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Abstract
The interfacial interaction of flame retarded and glass fiber reinforced PA66 composites is a very important issue due to one of the key factors
influencing the mechanical properties of materials. In this article, the interfacial interaction among the components in the composites has been
studied by IGC/DSC/SEM techniques. The experimental data demonstrated that Zn2þ-modified melamine polyphosphate (ZneMpolyP) flame
retardant could obviously enhanced the mechanical properties of the composites compared with melamine polyphosphate (MpolyP). SEM
results proved that ZneMpolyP could well disperse in the composites, and effectively improve the interfacial compatibility of the composites.
Based on DSC results, ZneMpolyP and MpolyP promoted the crystallization enthalpy (DHc) and temperature (Tc) of PA66 to increase.
ZneMpolyP showed more effect in increasing the crystallization degree of PA66 than MpolyP. They exhibited the nucleating effect in
PA66. The Lewis acidebase numbers (Ka and Kb) and their ratio (Kb/Ka) obtained by inverse gas chromatography (IGC) further proved that
the strongest Lewis acidebase interaction between PA66 and ZneMpolyP existed in the composites. This result is probably due to the
strong complex between Zn2þ in ZneMpolyP and lone pair electrons at O and N atoms of PA66 and glass fiber. Therefore, the all results of
IGC/DSC/SEM techniques demonstrated that the interfacial compatibility of components in composites was better improved by ZneMpolyP
than MpolyP.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Polyamide materials are semicrystalline engineering plas-
tics used for numerous engineering applications due to good
chemical resistance, high tensile and flexural strengths, good
abrasion, and easy processing performance [1e8]. In order
to further obtain high impact strength, good dimension stabil-
ity, high modulus and low water absorption, the glass fiber re-
inforced polyamide composites have been widely emphasized.
They have been widely applied in Electronic and Electric
(E&E) applications. However, many applications of glass fiber
reinforced polyamide composites are restricted because of
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their easy flammability. Most researchers [8e10] have been
paying attention to Research and Development (R&D) of the
flame retarded and glass fiber reinforced polyamide compos-
ites, especially polyamide 66 (PA66) and polyamide 6 (PA6).

Due to the black smoke and erosive gases that halogen con-
taining flame retardant polymeric materials produce during
burning [11,12], halogen-free flame retardancy has become
a hot point in flame retardant researches [10,13e19]. Many
researches have proved that melamine cyanurate is an effective
flame retardant for PA66 and PA6 [20], however, it presents
a low flame retardancy in the glass fiber reinforced PA66 and
PA6 systems due to the ‘‘candlewick effect’’ of glass fiber.
Microcapsule red phosphorus can be used in glass fiber rein-
forced polyamide composites, and shows good flame retard-
ancy, however, its application is limited due to red color and
phosphine produced at the processing. Melamine polyphosphate
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(MpolyP) has been proved to be a very important and effective
flame retardant for glass fiber reinforced PA66 and PA6 [3], of
which the flame retardancy can reach UL-94 V-0 rating. Jahromi
and co-workers [21] reported the effect of MpolyP on thermal
degradation mechanism of PA66 and PA6. In our recent research
work, Zn2þ-modified MpolyP flame retardant synthesized in
our laboratory was applied in glass fiber reinforced PA66
composites [22,23].

As all we know, the surface and interface properties are
important factors influencing mechanical properties of mate-
rials [24]. Kazuya and co-workers [25] reported the aggrega-
tion structure and molecular motion on interface in glass
fiber reinforced PA66 composites. But the reports on the inter-
face interaction of flame retarded and glass fiber reinforced
PA66 are few at present.

Inverse gas chromatography (IGC) is a characterization
technique for surface properties of solid materials [26e29].
Lewis acidebase numbers (Ka and Kb) obtained by IGC
have been used to explain the interfacial interaction between
materials [24]. This contribution is aimed to gain a better
understanding of the interfacial interaction among PA66, glass
fiber and flame retardants by the combination of inverse gas
chromatography (IGC), differential scanning calorimetry
(DSC) and scanning electron microscopy (SEM).
2. Experimental
2.1. Materials
PA66 (101L) used in this work was purchased from Dupont
Ltd., USA. Glass fibers were purchased from Jushi group Co.,
Ltd., China. The flame retardants of ZneMpolyP and MpolyP
were synthesized in our laboratory.

