multi-scale morphological analysis including all the
observable particle sizes. On the contrary, dynamic Charpy impact
tests and flammability testing were sensitive to the biggest agglomer-
ates (studied on the basis of morphological analysis in high magnifica-
tion): the resilience decreased when the interparticle distance
increased and above a critical value of this parameter, brittle fracture
governed ultimate properties.

Fig. 9. Photographs of residues of PA6 composites: (left) K;PA, (middle) K;APA and (right) K;zPA in the cone calorimeter test.
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