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Abstract

In this paper, the effects of melamine polyphosphate flame retardant (MPP-FR) and maleic anhydride-grafted EPDM
(MA-EPDM) on the interfacial interaction of PA66/GF were investigated by means of scanning electron microscopy
(SEM), dynamic mechanical analysis (DMA), differential scanning calorimetry (DSC), rheological behavior and mechan-
ical properties. The experimental results demonstrate that MPP-FR and MA-EPDM could effectively improve interfacial
interactions between the PA66 and GF. Based on SEM, good interfacial adhesion between PA66 and GF in PA66/GF/FR
and PA66/GF/FR/MA-EPDM composites was observed, however, MPP-FR destroyed the PA66 matrix. DMA results
show that MPP-FR increased glass transition temperature (Tg) and storage modulus, and lower tand, while MA-EPDM
showed a little effect on them in PA66/GF/FR/MA-EPDM composite compared with PA66/GF/FR. MPP-FR made
PA66 crystallization temperature and the activation energy of the macromolecular segments transport increase clearly,
and enhanced crystallization degree of PA66 according to DSC results. These results demonstrate MPP-FR presented
the nucleate effect for the crystallization of PA66. At the low shear rate, MPP-FR and MA-EPDM obviously enhanced
apparent viscosities of the composites. This is attributed that MPP-FR improved the interfacial interaction of the compos-
ites, and MA-EPDM promoted the formation of high molecular weight structures by the reactions between MA and amine
groups. All results in this paper were consistent, and showed the good interaction among PA66, GF, MPP and MA-
EPDM, which were proved by the mechanical properties of the composites.
� 2007 Elsevier Ltd. All rights reserved.

Keywords: PA66; Interfacial interaction; Morphology; Rheological behavior; Glass fiber; Flame retardant
1. Introduction

Polyamide 66 (PA66), as an engineering thermo-
plastic, is playing an important role in modern
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industrial field. However, PA66 has some disadvan-
tages, such as poor dimensional stability, high
moisture absorptivity, low heat deflection tempera-
ture (HDT) and easy flammability [1]. Reinforced
plastics have achieved popularity in a short time
due to design flexibility, corrosion resistance, high
strength, dimensional stability, light weight, low
.
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tooling and finishing lost. Glass fiber reinforced PA
has become available in recent years and is used in
gears, automotive industry and a variety of domes-
tic appliances. Glass fiber reinforcement leads to a
substantial increase on the tensile strength, flexural
modulus, hardness, creep resistance and HDT,
whereas, glass fiber reinforced PA is flammable
material. In order to obtain the flame retardancy
of UL94 V-0 rating, many researches have been
reported in the literatures [2–5]. Some bromine con-
taining flame retardants show very effective flame
retardancy in PA. However, they have been limited
in application of polymeric materials due to the cor-
rosiveness and toxicity of products generated during
the combustion process [6]. Non-halogen flame
retardants have been popularly applied in PA
[7,8]. Melamine cyanurate (MCA) is one of the
most important non-halogen flame retardants of
PA. It presents the very effective flame retardancy
in non-glass fiber reinforced PA. However, it is
rarely effective in the flame retardancy of glass
fiber reinforced PA due to candlewick effect during
burning. Red phosphorus or modified red phos-
phorus has been reported to be a very effective
flame retardant of glass fiber reinforced PA, and
glass fiber reinforced PA66 filled with red phospho-
rous of 5–7.5% can reach UL-94 V-0 rating. How-
ever, its application is restricted because of its
color problem and highly toxic phosphine produced
during processing and storing [9]. Meanwhile,
owing to the poor interfacial interaction, the intro-
duction of red phosphorus destroys the mechanical
properties of glass fiber reinforced PA [10]. Mela-
mine polyphosphate (MPP) is considered to be a
favorable flame retardant of glass fiber reinforced
PA66 due to high thermal stability, flame retardant
efficiency, color advantage and good mechanical
properties.

