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ABSTRACT: Al(OH)3/polypropylene (PP) composites modified by in situ-functionalized
polypropylene (FPP) were prepared by a one-step melt-extrusion process. The effect of
in situ FPP on the crystallization and melting behavior, melt-flow index, limiting
oxygen index, thermal degradation, mechanical properties, and fracture morphology of
Al(OH)3/PP composites was studied. Formation of in situ FPP resulted in a decreased
crystallization temperature and melting point of PP in the composites, an increased
melt-flow index, and improved tensile and flexural strengths of Al(OH)3/PP composites,
whereas the thermal degradation behavior and limiting oxygen index was not been
influenced. The impact strength of the Al(OH)3/PP composites modified by in situ FPP
depended upon the content of the initiator, dicumyl peroxide, and the monomer, acrylic
acid. © 2002 John Wiley & Sons, Inc. J Appl Polym Sci 83: 2850–2857, 2002; DOI 10.1002/app.
10269
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INTRODUCTION

Aluminum hydroxide, Al(OH)3, has all the char-
acteristics required for use as a flame-retardant
filler, offering high levels of flame retardancy,
without the smoke and corrosive fumes associated
with some other types of flame retardants. How-
ever, effective flame retardation of polypropylene

(PP) requires Al(OH)3 levels in excess of 60 wt %.
Generally, there is a lack of adhesion between PP
and Al(OH)3 due to large surface energy differ-
ences. One of the shortcomings of PP filled with
high levels of Al(OH)3 is the steep reduction of the
impact strength compared to that of neat PP.
Although the effect of the filler treated by cou-
pling agents with a low molecular weight on the
physical and mechanical properties of Al(OH)3/PP
composites were investigated,1–5 few studies on
the surface treatment of Al(OH)3 by a macromo-
lecular coupling agent, a functionalized polymer,
have been reported on Al(OH)3/PP composites. In
PP composites filled with magnesium hydroxide,
Mg(OH)2, or other flame-retardant additives, im-
provements in the flame retardance and mechan-
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ical properties of PP composites was observed by
addition of a functionalized polymer.6–11 Studies
have shown that the addition of a functionalized
polymer is an effective method for the modifica-
tion of the compatibility of immiscible polymer
blends and interfacial adhesion in polymeric com-
posites.8–31 In our laboratory,32–34 PP functional-
ized with acrylic acid (AA) was prepared by the
melt-extrusion process and the effect of PP-g-AA
(FPP) on the structure and physical and mechan-
ical properties of Al(OH)3/PP composites was in-
vestigated. The experimental results indicated
that the addition of FPP led to an increase in the
melt-flow index, flame retardance, and mechani-
cal properties. In this article, Al(OH)3/PP compos-
ites modified by in situ-functionalized PP grafted
with AA (in situ FPP) were prepared by a one-step
melt-extrusion process. The effect of in situ FPP
on the crystallization and melting behavior, melt-
flow index, limiting oxygen index, thermal degra-
dation behavior, mechanical properties, and frac-
ture morphology of Al(OH)3/PP composites was
studied.

EXPERIMENTAL

Materials

PP, powdered F401, was a commercial product of
the Guangzhou Petrochemical Co. (Ghangzhou,
China). Pelletized PP, 1600, was obtained from
the Beijing Yanshan Petrochemical Co. (Beijing,
China). Chemical-grade AA was purchased from
the Fushan Chemical Factory (Guangdong,
China) and used without further purification.
Chemical-grade dicumyl peroxide (DCP), used as
an initiator for the AA grafting reaction, was a
commercial product of the Shanghai Chemical
Reagent Factory (Shanghai, China). Al(OH)3 was
obtained from the Shandong Aluminum Co.
(Shangdong, China). The solvent, acetone, was
obtained from the Guangzhou Chemical Reagent
Factory (Ghangzhou, China).

