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ABSTRACT: Polypropylene (PP) composites filled with
wood flour (WF) were prepared with a twin-screw ex-
truder and an injection-molding machine. Three types of
ecologically friendly flame retardants (FRs) based on am-
monium polyphosphate were used to improve the FR
properties of the composites. The flame retardancy of the
PP/WEF composites was characterized with thermogravi-
metric analysis (TGA), vertical burn testing (UL94-V), and
limiting oxygen index (LOI) measurements. The TGA data
showed that all three types of FRs could enhance the ther-
mal stability of the PP/WF/FR systems at high tempera-
tures and effectively increase the char residue formation.
The FRs could effectively reduce the flammability of the
PP/WEF/FR composites by achieving V-0 UL94-V classifi-
cation. The increased LOI also showed that the flammabil-
ity of the PP/WF/FR composites was reduced with the

addition of FRs. The mechanical property study revealed
that, with the incorporation of FRs, the tensile strength
and flexural strength were decreased, but the tensile and
flexural moduli were increased in all cases. The presence
of maleic anhydride grafted polypropylene (MAPP)
resulted in an improvement of the filler-matrix bonding
between the WF/intumescent FR and PP, and this conse-
quently enhanced the overall mechanical properties of the
composites. Morphological studies carried out with scan-
ning electron microscopy revealed clear evidence that the
adhesion at the interfacial region was enhanced with the
addition of MAPP to the PP/WF/FR composites. © 2010
Wiley Periodicals, Inc. ] Appl Polym Sci 116: 2714-2722, 2010
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INTRODUCTION

During the past decade, the acceptance of wood-
derived fillers in the plastic industry has been grow-
ing because of their high specific properties, biode-
gradability, renewability, and low cost. These are
combined with satisfactory processing characteris-
tics, that is, the ability to use extrusion, compression,
and injection moldings, as well as less abrasion of
processing machinery. These facts, as well as lower
costs in comparison with other inorganic fillers and
fibers, promise a bright future for the utilization of
wood-derived fillers in the plastic industry. The
thermoplastics that are commonly used in combina-
tion with such materials to produce wood-plastic
composites (WPCs) are polypropylene (PP) and
polyethylene. WPCs have been marketed for furni-
ture, building components such as flooring and sid-
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ing, and outdoor products such as benches, decking,
and fencing.

As organic materials, polymers and wood-derived
fillers such as wood flour (WF) are very sensitive to
flame. Thus, the improvement of the flame retard-
ancy of composite materials has become important
for complying with the safety requirements of WPC
products. The most expeditious method used to ac-
quire flame retardancy is the incorporation of flame
retardants (FRs) that can interfere with combustion
at a particular stage of the process so that the result-
ing system shows satisfactory flame retardancy.' The
most widely used additive-type FRs are inorganic,
halogenated, and phosphorous compounds such
as ammonium polyphosphate (APP), hexabromo-
cyclododecane (HBCD), magnesium hydroxide
[Mg(OH),], and aluminum hydroxide [AI(OH);].17°

In recent years, intumescent flame retardant (IFR)
additives have been increasingly used to retard the
flammability of polymers such as PP. Compared to
halogen-containing compounds, IFR additives gener-
ate little smoke, no corrosive gas, and no flame drip-
ping and are nontoxic.>® An IFR additive is actually
a system that consists of an acid source, a blowing
agent, and a carbonific agent or char. During com-
bustion, the chemical and physical reactions of these
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TABLE I
Commercial FRs
Main Solubility
FR grade/trade Densitgf constituent P,05 in water Dso Additional

FR code name (g/cm?) material content (%) (g/100 mL) pH (um) information
APP1 Cros 484 1.91 APP 0.5 5-6 18 —

APP2 Cros 486 1.97 APP 0.1 6-7 18 Silane surface treatment
IFR Budit 3157 1.80 APP 2.0 7 18 Intumescent grade

constituents form rigid, voluminous foamed residue
or char, which offers protection to the underlying sub-
strate from further decomposition and offsets the
melt-dripping tendency as well.” In traditional IFR
systems, APP has been used as the acid source,
melamine has been used as the blowing agent, and
pentaerythritol has been used as the carbonific agent.’