The ultimate mechanical properties of compos-
ites depend on the characteristics of the matrix
and fibers, as well as their adhesion strength. Gener-
ally, PA66 and GF do not strongly interact with
each other, resulting in poor stress transfer along
the interface [5,6]. This lack has led many research-
ers to seek new ways to improve the adhesion char-
acteristics of fiber/matrix interface. Botrlho et al.
[11] and Idemura and Haraguchi [12] performed
an in situ interfacial polycondensation of PA66
and fibers by putting fibers, adipic chloride and hex-
amethylenediamine together, their results show an
enhanced interface compared to that of composites
prepared by melt blending of PA66 and unsized
fibers. Wade et al. [13] investigated the effect of
plasma treatment. In fact, very few if any direct
chemical bonds were created between the fibers
and PA66, and the interface was not improved
enough. Many researches are conducted on how
to enhance the interface interaction for increasing
the mechanical and physical properties of compos-
ites [14–17]. The interfacial interaction is also very
important for improving mechanical properties of
flame retarded and glass fiber reinforced PA66,
however, the interfacial interaction is rarely
reported.

Non-halogen flame retarded and glass fiber rein-
forced PA66 is a very important engineering plastics
in electric appliances. In our contribution, the effects
of MPP-FR and MA-EPDM on interfacial behav-
ior of glass fiber reinforced PA66 composites are
investigated by morphology, thermal behavior,
rheological behavior, dynamic and mechanical
properties.
2. Experimental

2.1. Materials

Maleic anhydride-grafted EPDM (MA-EPDM)
was offered by Rizhisheng plastics company. The
E-Glass Fiber (GF) treated with aminosilane cou-
pling agent in this study was produced by Taishan
Glass Fiber Limit Co., and the diameter of glass
fiber is 10 lm. PA66 manufactured by Heilongjiang
Engineering Plastics Company was dried at 80 �C
for 24 h before use, and melamine polyphosphate
(MPP) used as flame retardant was prepared by
our laboratory.
2.2. Processing

All the composites in this study were prepared by
melt mixing using a co-rotating 35 mm twin-screw
extruder at operating temperature profiles of 220–
275–275–275–275–270 �C. The components of the
composites are 75% PA66 and 25% glass fiber for
PA66/GF, 50% PA66, 25% GF and 25% FR for
PA66/GF/FR, and 43% PA66, 25% GF, 25% FR
and 7% MA-EPDM for PA66/GF/FR/EPDM,
respectively. The loading of 25% MPP-FR can
reach UL-94, V-0 rating, for PA66/GF composites.
The extrudants were dried in a vacuum oven at
85 �C for 6 h, and were injection molded at 280 �C
into various testing specimen.



Fig. 1. SEM micrographs of PA66/GF.
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2.3. Scanning electron microscopy (SEM)

For the observation of interface behavior and
dispersivity of glass fibers in PA66/GF, PA66/GF/
FR or PA66/GF/FR/MA-EPDM, specimens were
fractured under liquid nitrogen condition. The frac-
ture surface of the sample was sputter-coated with
gold layer before examination, and the morphology
micrographs of the composites were obtained at
magnifications of 1000· using FEI QuanTa200
SEM (Holand), which the accelerating voltage was
15 kV.

2.4. Dynamic mechanical analysis (DMA)

Dynamic mechanical analysis was carried out by
means of stress–strain oscillation measurement.
Dimension of samples is 10 mm · 60 mm · 3 mm.
All experiments were carried out at a frequency of
3 Hz, a heating rate of 3 �C/min, temperature range
from 25 to 260 �C. The specimens were dried at
105 �C for 48 h under vacuum before testing. The
viscoelastic properties, such as the storage modulus
(E 0) and the loss factor tangent (tand), were mea-
sured for each sample in this temperature range as
a function of temperature.

2.5. Thermal analysis

Thermal analysis tests were carried out using a
Perkin–Elmer Diamond differential scanning calo-
rimetry (DSC) apparatus. All measurements were
tested under pure nitrogen gas at a heating rate of
10 �C/min. The weight of samples was kept about
5 mg. The samples were first heated from 25 to
280 �C and held at this temperature for 5 min to
remove their thermal history. The samples were
then cooled to 25 �C and held for 2 min before
reheating to 280 �C. The values of crystallization
temperature (Tc), melting temperature (Tm) and
melting enthalpy (DHm) were determined from the
cooling and second heating scans.