Preparation of Samples

DCP and AA were dissolved in acetone and totally
blended with powdered PP and Al(OH)3 in a
GH-10 high-speed mixing machine. After the sol-
vent, acetone, had completely evaporated, the
mixture of AA and DCP was coated onto the sur-
face of the powdered PP and Al(OH)3 and was
then extruded by an SHJ-53 twin-screw extruder

at a temperature of 185–190°C, with the screw
speed set at 60 rpm. The extruded products,
Al(OH)3/FPP/PP composites, were frozen in-line
in a water bath, dried, and granulated to less
than 3 mm.

Preparation of Test Specimens

The pelletized Al(OH)3/PP and Al(OH)3/PP com-
posites modified by in situ FPP were dried at a
temperature of 90°C for 4 h before injection mold-
ing and were then injection-molded into test spec-
imens using a CJ150 ME-NC injection-molding
machine, set with a barrel temperature profile
ranging from 190 to 210°C. The shape and size of
the test specimens were described elsewhere.35

Characterization of Structure and Properties

The melting and crystallization of the samples
were studied by differential scanning calorimetry
(DSC) using a Perkin–Elmer DSC-7 in a nitrogen
atmosphere with 10°C/min heating and cooling.
The samples were heated from 30 to 220°C and
held at that temperature for 3 min. The noniso-
thermal crystallization process was recorded from
210 to 50°C, followed by heating from 50 to 210°C
for the second heating run. The crystallization
and melting parameters were obtained from the
cooling and reheating scans. The transition tem-
perature and heat of crystallization and fusion
were calibrated using an indium standard.

Melt-flow index (MFI) measurements were
conducted according to ASTM D1238 using a
XVR-400 melt indexer (Changchun Second Tester
Factory, China). The limiting oxygen index (LOI)
was measured in accordance with ASTM D 2683-
70. The sample, consisting of a bar 6 mm wide, 3
mm thick, and 150 mm in length, was placed
vertically at the center of a glass chimney 75 mm
in diameter with a height of 450 mm. A mixture of
oxygen and nitrogen of a known composition was
passed through the chimney at a rate of about 10
L/min.

The mechanical properties were determined in
both tension and flexure and under impact load-
ing. Tensile properties were measured on a
WD-5A electronic universal testing machine
(Guangzhou Test Machine Factory, China) at a
crosshead speed of 10 mm/min, in accordance
with GB/T1040-92. The flexural properties were
measured on an LWK-5 electronic tension testing
machine (Guangzhou Test Machine Factory,
China) following GB1040-92, using a crosshead
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speed of 10 mm/min and a specimen span length
of 50 mm. The Izod impact strength was per-
formed on an XJJ-5 impact testing machine
(Chengde Test Machine Factory, Hebei Province,
China) on notched specimens, using procedures
given in GB/T1043-93. The reported values were
the average of five measurements for each sample
at room temperature.

Thermal degradation of the samples was inves-
tigated with a Shimazu TGA-50 thermogravimet-
ric analyzer. Thermogravimetric analysis (TGA)
was performed at a heating rate of 20°C/min and
a nitrogen flow rate of 33 mL/min. Through the
above analyses, the pyrolysis peak temperature
(Tpm), the temperature of 5 wt % weight loss
(T5%), and the weight loss at different tempera-
tures were obtained.

The fracture morphology of specimens for the
Al(OH)3/PP and modified Al(OH)3/PP composites

were obtained by scanning electron microscopy
(SEM) using a Hitachi S-520 electron microscope
operated at 25 kV. The fracture surface of the
specimens were broken during the impact tests
and a thin layer of gold was deposited prior to
observation.

RESULTS AND DISCUSSION

Crystallization and Melting Behavior

Crystallization and melting curves of DSC for
Al(OH)3/PP and Al(OH)3/PP composites modified
by in situ FPP prepared by one-step melt-extru-
sion are shown in Figures 1 and 2. Crystallization
and melting parameters are given in Table I.
Compared to neat powdered PP, the addition of
Al(OH)3 resulted in an increase in the crystalli-

Figure 1 DSC cooling curves of Al(OH)3/PP and modified Al(OH)3/PP composites.