One of the major drawbacks facing the production
of WPCs is the poor interfacial compatibility
between the filler and the polymer matrices.” A
WPC is composed of a blend of hydrophobic plas-
tics, such as polyethylene and PP, and hydrophilic
wood-derived fillers. To improve the interfacial
properties of the blend, a compatibilizer or a cou-
pling agent is generally used. Compatibilizers or
coupling agents contain both a polar functional
group that can interact or react with the hydroxyl
groups of the wood-derived fillers and a nonpolar
entity that is more compatible with the hydrocarbon
polyolefin chains of the polyolefin.® Maleic anhy-
dride grafted polymers, such as maleated polyethyl-
ene and maleated polypropylene (MAPP), are
widely used as compatibilizers for improving the
mechanical properties of WPCs.’

Previously, many studies of the flammability of poly-
mers have been reported in the literature.'” However,
there appears to be limited work published on the
application of different types of FRs in WPCs. For
example, Li and He® reported the use of single APPs
and IFRs in linear low-density polyethylene/WF com-
posites. Le Bras and co-workers’ used the APP/penta-
erythritol/melamine system in PP/flax blends as an
intumescent model additive to obtain an optimized FR
formulation. The aim of this study was to investigate
and compare the fire retardancy of PP/WEF composites
containing various commercially available FRs such as
APP and intumescent ready-to-use products based on
APP. In addition, the effect of MAPP on achieving a
balance of mechanical and FR properties in PP/WF
composites was also investigated.

EXPERIMENTAL
Materials

Copolymer-grade PP (Pro-Fax SM240) with a melt
flow index (MFI) of 25 g/10 min (at 230°C and 2.16
kg) and a density of 0.894 g/cm® was supplied by

Titan Petchem (M) Sdn. Bhd. (Johor, Malaysia). Light
red meranti (Shorea spp.) WF with a 35-mesh size
[mean particle size (Dsp) = 503.95 pm] and a density
of 1294 g/cm® was obtained from the Forest
Research Institute of Malaysia (Selangor, Malaysia).
The MAPP compatibilizer (Polybond 3200 with 1.0
wt % maleic anhydride) was purchased from Uni-
royal-Crompton (Middlebury, CT). Commercially
available FR additives purchased from Budenheim
Iberica (La Zaida, Spain) are listed in Table L

Sample preparation

Table II lists the sample formulations for PP and its
composites. All WPC formulations were com-
pounded in a Sino PSM30 co-rotating, open-vent,
twin-screw extruder (Sino-Alloy Machinery Inc., Tai-
pei Hsien, Taiwan) with a length/diameter ratio of
40 at 180°C and 150 rpm and were subsequently pel-
letized. The pellets were dried overnight at 75°C and
then injected with a Haitian HTF160X 60-ton injec-
tion molding machine (Ningbo Haitian Heavy Work
Machinery Co., Ltd., Ningbo, China) into molds to
produce the test specimens for flammability and me-
chanical tests. A nozzle temperature of 195°C and an
injection pressure of 55 bar were employed.

Sample characterization
MFI

MFI values were determined with a Dynisco poly-
mer test (Alpha Technologies, Inc., USA) according
to ASTM D 1238 with a load of 2.16 kg at 190°C
(instead of the 230°C typically used for PP) to pre-
serve the WF from thermal degradation. The

TABLE II
Sample Formulations of PP and Its Composites

Composition (%)

Sample code PP WF APP1 APP2 IFR MAPP?
PPO 100 — — — — —
PP1 40 60 — — — —
pPP2 40 30 30 — — —
PP3 40 30 — 30 — —
ppr4 40 30 — — 30 —
PP5 40 30 — — 30 5

 This accounted for 5% of the weight percentage of the
filler.

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE III
MFIs of PP and Its Composites

MEFI (g/10 min)

Sample code

PPO 10.40 = 0.11
PP1 244 * 0.27
pPP2 0.20 = 0.01
PP3 0.21 = 0.02
PP4 0.47 = 0.06
PP5 1.11 = 0.04

capillary diameter was 2.096 mm. Each sample was
tested five times, and the results were averaged.