For the IGC analysis, the apolar n-alkane probes were
n-hexane (C6), n-heptane (C7), and n-octane (C8), n-nonane
(C9) and n-decane (C10). Dichloromethane (CH2Cl2),
trichloromethane (CHCl3), acetone (Acet), ether and tetrahy-
drofuran (THF) were used as the polar probes, and n-pentane
was used as the reference probe. All probes were of analytical
grade, and were purchased from Tianjin Kermel Chemical
Reagents Development Center, China. The surface characteris-
tics of the probes [29e34] are listed in Table 1.
Table 1

Characteristics of the probe solvents

Probes a (Å2) rd
1 (mJ/m2) aðrd

1Þ
0:5

(Å2

(mJ/m2)0.5)

AN*

(kJ/mol)

DN (kJ/mol)

n-C6 51.5 18.4 221

n-C7 57.0 20.3 257

n-C8 63.0 21.3 291

n-C9 69.0 22.6 329

n-C10 75.0 23.4 363

CH2Cl2 31.5 27.6 165 16.3 0.0

CHCl3 44.0 25.9 224 22.7 0.0

Acet 42.5 16.5 173 10.5 71.4

Ether 47.0 15.0 182 5.88 80.6

THF 45.0 22.5 213 2.10 84.4
Chromosorb 101 (80e100 mesh) purchased from Shanghai
Chemical Plant of China was used as the column stationary
phase support for PA66.
2.2. Composite preparation
The formulations of the composites mainly included PA66,
glass fiber, and flame retardants (MpolyP and ZneMpolyP).
The glass fiber was fixed at 25 wt% in the composites, and
the loadings of PA66 and the flame retardants were 75, 70,
65, 60, 55, 50 wt% and 0, 5, 10, 15, 20, 25 wt%, respectively.
In order to improve the processing performance, polysiloxane,
as a processing aid, was used in the formulations, and its load-
ing was 0.7 wt% based on the total formulation mass. These
formulations were extruded by using a co-rotating 35-mm
twin-screw extruder (TE-35, Nanjing Jieya Extruder Equip-
ment Co., Ltd., China) at the operating temperatures of
270e275 �C, and then cut into granules. Finally, the granules
were injected to form sample bars for testing impact strength,
tensile strength and flexural strength, using an injection
molding machine (HTF86X1-A, HaiTian Groups, China) at
the injection temperature of 280e290 �C.
2.3. Inverse gas chromatography
The inverse gas chromatography (IGC) measurements were
carried out on an Agilent 6850 gas chromatograph instrument
equipped with a flame ionization detection (FID) system.
Pure nitrogen was used as the carrier gas. The column temper-
ature ranges, the sample weights and the flow rates are listed in
Table 2. The temperature of injector and FID was set to 130 �C.
The probe solvents were manually injected into the column by
a 1.0 mL Hamilton syringe. The injection volumes were 0.1 mL.
The column was a stainless steel tube (0.5 m length, 4.24 mm
i.d.), washed with acetone prior to use. PA66 coated on chro-
mosorb 101, glass fiber, ZneMpolyP and MpolyP was filled
in the stainless column. Ka and Kb of each material were calcu-
lated according to the net retention volume obtained from IGC.
2.4. DSC
Differential scanning calorimetry tests were carried out on
PerkineElmer Diamond DSC. The weight of each sample was
ranged from 4 mg to 5 mg. All samples were heated from the
room temperature to 280 �C at a heating rate of 150 �C/min,
then kept at this temperature for 5 min to release all stresses
and the thermal history. Finally, the samples were then cooled
from 280 �C to 25 �C at a constant rate of 10 �C/min. The
Table 2

IGC experimental conditions

Materials Temperature

range (K)