Figure 2 DSC heating curves of Al(OH)3/PP and modified Al(OH)3/PP composites.
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zation temperature (Tc), melting temperature
(Tm), and degree of crystallization (Xc) of pow-
dered PP. The onset temperature of crystalliza-
tion (Tco) for the Al(OH)3/PP composite was
higher than that of PP, indicating a higher nucle-
ating ability. This increased nucleation (and crys-
tallization) rate significantly increased the degree
of crystallization above that of the unfilled com-
posite. Even the Tc and Tm of powdered PP filled
with Al(OH)3 are higher than those of pelletized
PP filled with Al(OH)3. It is well known that
many fillers are heterogeneous nucleating agents
for PP, influencing not only its temperature and
degree of crystallization, but also the nature of
the micromorphology in the crystalline phase.36,37

It is suggested that Al(OH)3/PP composites pre-
pared by powdered PP more significantly im-
proved the filler dispersion in the matrix. An in-
crease of the interfacial area between PP and
Al(OH)3 due to the improved filler dispersion re-
sulted in an increase in the heterogeneous nucle-
ation sites of Al(OH)3, crystallization of the nor-
mally noncrystallizing PP chain, and an improve-
ment in the crystalline perfection.

For the modified Al(OH)3/PP composites pre-
pared by the one-step extrusion process, addition
of AA and DCP led to a decrease in the Tc and Tm
of PP in the Al(OH)3/PP composites. However, the
change of the DCP content did not influence the
crystallization and melting behavior of PP. The
Tc and Tm of PP in the composites decreased with
an increasing AA content. It is suggested that
increase in the AA content resulted in the forma-

tion of FPP with a higher grafting rate and an AA
homopolymer (PAA). The increase in the number
of grafting sites and the length of the grafting
chain restricted the nucleation and crystalliza-
tion of PP. The PAA formed during the grafting
reaction reacted with the surface of Al(OH)3 and
decreased the effect of the heterogeneous nucle-
ation of Al(OH)3 on PP. The surface treatment of
Al(OH)3 by fatty acid was found to lead to a de-
crease in the heterogeneous nucleation of Al(OH)3
in the Al(OH)3/PP composites.39

The shape of the melting peak of the
Al(OH)3/PP composites was affected by the DCP
and AA content. For the Al(OH)3/PP composites
(AL0), the low-temperature region of the melting
peak was wider. The addition of AA shifted the
temperature of the melting peak of PP to a lower
temperature and the high-temperature region of
the melting peak became wider with increasing
AA content. These experimental results indicated
that the increase in the AA content not only led to
the formation of a large amount of in situ FPP,
but also to the formation of PP with different
distributions of crystalline perfection in the
Al(OH)3/PP composites.

MFI

The MFI of the Al(OH)3/PP and modified Al(OH)3/
PP composites prepared by the one-step extrusion
process is shown in Table II. It was observed that
the type of PP (powdered and pelletized) had no
influence on the MFI. The addition of AA and

Table I DSC Data of Al(OH)3/PP and Al(OH)3/PP Composites Modified by in situ FPP

Samples
PP

(wt %)
Al(OH)3
(wt %)

DCP
(phr)

AA
(phr)

Tc

(°C)
Tco

(°C)
Tm

(°C)
Tmo

(°C) Xc (%)

PP 100 — — — 119.1 122.3 162.2 155.3 38.9
AL0 40 60 — — 128.2 131.5 164.8 156.0 45.6
AL1 40 60 0.4 2 120.6 127.3 158.7 153.8 44.6
AL2 40 60 0.4 1 126.9 132.5 160.4 152.4 44.5
AL3 40 60 0.2 2 121.2 125.8 159.6 154.8 45.1
AL4 40 60 0.2 1 124.9 129.7 158.1 148.2 45.9