2.6. Rheology measurements

The apparent viscosity of the composites was
determined at 270 �C under the shear rates ranging
from 10 to 103 s�1 using a capillary rheometer
(MLW-400) with a capillary diameter of 1 mm
and L/D ratio of 40. End corrections were not
applied, hence the value obtained are apparent
viscosity.
2.7. Mechanical testing

Determination of tensile and flexural properties
was carried out with a Regeer computer controlled
mechanical instrument, and the test of Izod impact
was performed by Notched Izod impact instrument,
respectively, accordance to ASTM standards.
3. Results and discussion

3.1. Morphology observation

The SEM micrographs of the composites (PA66/
GF, PA66/GF/FR and PA66/GF/FR/MA-EPDM)
are given in Figs. 1–3, respectively. The microstruc-
ture micrographs are obtained from cryofractured
surfaces of the composites. From Fig. 1, voids pre-
sented around the fibers and the fracture surface
was rather smooth. Glass fibers were pulled out
from the polymer matrix without leaving any sign
and the fibers themselves showed a very clean sur-
face. This result demonstrates that the interfacial
adhesion between PA66 and GF was very weak
due to weakly physical interaction based upon fiber
break and pullout.

In Fig. 2, it was observed that interfacial interac-
tion of PA66 and GF was improved by MPP-FR
flame retardant based upon the surface of fibers,
and PA66 matrix cracking took place. MPP-FR
showed a good interaction in PA66/GF. Despite
MPP-FR improved interfacial interaction between
PA66 and GF, it destroyed the matrix strength. In
Fig. 3, the rough surface on GF was also seen,
and the matrix cracking was not observed. This



Fig. 2. SEM micrographs of PA66/GF/FR.

Fig. 3. SEM micrographs of PA66/GF/FR/MA-EPDM.
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result demonstrates that MA-EPDM improved the
interfacial interaction between PA66 and GF, and
matrix toughness, proved by DMA results.

The explanation was given as following schemes.
In Scheme 1, it was proposed that P–OH group in
MPP-FR molecule reacted with Si–OH and –NH2

on the surface of modified glass fiber to form P–
O–Si bond and P–O�NHþ3 –salt, and –NH2 in
MPP-FR could form hydrogen bonds with oxygen
and nitrogen atoms in PA66 molecules. Therefore
MPP-FR effectively improved the interfacial inter-
action between PA66 and GF. However, due to
the high loading (25%) and the rigidity of MPP-
FR, PA66 matrix took place the cracking while
the composite was cryofractured.

Scheme 2 gave the interaction among compo-
nents in the presence of MA-EPDM. It was pro-
posed that MA groups of MA-EPDM easily
reacted with Si–OH and –NH2 on the glass fiber sur-
faces to form ester bonds and acylamide bonds, and
at the same time MA groups and acylamide groups
on PA66 took place the crosslinking reactions to
form high molecule weight polymer chains, and
the hydrogen bonds also presented in composites.
So that MA-EPDM effectively improves the interfa-
cial interaction in PA66/GF/FR/MA-EPDM
composite.

3.2. DMA measurements

Polymer composites were subjected to a con-
trolled sinusoidal strain and the resultant displace-
ment was measured, the loss factor tand versus
temperature curves at 3 Hz for PA66/GF, PA66/
GF/FR and PA66/GF/FR/MA-EPDM, are repre-
sented in Fig. 4.

All composites showed two damping peaks, the
first peak at lower temperature was corresponding
to the glass transition temperature (Tg) of PA66,
which could be ascribed to the micro-Brownian
motions of the matrix PA66 [18,19]. It can be used
to analyze the effect of the GF and MPP-FR on
this relaxation of the polymer matrix. Tg of the
matrix PA66 in PA66/GF, PA66/GF/FR and
PA66/GF/FR/MA-EPDM composites were 59 �C,
63 �C, 62 �C, respectively, which were obtained
according to the first peak in Fig. 4. Tg of the
matrix PA66 in PA66/GF is higher than that of
pure PA66, which was 57 �C. This result is attrib-
uted to an effective restriction of thermally molecu-
lar motion of PA66 at the interfacial layer between
PA66 and GF. With adding MPP-FR and MA-
EPDM into PA66/GF composites, it was observed
that peak value of tand decreased and Tg increased.
This result indicates that PA66 molecular chain
mobility decreased at the interfacial zone, and
increased the interactions between glass fiber and
matrix. Ashida [20] reported that the relation
between tand and interface adhesion can indirectly
show the interface adhesion property, and the
smaller the tand is, the better the interface adhe-
sion. The experimental result is in agreement with
Ashida’s result. MPP-FR and MA-EPDM obvi-
ously improved the interfacial interaction between
PA66 and GF, which is proved by SEM results
above.