Temperature

increment (K)

Flow

rate (cm3/min)

Sample

weight (g)

PA66 343.3e373.3 10 10.5 0.2287

Glass fiber 343.3e373.3 10 7.0 2.0995

ZneMpolyP 373.3e403.3 10 20.0 0.5893

MpolyP 373.3e403.3 10 20.0 1.0261
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crystallization enthalpy (DHc) and crystallization temperature
(Tc) of PA66 were obtained by calculating.
2.5. Mechanical property tests
Tensile strength, flexural strength and Izod impact of all
samples were obtained on a Regeer computer controlled me-
chanical instrument and Notched Izod impact instrument, re-
spectively, according to the ASTM standards.
2.6. SEM
Fig. 2. Effect of flame retardants on flexural strength of glass fiber reinforced

flame retarded PA66.
The fractured surfaces of the composites obtained under the
liquid nitrogen condition were coated with gold to prevent elec-
trical charging. The surface morphological images of all sam-
ples were observed by the FEI Quan Ta200 SEM of Holland
at an acceleration voltage of 15 kV.

3. Results and discussion
3.1. Mechanical properties
MpolyP and ZneMpolyP, as flame retardants, were used in
glass fiber reinforced PA66 systems to obtain the flame retardant
composites because they are considered to be very effective in
the flame retardancy, and UL-94 V-0 rating of the composites
are achieved when the loading of the flame retardants were
kept at 25 wt%.

Figs. 1e3 show the influence of flame retardants on the ten-
sile strength, flexural strength and Notched Izod impact
strength of the flame retarded and glass fiber reinforced
PA66 composites, respectively. From Figs. 1e3, it is observed
that tensile strength and flexural strength of the PA66 compos-
ites increased with the increase of flame retardants, while
Notched Izod impact strength decreased compared with the
glass fiber reinforced PA66. When the addition of the flame
Fig. 1. Effect of flame retardants on tensile strength of glass fiber reinforced

flame retarded PA66.
retardant reached about 15 wt%, mechanical properties of
the composites presented the best values. It is deserved to
mention that ZneMpolyP exhibited much more excellent me-
chanical properties compared with MpolyP in the composites.
This result indicated that Zn2þ in ZneMpolyP probably pres-
ents more interfacial function among PA66, ZneMpolyP and
glass fiber, which has been proved in the following sections.
However, at the higher loading, the flame retardant mechanical
properties of the composites presented the decreasing ten-
dency. Figs. 4 and 5 show the tensile strength and flexural
strength of net PA66 curves versus the loading of the flame re-
tardants. It is observed that ZneMpolyP and MpolyP showed
different influence on the mechanical properties of net PA66.
ZneMpolyP is more beneficial to obtain better tensile strength
and flexural strength of net PA66 compared to MpolyP. This
tendency is in agreement with that of the glass fiber reinforced
PA66 system. Furthermore, the influence of flame retardants
Fig. 3. Effect of flame retardants on Notched Izod impact of glass fiber rein-

forced flame retarded PA66.



Fig. 6. SEM image of glass fiber reinforced PA66.

Fig. 4. Effect of flame retardants on tensile strength of PA66.
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on Notched Izod impact strength of net PA66 is not given in
this contribution because their values including net PA66
were low and kept at between 1.8 kJ/m2 and 3.2 kJ/m2.
3.2. Morphological structures of the PA66 composites
by SEM
Figs. 6e8 show the images of the glass fiber reinforced
PA66 and the flame retarded and glass fiber reinforced PA66
composites with 25 wt% loading of flame retardants. In
Fig. 6, the surface of glass fibers was smooth, and glass fibers
were easily pulled out from PA66 matrix. This fact indicated
that the interfacial interaction between PA66 and glass fiber
was not good. However, from Figs. 7 and 8, the flame retar-
dants, such as MpolyP and ZneMpolyP, were well dispersed
in the glass fiber reinforced PA66 composites, and obviously
improved the interfacial interaction between glass fibers and
PA66 composites. The toughness and strength of the
Fig. 5. Effect of flame retardants on flexural strength of PA66.
composite matrix treated with ZneMpolyP were much better
than those of the composite matrix treated with MpolyP based
upon SEM images (see Figs. 7 and 8), which has been proved
by the mechanical properties of the composites.
3.3. Crystallization behavior of the PA66 composites
by DSC
Figs. 9 and 10 show thevariation of the enthalpy (DHc) and tem-
perature (Tc) of PA66 crystallization versus the loadings of the
flame retardants. From Figs. 9 and 10, MpolyP and ZneMpolyP
could clearly enhance the enthalpy of PA66 crystallization in the
composites, ZneMpolyP presented the better prominence, and
they obviously enhanced Tc. These results demonstrated that
Fig. 7. SEM image of glass fiber reinforced MpolyP flame retarded PA66.