Thermogravimetric analysis (TGA)

The TGA study was carried out on a PerkinElmer
Pyris 6 thermal analyzer (Waltham, MA) at a con-
stant heating rate of 20°C/min under a pure nitro-
gen flow at 20 mL/min. The temperature ranged
from the ambient temperature to 800°C. The weight
of each sample was kept within 3-5 mg.

Flammability properties

The flame retardancy of all samples was character-
ized by vertical burn test (UL94-V) and limiting oxy-
gen index (LOI) methods according to ASTM D 3801
and ASTM D 2863, respectively. The UL94-V of all
samples was measured on an HVUL horizontal ver-
tical flame chamber instrument produced by Atlas
Materials Testing Technology (Chicago, IL). Rectan-
gular sgecimens with dimensions of 127 x 12.7 x
3.2 mm” were used in this test.

The LOI of all samples was tested on an oxygen
index instrument at room temperature. In this test, a
sample is suspended vertically inside a closed cham-
ber (usually a glass or clear plastic enclosure). The
chamber is equipped with oxygen and nitrogen gas
inlets so that the atmosphere in the chamber can be
controlled. The sample is ignited from the bottom,
and the atmosphere is adjusted to determine the
minimum amount of oxygen needed to just sustain
burning. This minimum oxygen content, expressed
as a percentage of the oxygen/nitrogen atmosphere,
is called the oxygen index.

Mechanical properties

Tensile and flexural tests were conducted at room tem-
perature (23°C) with an Instron model 3366 universal
mechanical testing machine (Instron, Canton, MA)
with a load capacity of 10 kN. The tensile test was con-
ducted in accordance with ASTM D 638 with type 1
test specimen dimensions at a crosshead speed of 5
mm/min. The tensile modulus, tensile strength, and
elongation at break were measured. The flexural test
with specimen dimensions of 127 x 12.7 x 3.2 mm?’
was conducted in accordance with ASTM D 790 at a
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crosshead speed of 1 mm/min. The flexural modulus
and flexural strength were determined. In all cases, the
average values of five specimens were taken for each
sample.

Impact testing with specimen dimensions of 63.5
x 12.7 x 3.2 mm’ was done at room temperature
(23°C) with a Galdabini 1890 impact pendulum tes-
ter [Cardano al Campo (VA), Italy]. The test was car-
ried out according to ASTM D 256, and the energy
used was 5.50 J. The unnotched and notched Izod
impact strengths were determined from the average
values of eight tested specimens.

Mode of failure analysis

The mode of fracture was studied by the analysis of
the fracture surfaces of the tensile test specimens.
This was carried out with a Zeiss Supra 35VP scan-
ning electron microscopy (SEM) machine (Oberko-
chen, Germany). The fracture surfaces of the tensile
test specimens were coated with a thin gold-palla-
dium layer to prevent electrical charge accumulation
during the examination.

RESULTS AND DISCUSSION
MFI determination

Table III shows the MFI values of the PP, PP/WF,
and PP/WE/FR composites. The incorporation of
fillers hinders plastic flow and results in an increase
in the viscosity of the polymer melt. As a result,
there are lower MFI values as the filler content
increases. A decrease in the MFI with the incorpora-
tion of the WF and FR is expected. The FRs used in
this study were in a particulate form that was much
smaller in size than the WF (see the Experimental
section and Table I). The incorporation of an FR as a
replacement for half of the WF could increase the re-
sistance to flow because of the increased amount of
contact surface between the particles and matrix,
which resulted in the reduction of the viscosity and
MFI values of the PP/WEF/FR composites. However,
with the addition of the MAPP compatibilizer to the
filled system, the MFI values were found to slightly
increase. Generally, an increase in MFI values indi-
cates better molecular motion of the polymer chains.
Possible reasons for this phenomenon include a
change in the molecular weight distribution and a
lubricating/plasticizing action induced by the cou-
pling agent or compatibilizer."" The presence of the
silane-treated APP FR (APP2) did significantly
change the MFI value of the PP3 composite.

TGA

Figures 1 and 2 show the TGA and differential ther-
mogravimetry (DTG) curves of PP and its compo-
sites. The related TGA data are summarized in Table
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Figure 1 TGA thermograms of PP and its composites.