The storage modulus (E 0) as a function of tem-
perature in PA66/GF, PA66/GF/FR and PA66/
GF/FR/MA-EPDM system is presented in Fig. 5.
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Table 1
Thermal properties of PA66 and its composites

Samples Tm (�C) DHm
a

(J/g)
Tc (�C) Xc

b (%) Ec

(kJ/mol)

PA66 262.3 30.3 231.3 16.1 243.5
PA66/GF 259.5 30.4 227.0 16.2 201.1
PA66/GF/FR 261.4 35.6 235.4 18.9 305.9
PA66/GF/FR/

MA-EPDM
260.8 35.1 234.2 18.7 292.5

a Values normalized to the amount of the PA66 phase.
b The Xc is calculated from the ratio of DHm to DH0

m, the DH 0
m

of PA66 with 100% degree of crystallization is 188.4 J/g [22].
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From Fig. 5, MPP-FR clearly enhanced the stiffness
of the composite, compared with PA66/GF com-
posite. This result is attributed to the stronger inter-
facial adhesion among PA66, GF and MPP-FR,
these enhanced interactions are contributed to a
better stress transfer, which explains the enhanced
stiffness. However, MA-EPDM decreased the stiff-
ness of PA66/GF/FR composite according to stor-
age modulus shown in Fig. 5. This result is
attributed to MA-EPDM, a low modulus elastomer
with a lower Tg, and the addition of MA-EPDM
hampered the crystalline phase development of
PA66. In other words, the addition of a low modu-
lus elastomer resulted in the reduction in the storage
modulus and Tg values of the composites. This
result is in agreement with the SEM results dis-
cussed above.
3.3. Thermal analysis

The DSC curves of pure PA66 and its composites
during cooling and heating cycles are shown in
Fig. 6. It was found that two melting peaks occurred
during the heating process for all PA66 composites
in this study. The same observation was reported by
Klein [21]. The formation of two melting peaks
attributes the secondary crystallization of PA66.
The thermal parameters, such as crystallization tem-
perature (Tc), maximum melting temperature (Tm),
the heat fusion (DHm), the crystallinity (Xc) and
crystallization activation energy (Ec), were deter-
mined or calculated from the DSC curves, which
are summarized in Table 1. It was seen that the
DHm of PA66/GF composite was almost not
affected by glass fiber. This result implied the immis-
cibility of the PA66 and GF. For PA66/GF/FR
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Fig. 6. DSC crystallization and melting for PA66 and its
composites.
composite, an increase of the DHm and Xc was
observed, which indicated the good interaction
between the PA66 and MPP-FR.

As seen in Table 1, the crystallization tempera-
tures were 231.3, 227.0, 235.4 and 234.2 �C for
PA66, PA66/GF, PA66/GF/FR and PA66/GF/
FR/MA-EPDM, respectively. MPP-FR caused an
increase in Tc and crystallization degree (Xc) of
PA66. This phenomenon is considered that MPP-
FR acted as a nucleating agent, which increased
the crystallization rate of PA66. This result is in
agreement with that of nano-hydroxyapatite effect
in PA66 by Zhang et al. [23]. In fact, in the presence
of a nucleating agent, generally, it results in a reduc-
tion of the activation free energy of nucleation,
however, MPP-FR increased Ec of PA66/GF/FR
compared with pure PA66 and PA66/GF compos-
ite. This result was because the high addition of
MPP-FR effectively improved the interface adhe-
sion between PA66 and GF, and made the PA66
segment motion become difficult. Compared with
PA66/GF/FR composite, MA-EPDM in PA66/
GF/FR/MA-EPDM induced a little decrease in
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Fig. 7. The apparent viscosity measured at 270 �C for PA66 and
its composites as a function of shear rate.



Table 2
Mechanical properties of PA66/GF and its composites

Sample Tensile strength
(MPa)

Flexural strength
(MPa)

Flexural modulus
(GPa)

Notched Izod impact strength
(kJ/m2)

PA66 82.1 110.3 2.8 5.5
PA66/GF 123.9 182.5 7.8 6.0
PA66/GF/MPP-FR 154.9 236.1 10.8 6.5
PA66/GF/FR/MA-EPDM 148.2 222.2 8.96 8.5
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Tm, DHm, Tc, Xc and Ec, since the PA66 molecular
movement was hindered by the coupling interaction
between MA-EPDM and GF or PA66.