Fig. 8. SEM image of glass fiber reinforced ZneMpolyP flame retarded PA66.

Fig. 10. Effect of flame retardants on crystallization temperature.
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MpolyP and ZneMpolyP promoted the crystallization of PA66
and enhanced the crystallization degree of PA66, and ZneMpolyP
was more effective than MpolyP. This is because they present the
good nucleation function in PA66, which of MpolyP has been
proved in our recent research [3]. Therefore, increasing the crystal-
lization degree is one of the reasons enhancing the mechanical
properties of the composites. However, DHc of PA66 crystalliza-
tion gradually decreased with the increase of the flame retardants
based on Fig. 9. This indicated that the increase of the flame retar-
dants in the composites should lower the mechanical properties,
whereas the mechanical properties of the composites increased
at the loading of flame retardants between 5 wt% and 15 wt%.
These results further proved that the flame retardants, especially
ZneMpolyP, could simultaneously promote the crystallization
of PA66 and improve the interfacial interaction among compo-
nents in the composites.
Fig. 9. Effect of flame retardants on the enthalpy of crystallization.
3.4. Lewis acidebase numbers Ka and Kb of the
components in the PA66 composites by IGC
Surface Lewis acidebase properties of materials are very
significant, which have been applied to explain the interfacial
interaction between materials [24]. Lewis acidebase numbers,
Ka and Kb, can be easily obtained by IGC technique [26,35e37].

Fig. 11 shows the plots of RT ln(Vn) versus aðrd
l Þ

0:5 for
n-alkanes at the given temperature based on Eq. (1) [30,38].
Fig. 11 only gives an example for PA66, the plots of other
materials including glass fiber, ZneMpolyP and MpolyP are
similar to Fig. 11, which are omitted in the contribution.
The similar treatment is followed in Fig. 12

�DGa ¼ RT lnðVnÞ ¼ 2NAa
�
gd

s

�0:5�
gd

l

�0:5þK0 ð1Þ
Fig. 11. Free energy of adsorption for PA66 versus aðrd
l Þ

0:5 for n-alkanes and

polar probes.



Fig. 12. Determination of Ka and Kb for the surface Lewis acidebase of PA66.

Table 4

Enthalpy of Lewis acidebase interactions of materials for different probes

Materials Enthalpy of Lewis acidebase interactions, DHs
a (kJ/mol),

for different probes

CH2Cl2 CHCl3 Acet THF Ether

PA66 58.71 e 70.24 49.08 e

Glass fibers e �55.88 �70.24 �49.08 e
ZneMpolyP e �43.43 �36.29 �39.88 �37.19

MpolyP e �31.12 �21.21 �22.65 �25.79

Table 5

Lewis acidebase numbers (Ka and Kb) of the materials

Materials Ka Kb Kb/Ka

PA66 0.49 3.54 7.17

Glass fiber 0.51 2.86 5.61

ZneMpolyP 0.44 1.02 2.32

MpolyP 0.24 0.96 4.00
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From Fig. 11, all curves showed the good linear relation-
ship. The free energy of adsorption by Lewis acidebase inter-
actions ðDGs

aÞ for the polar probes was calculated based on the
data shown in Fig. 11 and Eq. (2) [30,39]. All the data of DGs

a

were obtained at the overall temperature points and are listed
in Table 3.

