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ABSTRACT: The static and dynamic mechanical properties, thermal behaviors, and morphology of pure long-glass-fiber-reinforced
samples [polyamide 6 (PA6)/long glass fiber (LGF)] with different thermal exposure times at 160°C were studied by comparison with
stabilized samples in this study. The aging mechanism of the PA6/LGF samples under heat and oxygen was studied with the methods
of thermal Fourier transform infrared (FTIR), differential scanning calorimetry, dynamic mechanical analysis, scanning electron
microscopy (SEM), and so on. The results indicate that the static mechanical strength, melting temperature, and crystallization tem-
perature decreased because of the decomposition of the macromolecular chain of PA6 resin and the debonding of the interface
between the glass fibers and matrix. The glass-transition temperature and crystallinity also increased and decreased, respectively, after
aging. The macromolecular chain decomposition dominated in the subsequent aging process; this resulted in many sharp and brittle
microcracks appearing on the surfaces of the aged samples, as shown by SEM and the FTIR spectra. The existence of stabilizers
endowed the PA6/LGF composites with better retention of static and dynamic mechanical properties. The reason was that the metal
ions of the copper salt antioxidant acted as an anti-aging catalyst in the reinforced PA6 system. © 2013 Wiley Periodicals, Inc. J. Appl.
Polym. Sci. 2014, 131, 39594.
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INTRODUCTION and oxygen. Heat accelerates polymer oxidation, whereas the
decomposition of oxides leads to the auto-oxidation scission of
the main chain.'>'* It has been suggested that mechanochemical
chain scission is the primary beginning process; this results in
the formation of hydroperoxides, which is the cause of subse-
quent oxidation during the process of the polymer yielding
macroalkyl radicals.'>'® The oxidation of polyamides proceeds
by a free-radical chain reaction and is accompanied by
an autoretardant accumulation of peroxides and carbonyl
groups.'”'® Thermal and oxidative embrittlement behaviors
influence each other and are usually applied in the analysis of

In recent years, there has been strong growth in the use of
long-glass-fiber-reinforced thermoplastic composites in semi-
structural and engineering applications.'™ Glass-fiber-reinforced
polyamides are excellent composite materials in terms of their
high levels of mechanical performance and temperature resist-
ance. In view of engineering applications, long-glass-fiber-
reinforced polyamide composites have more broad prospects for
development.>® However, in the processes of machining, stor-
age, and application, composites come in contact with air,

water, sur'ls’hlne, and other environment fac7t_(;rs and are he gtatic and dynamic mechanical properties of aged polymers.
more sensitive and vulnerable to those factors.” Glass-fiber-  Thermal embrittlement can promote oxidative embrittlement,

reinforced polyamides are excellent composite materials, but the  \hich occurs primarily on the weak bonds of the molecular
mechanical properties of polyamide-based composites decrease  chain of the amorphous region."

markedly because of the absorption of water and other polar
fluids.'>"? Therefore, aging studies of composites in natural
environments is important.

Polyamide 6 (PA6), prepared by the hydrolytic polycondensa-
tion of caprolactam monomer in the presence of a monofunc-
tional acid, shows a higher ratio of carboxylic groups to amino
Thermooxidative aging is the one of main aging forms of com-  end groups; this makes the polymer more sensitive to oxida-
posite materials and is the result of the integrated effects of heat  tjon.??' PA6 has a high heat distortion temperature and good

© 2013 Wiley Periodicals, Inc.
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Figure 1. Structure of the (a) copper salt antioxidant and (b) phosphorous acid antioxidant 168.

mechanical properties, such as tensile strength and tensile mod-
ulus; long-glass-fiber-reinforced PA6 composite materials are
able to be used in high-temperature environments. However,
when this polymer is exposed to a high temperature for a pro-
longed period, the polymer generally starts to show discolora-
tion and a decrease in its static and dynamic mechanical
properties.”> The macroscopic mechanical behaviors of long-
aged composite materials at the interface/interphase between the
matrix and the fiber can be investigated by dynamic mechanical
analysis (DMA).>> Chemical aging may be the result of thermal,
oxidative, or hydrolytic reactions, and to prevent oxidation, cer-
tain types of stabilizers can be added to PA6, such as radical
scavengers, hydroperoxide decomposers, copper salt antioxi-
dants, hindered phenols, and phosphite antioxidants. The fre-
quently used antioxidants are classified into two categories. The
primary one is the so-called chain stoppers because they donate
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hydrogen atoms and stop the free-radical chain reaction of oxi-
dation. These primary antioxidants include phenols and amines.
The secondary antioxidants convert hydroperoxide to some
more stable products, and then, autocatalytic degradation reac-
tions are prevented.”* For example, the efficiency of phenolic
antioxidants has been ascribed to hydrogen bonding between
amide groups in polyamides and the hydroxyl groups of the
phenolic antioxidants and to the kinetic chain length shown by
polyamides.”>**

In this study, dumbbell-shaped injected samples of PA6/long glass
fiber (LGF) were used for the systematic study of thermooxida-
tive aging behaviors; the samples were subjected to oven aging at
different times under 160°C. The static and dynamic mechanical
properties of the aged PA6/LGF composites were characterized by
thermogravimetric analysis, differential scanning calorimetry
(DSC), DMA, Fourier transform infrared (FTIR) spectroscopy,
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The PA6 resin we used was a low-viscosity-grade product pro-
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Figure 2. Effect of the thermal aging on the mechanical properties for
two kinds of thermally exposed PA6/LGF samples: (a) tensile strength,
(b) flexural strength, and (c) notched impact strength.