3.4. Rheological behavior

The apparent viscosities of PA66 and its compos-
ites were measured in the capillary rheometer at
270 �C and shown in Fig. 7. The rheological behav-
ior of the composites is generally a reflection of the
change in molecular weight and the interaction
among the components. From Fig. 7, the rheologi-
cal behavior at 270 �C showed more distinct differ-
ence between PA66 and its composites. PA66/GF,
PA66/GF/FR and PA66/GF/FR/MA-EPDM
exhibited the shear thinning behavior, while the
pure PA66 exhibited Newtonian fluid behavior at
270 �C. Wei also reported that the nylon 66 has
the same results [24]. It is of interest that the appar-
ent viscosities of the composites were higher than
that of pure PA66, and MPP-FR and MA-EPDM
obviously enhanced apparent viscosities of the com-
posites at the low shear rate, while the apparent vis-
cosities of the composites decreased with increasing
shear rate. This result is attributed that MPP-FR
enhanced the interfacial interaction strength of the
composites, and MA-EPDM made high molecular
weight of PA66 increase by the reactions between
MA and amine groups [25,26], therefore, the motion
of PA66 molecule chains were restricted.

It is noticed that the viscosities of PA66/GF/FR/
MA-EPDM composite decreased sharply with
increasing shear rate. Compared to PA66/GF/FR
composite, MA-EPDM presented an important
shear thinning behavior. The viscosity of PA66/
GF/FR/MA-EPDM became very low at a high
shear rate. The flow curves of the PA66/GF/FR/
MA-EPDM and PA66 presented the crossover
point at a shear rate of 240 s�1. This crossover point
has a practical significance at processing. This result
is attributed to inherent property of MA-EPDM,
that is, the rate of disentanglement was greater than
that of entanglement at the high shear rate.
3.5. Mechanical properties

The influences of MPP-FR and MA-EPDM on
the mechanical properties of PA66/GF materials
are shown in Table 2. Glass fibers obviously
enhanced tensile strength, flexural strength and
notch Izod impact strength of PA66/GF composite.
MPP-FR with a loading of 25% effectively increased
mechanical properties compared with the PA66/GF
composite. This result clearly proved that MPP-FR
improved the interfacial interaction of the compo-
nents in PA66/GF/FR composite. MA-EPDM, as
an interfacial compatiblizer, is an elastomer. How-
ever, MA-EPDM with a loading of 7% was still able
to keep good mechanical properties including tensile
strength and flexural strength, and increased notch
Izod impact strength, compared with the PA66/
GF/FR composite. This result further proved that
MA-EPDM was an effective interfacial compatib-
lizer for flame retarded and glass fiber reinforced
PA66. These results of mechanical properties are
in agreement with above interfacial analysis results.

4. Conclusions

The effects of MPP-FR and MA-EPDM on inter-
facial behavior of glass fiber reinforced PA-66 com-
posites are discussed by SEM, DSC, DMA,
rheological behavior and mechanical properties.
Following conclusions can be drawn:

MPP-FR can effectively improve the interfacial
interaction between PA66 and GF. MPP-FR pre-
sents a nucleate effect for the crystallization of
PA66, it makes PA66 crystallization temperature
and the activation energy of the macromolecular
segments transport increase clearly, and enhances
crystallization degree of PA66 by DSC results.
The addition of MPP-FR also presents higher Tg,
storage modulus and lower tand of the composites.

MA-EPDM, as an interfacial compatibilizer, is
used in PA66/GF/FR to improve the interfacial
interaction between PA66 and GF. Based upon
SEM, DMA, DSC, rheological behavior and
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mechanical properties results discussed above, MA-
EPDM can obviously enhance the interfacial inter-
action between PA66 and GF. It is proposed that
these results are attributed to the chemical reactions
of MA moieties on elastomers with the amine
groups of PA66, and lower molecular chain mobil-
ity at the interfacial zone.

All interfacial analysis and mechanical properties
obtained in this paper indicate that MPP-FR and
MA-EPDM present the good interfacial interac-
tions in PA66/GF composites.
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