�Hf � 207.15 J/g.38

Table II MFI of Al(OH)3/PP and Al(OH)3/PP Composites Modified by in situ FPP

Samples Al(OH)3/PP (Pelletized) AL0 AL1 AL2 AL3 AL4

MFI 0.10 0.07 74.4 86.3 32.5 19.8
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DCP caused a significant increase in the MFI of
the Al(OH)3/PP composites. These experimental
results indicated that the flow property and pro-
cessability of the Al(OH)3/PP composites was im-
proved. The increase in the MFI was more signif-
icant with an increasing DCP content due to the
degradation of PP. For a low DCP content (0.2
phr), an increase in the MFI of the composite was
observed, whereas for a high DCP content (0.4
phr), the opposite tread was found with an in-
creasing AA content, suggesting that a large
amount of PAA with a low molecular weight was
formed for the lower DCP content. It is believed
that at a low DCP content the PAA formed during
the grating reaction acted as a lubricant, both
externally causing wall slip and/or internally be-
tween adjoining particles. Therefore, the flow
property and processability of the Al(OH)3/PP
composites were improved. When the DCP con-
tent was increased, more radicals were formed. A
large amount of in situ FPP with a higher grafting
rate was produced with an increasing AA content.
In this case, the increase in the amount of FPP
resulted in an increase in the effect of the inter-
facial interaction between FPP and Al(OH)3.
Upon increasing the interfacial interaction, the
molecular mobility in the interlayer was more

hindered, which led to an increase in the melt
viscosity and a decrease in the MFI.

Thermal Stability

TGA data in a nitrogen atmosphere is shown in
Table III. The addition of Al(OH)3 resulted in an
increase in the pyrolysis peak temperature (Tpm2)
and a decrease in the temperature of 5% weight
loss (T5%) due to the effect of Al(OH)3. The
method of preparation by one-step and two-step
extrusion had no influence on the thermal stabil-
ity of the composites. For the modified
Al(OH)3/PP composites prepared by one-step ex-
trusion, the addition of AA and DCP and the
change of their content had little effect on the
thermal degradation of the Al(OH)3/PP compos-
ites.

Mechanical Properties

The mechanical properties of the Al(OH)3/PP and
modified Al(OH)3/PP composites containing the
filler content of 60% by weight are presented in
Table IV. For the DCP content of 0.2 phr, the
impact strength (IS), flexural strength (FS), ten-
sion strength (TS), and elongation at break (EB)

Table III TGA Data of Al(OH)3/PP and Al(OH)3/PP Composites Modified by in situ FPP

Samples
T5%

(°C)
Tpm1

(°C)
Tpm2

(°C)

Weight Loss (wt %)

350°C 400°C 500°C 600°C

AL0 305.7 334.0 488.9 16.2 18.4 54.7 58.8
AL1 305.4 329.9 484.1 16.9 18.9 58.4 61.3
AL2 303.1 327.4 483.4 17.5 19.4 57.0 59.4
AL3 302.9 327.2 483.5 17.1 19.1 58.5 61.0
AL4 310.3 330.9 488.4 16.1 17.7 55.6 59.0

Powdered PP 390.1 470.3 7.1 99.6

Two-step extrusion 302.5 328.6 488.4 15.6 17.1 58.1 61.9

Table IV Mechanical Properties of Al(OH)3/PP and Al(OH)3/PP Composites Modified by in situ FPP

Samples
IS

(kJ/m2)
FS

(MPa)
FM

(GPa)
TS

(MPa)
TM

(MPa)
EB
(%)