IV. On the basis of 1% mass loss, PP showed the
highest thermal stability because of a very high ini-
tial temperature (Tinitia1) of 295°C. The TGA curve of
virgin PP (PP0) showed a single mass-loss step with
a maximum degradation rate [the first peak degra-
dation rate (Ripeal)] centered at 448°C [the first peak
temperature (Tpear)]. At 450°C, the residue content
of PP was 29.7 wt %, with nearly no residue content
at 485°C.

The incorporation of 60 wt % WF into PP (PP1)
reduced Tiniial from 295 to 105°C, probably because of
the low thermal stability of WE. This is in agreement
with earlier work reported by Li and He.® After the
initial loss, PP1 exhibited two decomposition steps at
378 (T1peak) and 488°C [the second peak temperature
(T2pear)], which were related to the decomposition of
WEF and PP, respectively. The presence of WF
increased the thermal decomposition temperature of
the PP component from 448 to 488°C. This suggests
that WF promoted char formation and thereby
delayed the degradation of PP. WF has a component
called lignin that acts as a char former, which could
reduce the thermal degradation of the PP/WF compo-
sites. Lignin is an amorphous polyphenolic plant con-
stituent, and it represents 20-30 wt % of the wood."?
Lignin can form char during thermal degradation.
Char formation is a basic aspect of FR additives
because the char reduces the combustion rate of poly-
meric materials by not allowing the oxygen to easily
reach the combustion zone.
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Figure 2 DTG thermograms of PP and its composites.

For the PP2 composite, the incorporation of 30 wt
% APP1 FR into the PP/WF system increased the
thermal stability (Tinita) of the composite from 105
to 141°C. The presence of APP1 enhanced Tapear Of
the PP component from 488°C for PP/WF (PP1) to
505°C for PP/WE/APP1 (PP2). This indicates that
APP1 changed the thermal degradation behavior of
the PP/WF system and promoted char formation for
the composite. There are many chemical reactions
involved in fire-protection mechanisms. APP is an
effective FR for materials with high oxygen contents,
such as cellulose and some oxygen-containing plas-
tics. When plastics or other materials that contain
APP are exposed to an accidental fire or heat, the FR
starts to decompose, commonly into poly(phosphoric
acid) and ammonia. The poly(phosphoric acid)
reacts with hydroxyl or other groups of a synergist
to form a unstable phosphate ester. In the next step,
the dehydration of the phosphate ester follows. A
carbon foam is built up on the surface against the
heat source (charring). The carbon foam (char) acts
as an insulation layer and prevents volatile, combus-
tible gases or further decomposition of the mate-
rial.'*'®> The char residues of PP1 without an FR
were 62.3 wt % at 450°C and 25.1 wt % at 600°C,
whereas those of the PP2 system were 74.1 and 33.7
wt %, respectively.

For the PP3 composite, the incorporation of 30 wt
% APP2 FR into the PP/WF system led to an
increase in the thermal stability of the composite
from 105 to 151°C. The thermal stability was slightly

TABLE IV
Thermal Degradation and Char Residue Data by TGA

Char residue (%)

Sample Rlpeak R2peak RSpeak

code Tir\itial (OC) (O/O/min)/ Tlpeak (OC) (O/O/min)/T2peak (OC) (O/O/min)/T3peak (OC) 450°C 600°C
PPO 295 30.6/448 — — 29.7 0

PP1 105 7.7/378 15.3/488 — 62.3 25.1
pPP2 141 2.1/339 14.0/505 2.6/647 74.1 337
PP3 151 2.1/335 13.7/503 3.4/654 73.6 32.8
pPr4 148 1.1/325 12.6/494 0.7/609 70.1 31.2
PP5 147 1.3/324 12.4/494 0.8/616 69.1 30.8

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE V
UL94-V and LOI Testing Results for PP and Its Composites
Maximum Total flaming
Sample UL94-V rating flaming time for time for all five Cotton
code (3.2 mm) each specimen (s) specimens (s) ignition LOI (%)
PPO Not rated >60 >300 Yes 19
PP1 Not rated >60 >300 Yes 20
pPP2 V-0 5 18 No 23
PP3 V-0 7 20 No 23
PP4 V-0 1 5 No 24
pPP5 V-0 1 5 No 24
higher in comparison with that of the PP2 system, @ PP/WEF/IFR composites. After decomposition at

probably because of the better dispersion of APP
particles in the PP matrix. This was because the APP
particles of the APP2 FR were coated with silane,
which improved compatibility with the PP matrix.
Similar to APP1, APP2 also increased Topeak Of the
PP system from 488°C for PP/WF (PP1) to 503°C for
PP/WE/APP2 (PP3). The char residues of the PP2
and PP3 composites were also higher than that of
PP1, as can be seen in Table IV.