According to Eq. (3), the enthalpy of Lewis acidebase in-
teractions ðDHs

aÞ for every polar probe was calculated from the
DGs

a listed in Table 3. The calculated results are listed in Table
4. Based on the data of DHs

a and Eq. (4), the plots of
�DHs

a=AN� versus DN/AN* for the polar probes shown in
Fig. 12 were used to calculate Lewis acidebase parameters,
Ka and Kb. All the data of Ka and Kb for every material are
listed in Table 5.

DGa ¼ DGd
a þDGs

a ð2Þ
Table 3

Free energy of adsorption by Lewis acidebase interactions

Materials Polar probe Free energy of adsorption, DGs
a (kJ/mol)

343.2 (K) 353.2 (K) 363.

PA66 CH2Cl2 5.12 7.08 9.54

Acet 3.60 5.66 7.91

THF 3.07 4.49 6.01

Glass fiber CH2Cl2 5.12 7.08 9.54

Acet 3.60 5.66 7.91

THF 3.07 4.49 6.01

ZneMpolyP Acet e e e

CHCl3 e e e
THF e e e

Ether e e e

MpolyP Acet e e e
CHCl3 e e e

THF e e e

Ether e e e
DGs
a ¼ DHs

a� TDSs
a ð3Þ

�DHs
a ¼ Ka�DNþKb�AN� ð4Þ

Based on Kb values summarized in Table 5 all the materials
are basic, and PA66 showed the strongest Lewis base, while
ZneMpolyP presented the weakest Lewis base. The ratio of
Kb to Ka (Kb/Ka) was used to represent the relative strength of
Lewis baseeacid due to different values of Kb and Ka of mate-
rials [40e43]. The higher the relative strength of Lewis basee
acid (Kb/Ka) is, the stronger the basicity of the material is,
otherwise, the weaker the acidity of the material is. Therefore,
there were very strong Lewis acidebase interaction between
PA66 and ZneMpolyP or MpolyP, especially, the Lewis
acidebase interaction between PA66 and ZneMpolyP was
stronger than that between PA66 and MpolyP, and the Lewis
acidebase interaction between glass fiber and ZneMpolyP
was stronger than that between glass fiber and MpolyP. This
further proved that ZneMpolyP can more effectively improve
, at different temperatures

2 (K) 73.3 (K) 383.2 (K) 393.2 (K) 403.2 (K)

10.50 e e e
10.04 e e e

7.65 e e e

10.50 e e e

10.04 e e e
7.65 e e e

0.022 0.024 0.027 0.029

0.003 0.009 0.012 0.014

0.012 0.015 0.018 0.020

0.018 0.021 0.023 0.026

7.48 8.25 9.07 9.77

1.34 2.13 3.10 3.92

4.03 4.67 5.39 6.17

5.69 6.47 7.35 8.21
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the interfacial interaction of the composites. This result is in
agreement with that of SEM. This is probably due to the strong
complex between Zn2þ in ZneMpolyP and lone pair electrons
at O and N atoms of PA66 and glass fiber.

4. Conclusions

Mechanical properties and interfacial interaction of glass
fiber reinforced PA66 composites treated with MpolyP or
ZneMpolyP were investigated. Mechanical properties, such
as tensile strength and flexural strength, were enhanced by
MpolyP and ZneMpolyP compared with the glass fiber
reinforced PA66 composite. ZneMpolyP presented the best
mechanical properties of the composites than MpolyP. These re-
sults are attributed to the good interfacial interaction among the
components in the composites, which has been proved by IGC/
DSC/SEM techniques. DSC results indicated that ZneMpolyP,
as a nucleating agent, could clearly increase the crystallization
degree and temperature of PA66, and SEM results showed the
improvement of the interfacial interaction among components
in the composites. IGC results proved that the strongest Lewis
acidebase interaction between ZneMpolyP and PA66 was
presented due to the highest Kb/Ka value of PA66 and the lowest
Kb/Ka value of ZneMpolyP.
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