AL0 1.25 37.7 4.2 19.9 3.4 1.1
AL1 1.15 53.7 4.2 30.7 3.7 1.8
AL2 0.99 51.2 3.0 29.4 3.5 1.6
AL3 1.47 49.9 4.0 31.7 3.4 2.7
AL4 1.42 52.4 4.3 29.6 3.4 2.1
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of the Al(OH)3/PP composites modified by in situ
FPP are higher than those of the unmodified
Al(OH)3/PP composite (AL0). Although the im-
pact strength of the modified Al(OH)3/PP compos-
ites decreased with increasing DCP content, the
content of DCP had no influence on the tension
and flexural properties of the modified
Al(OH)3/PP composites. Compared to the unmod-
ified Al(OH)3/PP composite (AL0), the formation
of in situ FPP led to a significant increase in the
tension and flexural strength of the Al(OH)3/PP
composites. The tension and flexural strengths of
the modified Al(OH)3/PP composites prepared by
one-step extrusion are higher, 37 and 52%, re-
spectively, than those of unmodified Al(OH)3/PP
composites. The tension modulus (TM) and flex-
ural modulus (FM) were little influenced. These
results indicated that the formation of in situ FPP
improved the interfacial interaction and adhesion
of the two components. Therefore, the mechanical
properties of the Al(OH)3/PP composites was sig-
nificantly improved. Comparing the tension and
flexural strengths of the Al(OH)3/PP composites
modified by the addition of FPP34 with that of the
Al(OH)3/PP composites modified by in situ FPP, it
was found that the Al(OH)3/PP composites modi-
fied by in situ FPP exhibited higher tension and
flexural strengths.

Flame Retardance

The LOI of the Al(OH)3/PP and modified
Al(OH)3/PP composites are given in Table V. The
addition of AA and DCP had little influence on the
LOI of the Al(OH)3/PP composite, which may be
due to the better dispersion of the filler in the
Al(OH)3/PP composites prepared by powdered PP.
The LOI of the Al(OH)3/PP composites modified
by in situ FPP was also found to be higher than
that of the composites modified by the addition of
FPP.33 The interfacial interaction and the filler
dispersion appeared to be more significantly im-

Figure 3 Fracture morphology of Al(OH)3/PP and
modified Al(OH)3/PP composites.

Table V LOI of Al(OH)3/PP and Al(OH)3/PP
Composites Modified by in situ FPP

Samples AL0 AL1 AL2 AL3 AL4

LOI 27.3 27.8 27.0 27.6 27.6
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proved in composites modified by in situ FPP than
by the addition of FPP, resulting in enhanced
mechanical properties and flame retardance of
the Al(OH)3/PP composites.

Fracture Morphology

SEM photographs of the fracture surface of im-
pact specimens of unmodified Al(OH)3/PP and
Al(OH)3/PP composites modified by in situ FPP
are shown in Figure 3. The filler distribution in
the modified Al(OH)3/PP composites was better
than that of the unmodified Al(OH)3/PP compos-
ites, which was attributed to the improvement of
the flow property due to the lubrication of FPP
with a low molecular weight. On the other hand,
the interfacial adhesion between Al(OH)3 and PP
was improved due to the interfacial interaction of
FPP in the composites. As a result, the physical
and mechanical properties of the Al(OH)3/PP
composites were improved.

CONCLUSIONS

Al(OH)3/PP composites modified by in situ FPP
were prepared by a one-step melt-extrusion pro-
cess. The addition of Al(OH)3 resulted in an in-
crease in the crystallization temperature (Tc),
melting temperature (Tm), and degree of crystal-
lization (Xc) of PP. The Tc and Tm of powdered PP
filled with Al(OH)3 are higher than those of pel-
letized PP filled with Al(OH)3. The addition of AA
and DCP led to a decrease in the Tc and Tm of PP
in the composites. The Tc and Tm of PP in the
composites decreased with increasing AA content.
The addition of AA and DCP caused a significant
increase in the MFI in the composites and had
little effect on the thermal stability of the com-
posites. The mechanical properties of the compos-
ites modified by in situ FPP are higher than those
of the unmodified composite. The formation of in
situ FPP appears to have improved the interfacial
interaction, the filler dispersion, and the adhesion
between two components. However, the formation
of in situ FPP had little influence on the LOI of
the composites.
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