An improvement in the thermal stability of the PP/
WEF (PP1) composite could also be observed with the
addition of 30 wt % IFR (PP4 and PP5). Both the PP4
and PP5 composites displayed higher thermal stability
than PP2. The presence of the IFR also enhanced Tpeax
of both the PP4 and PP5 composites from 488 (PP1) to
494 and 494°C, respectively. This finding demonstrates
that the char layer protected the PP composite from
decomposing and prolonged the thermal decomposi-
tion temperature of the PP component. In comparison
with APP1 and APP2, reactions between the three
main components (the catalyst, char promoter, and
blowing agent) of the IFR led to an expansion process
in which a large-volume, high-carbon protective layer
developed that effectively protected the underlying
substrate from the attack of heat. The large amounts of
char residue for both the PP4 and PP5 composites
prove that the IFR could promote char formation in the

40
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30
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g 20
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Figure 3 Tensile and flexural strength of PP and its
composites.
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600°C, the PP4 and PP5 composites left char residue of
about 31.2 and 30.8 wt %, respectively.

FR properties

Table V shows the UL94-V testing results for PP and
its composites. In the absence of an FR, the pure PP
(PP0O) and the 60 wt % WE-filled PP composite (PP1)
burned easily with accompanying melt dripping,
which ignited the cotton beneath the burning speci-
mens. This observation indicates the high sensitivity
of the pure PP and WF to flame. As the entire sam-
ples were consumed during the burning, both the
pure PP and PP/WF composite could be classified
as not rated according to UL94-V standard
specifications.

The presence of 30 wt % APP1 or APP2 in the
PP/WF composites enhanced their flame-retardancy
properties (the PP2 and PP3 composites). Both the
PP2 and PP3 composites were observed to have char
formation on the composite surfaces during combus-
tion. The char caused the composites to exhibit flame
self-extinguishment, with maximum flaming times
of about 5 and 7 s for the PP2 and PP3 composites,
respectively, after the flame was removed. No melt
dripping was observed from the burning samples of
these composites. These characteristics enabled the

O Tensile
m Flexural

Modulus (GPa)

PP2 PR3
Sample formulations

Figure 4 Tensile and flexural modulus of PP and its
composites.
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Figure 5 Elongation at break of PP (473.6 * 51.2% for
PPO) and its composites.

PP2 and PP3
classification.

The use of a ready-to-use IFR also allowed both
the PP4 and PP5 composites to achieve V-0 classifi-
cation. Compared to the PP2 and PP3 composites,
the composites with the IFR showed much lower
values of both the maximum and total flaming times
(Table V). This was due to the effectiveness of the
IFR process, which led to the formation of a large-
volume, high-carbon layer for better protection of
the composites against the heat source. This observa-
tion agrees well with previous studies.>*'°

The LOI test measures the minimum oxygen con-
centration required to support combustion. The
results of the test for the pure PP and all the PP/
WE/FR composites are also shown in Table V. The
pure PP (PP0) and the PP/WF composite (PP1)
showed LOI values of 19 and 20%, respectively.
Because normal atmosphere air is approximately
21% oxygen, both PP0 and PP1 are flammable mate-
rials. The increase in the LOI value with the incorpo-
ration of the APP and IFR indicates that both materi-
als could be considered effective FRs for PP/WF
composites.

composites to achieve a V-0

Mechanical properties

Figures 3-6 show the mechanical properties of PP
and its composites. In the absence of any types of
fillers or additives, the pure PP showed the highest
tensile strength and elongation at break but the low-
est tensile modulus in comparison with the PP com-
posites. The addition of 60 wt % WEF (PP1) caused a
decrease in the tensile strength, probably because
WEF is a polar material, whereas the PP matrix is a
nonpolar material. As a polar material, WF has a
strong tendency to form agglomerates, which result
in poor interfacial adhesion between WF and the PP
matrix. As the weak region increases, the crack can
propagate more easily; this leads to fracture, and
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hence the energy to break is reduced.'® The increase
in the modulus is mainly influenced by the incorpo-
ration of rigid fiber reinforcements into the polymer.
The increase in the tensile and flexural moduli of
the PP/WF composite shows the ability of WF to
impart greater stiffness to the composite. This result
is in agreement with the trend observed for other
lignocellulosic-filled thermoplastics.'” "

As expected, the addition of rigid, particulate FR
additives into PP tended to increase the stiffness but
decrease other mechanical properties (e.g., the ten-
sile and flexural strength). All PP/WF/FR compo-
sites showed lower tensile strength than pure PP, as
shown in Figure 3. This could be attributed to the
poor interaction and compatibility of the FR and WF
with PP. The deterioration of the mechanical proper-
ties of plastics with the addition of FR has been
reported by several researchers.'”?*?! A compatibi-
lized PP/WF composite with the IFR (PP5), how-
ever, showed a 21% increase in the tensile strength,
which was probably due to the improved interaction
between WF and the PP matrix in the presence of
MAPP. In comparison with PP4, the PP5 composite
showed an 11% increase in flexural strength, which
was probably due to a better interaction between
WF and the PP matrix in the presence of MAPP.

There are many studies concerning the action of
MAPP, and most of them have shown a significant
improvement (from 25 to 100%) in the mechanical
properties of MAPP-treated composites.”>* These
values vary according to the grafting ratio and the
average molar mass of MAPP as well as the process-
ing parameters.® MAPP interacts with both the
fibers and the matrix and thus creates a link
between them. The PP segment of MAPP forms
compatible blends with bulk PP through cocrystalli-
zation, and the polar part of MAPP (maleic anhy-
dride) forms chemical bonds with the wood.? The
acidic anhydride groups of MAPP lead to hydrogen

=

O Unnotched
IS —

e
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(5] s ] [

Izod Impact strength (kbim’)
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Figure 6 Izod impact strength of PP (unnotched strength
= 111.33 = 1.70 kJ/m? for PP0, notched strength = 5.81 =
0.64 kJ/m? for PP0) and its composites.
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Figure 7 SEM micrograph of PP1. Voids and cavities are
depicted by arrows.

and chemical bonds with the hydroxyl groups of cel-
lulose (esterification reaction), which strongly anchor
the reactive groups onto the fiber surface.”® Further-
more, the PP chains of MAPP smooth the two differ-
ent surface energies of the matrix and the reinforce-
ment fibers. These aspects help to achieve better
wetting of the fibers in the melted polymer, and as a
result, the interfacial adhesion is improved.”*

The addition of the WF and FR increased the
modulus of PP. The PP2 and PP3 composites
showed the highest tensile and flexural moduli
among the PP composites. The PP3 composite
showed a slight improvement in the flexural
strength and modulus in comparison with the PP2
composite. This improvement could be attributed to
the use of the silane-treated APP FR, which could
improve the dispersion of APP particles in the com-
posites. The relatively lower modulus of the PP4
composites may be attributed to the lower rigidity of
the IFR in comparison with APP1 and APP2 (cf. Ta-
ble I). PP5 showed the lowest tensile and flexural
moduli of all the PP composites, probably because
of a plasticizing effect contributed by the presence of

BAKAR ET AL.

MAPP. However, the PP4 and PP5 composites
showed more balanced properties as far as strength
and stiffness properties are concerned. The incorpo-
ration of the WF and FR into PP resulted in a drastic
drop in the elongation at break. It appears that the
failure mode of the PP matrix shifted from ductile to
brittle with the incorporation of both materials. This
was expected because the presence of the filler
reduced the deformability of the rigid interphase
between the filler and the polymer matrix.'*?’

The unnotched Izod impact strength of the PP/
WEF composites (in the presence of the IFR, APP,
and MAPP) was lower than that of the pure PP, as
shown in Figure 6. The incorporation of 60 wt % WEF
(PP1) reduced the impact strength, and this could be
attributed to the nature of the large WF particles.
Large particles act as flaws that can easily initiate
cracks. According to Griffith’s theory, a large aggre-
gate is a weak point that lowers the stress required
for the composite to fracture.’® The replacement of
30 wt % WF with 30 wt % FR resulted in a slight
increase in the unnotched Izod impact strength of
the PP2, PP3, and PP4 composites. According to
Riley et al.,*' the impact strength depends on both
the size and the shape of the filler and is also
affected by the micromorphology. The impact
strength is enhanced by small, low-aspect-ratio filler
particles and a good particle dispersion in the poly-
mer matrix.*** Therefore, the incorporation of a
small-particle FR (cf. Table I) could improve the
impact strength of PP/WF/FR composites. Among
the composites, PP5 had the highest unnotched Izod
impact strength. This could be attributed to the
improved interfacial adhesion between the PP ma-
trix and the WF in the presence of MAPP.?® All the
composites showed a lower notched Izod impact
strength than pure PP. All the composites also
showed comparable notched Izod impact strength
values.

Figure 8 SEM micrographs of (A) PP2 and (B) PP3. Voids and cavities are depicted by arrows. Circles show (A) poor

and (B) improved APP dispersion in the PP matrix.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 9 SEM micrographs of (A) PP4 and (B) PP5. Circles show (A) WE-particle-rich areas and (B) improved wetting of

the fillers (WF and FR) by the matrix.

SEM

Figures 7-9 show SEM micrographs of the PP com-
posites. Figure 7 shows an SEM micrograph of the
60 wt % WEF-filled PP composite (PP1). The compos-
ite had a rough morphology, with the presence of
many voids and cavities resulting from WF pullout.
This indicated poor interfacial adhesion between the
PP matrix and the WF filler.>* This then resulted in
a detrimental effect on the ultimate performance (the
tensile, flexural, and impact strength) of the PP/WF
composites.

The PP/WF/FR composite exhibited a brittle fail-
ure mode, as shown in Figure 8(A). The WF and FR
particles showed poor compatibility with the PP ma-
trix, which resulted in the formation of voids and
agglomerations. The WF particles did not seem to be
dispersed well around the PP matrix. As a result,
the tensile and flexural strength and toughness
properties (the elongation at break and impact
strength) of the PP/WEF/FR composites were
reduced. The use of silane-coated APP (APP2) com-
pletely changed the morphology of the PP3 compos-
ite. In the PP3 composite, the APP particles dis-
persed more uniformly and displayed a smoother
surface in comparison with PP2, as shown in Figure
8(B). This explains the improved flexural strength,
flexural modulus, and thermal stability (Tinitia1) Of
PP3 in comparison with PP2 (cf. Figs. 3 and 4 and
Table 1V)

The presence of MAPP changed the morphology
of the PP5 composite. The SEM micrograph shown
in Figure 9(B) proves that the presence of MAPP can
improve the wetting of the fillers (WF and FR) by
the matrix, which gives rise to strong interfacial ad-
hesion.'® From the fracture surface, it is clear that
the WF particles were heavily coated by the matrix,
in contrast to the situation in PP4. This was due to
the addition of MAPP, which facilitated the interac-
tion between the WF and PP. This SEM micrograph
indicates an increase in adhesion between the WF

and the PP matrix, which was the major reason for
the improved strength and toughness properties.

CONCLUSIONS

The effects of three types of commercial FRs on the
flammability and mechanical properties of PP/WF
composites were studied. The incorporation of an FR
into the PP/WF composites led to a remarkable
effect on the charring and thermal stability of the PP
formulations, as revealed by TGA. It was evident
that pure PP and the PP/WF composite displayed
poor ER properties. The incorporation of FR reduced
the flammability and increased the LOI of PP/WF,
and thus V-0 UL94 classification was achieved. The
flame-retardancy behavior of PP/WF was further
enhanced with the incorporation of the IFR because
of the synergistic effects of their constituent materi-
als. The incorporation of the rigid FR into PP/WF
led to a significant enhancement of the stiffness.
However, this enhancement was accompanied by a
reduction in the tensile, flexural, and Izod impact
strength and the elongation at break. Further
improvement of the mechanical properties, espe-
cially the strength properties, was achieved via the
incorporation of MAPP. This was attributed to the
improvement of the filler-matrix adhesion between
the WF and the PP matrix.
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