and scanning electron microscopy (SEM). The aging behaviors of
the PA6/LGF samples stabilized with commonly used industry
stabilizers in contrast with that of the pure samples.
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duced by UBE Co., Ltd. (Japan, 1013B). The copper salt antiox-
idant [see Figure 1(a)] was produced by Brueggemann Co., Ltd.
(Germany, H161). The phosphorous acid antioxidant 168 [see
Figure 1(b)] was produced by Ciba Co. (Switzerland). The con-
tinuous glass fiber rovings were a commercial product made by
Chongging Polycompany International Corp. (China), with an
average diameter of 17 um, grade ECT4301H, and a linear den-
sity of 2400 tex.

Preparation of the Composites

The materials applied in this study were pure and stabilized
PA6/LGF composites. The stabilized PA6/LGF composites were
prepared by a synchronized antioxidant system of 0.3-phr addi-
tion of copper salt antioxidant and phosphorous acid antioxi-
dant 168. PA6 was dried before used for 10 h at 80°C in an
oven to remove any moisture. Both the pure and stabilized
composites were blended in a twin-screw extruder (TSE-40A,
length/diameter = 40, diameter =40 mm, Coperion Keya
Machinery, Co., Ltd., Nanjing, China) at 205-250°C, and the
contents of the glass fibers were kept at constant at 30 wt %.
An impregnation groove was used for the accommodation of
polymer melting with a temperature control unit, which set the
temperature of the groove at 290°C. The continuous strand was
then chopped into pellets at a length of 12 mm for injection
molding. The extrudates were dried at 80°C for 24 h. The
resulting composites were then injection-molded (machine type
CJ80M3V, Chen De Plastics Machinery Co., Ltd., Guangdong,
China) at 235-290°C into various samples for testing and char-
acterization. Both the pure and stabilized PA6/LGF samples
were thermooxidized in an oven at 160°C for 0, 10, 20, 30, 40,
and 50 days, respectively. The samples were taken out at a regu-
lar time intervals and subjected to performance testing and
structural characterization. The temperature fluctuations in the
oven were =1°C.

Measurements

Static and Dynamic Mechanical Properties. The impact
strengths were determined with an impact tester (ZBC-4B)
according to GB/T1043-2008; the notch depth was 2 mm, and
the angular radius of the notch was 0.2 mm. Tensile stress—
strain and flexural tests were performed with a WDW-10 elec-
tronic universal tensile stress tester according to GB/T1040-2006
and GB/T9341-2008 standards, respectively.

The dynamic mechanical properties were studied with a Q800
Metravib RDS viscoanalyzer at a heating rate of 2°C/min over a
temperature range from —30 to 150°C. The samples (60 X 10 X
4 mm®) were tested with an imposed frequency of 10 Hz and an
oscillation amplitude of 10 pum in the bending mode. The pur-
pose of this analysis was the determination of the main relaxation
characteristics at different aging times.

DSC. The thermal properties of the samples were studied on a
DSC instrument (TA Instruments, Q-10, New Castle, DE) in a
nitrogen atmosphere with a flow rate of 40 mL/min. Each of
the samples of about 5 mg was loaded in an aluminum sample
pan were heated from 40 to 260°C at 10°C/min.

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.39594
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Figure 3. Scanning electronic micrographs of the surfaces of unaged sample and PA6/LGF sample aged for 50 days: (a) unaged sample with 30X magni-

fication, (b) sample aged for 50 days with 30X magnification, (c) sample aged for 50 days with 100X magnification, and (d) sample aged for 50 days

with 200X magnification. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

The quantity of heat absorbed during the melting of the poly-
mer was substantively equivalent to that required to break
down the crystal structure. The higher the crystallinity (y.) was,
the higher the melting heat was. y. was calculated with the fol-

lowing formula:
ge= (B 51000
Le AHD 0

where AH,, is the melting enthalpy and AH, is the balanced
melting enthalpy (the melting enthalpy of 100% crystallographic
PA6 was 230 J/g).*’

Spectroscopy  Analysis. FTIR  spectroscopy (NEXUS 570,
Thermo Nicolet Nexus) was used to compare the variation in
carbonyl and hydroxyl functional groups resulting from ther-
mooxidative degradation. During the testing process, the sam-
ples quality had a constant value, and the quality proportion of
the samples to KBr was fixed. The degree of degradation could
be detected and quantified by the detection of the changes in
the dipole moment related to the stretching—vibration of the
functional groups.

SEM. SEM, observed on KYKY-2800B and SHU-SU1510 instru-
ments (KYKY Technology Development Co., Ltd., China), was
used to investigate the surfaces of the unaged and aged PA6/
LGF samples. SEM graphs of the samples were recorded after
the surfaces were gold-coated with an accelerating voltage of
25 kV.
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RESULTS AND DISCUSSION

Mechanical Behavior

The mechanical properties of the PA6/LGF samples with differ-
ent thermooxidative exposure times were investigated. The key
mechanical properties (i.e., tensile strength, flexural strength,
and notched impact strength) with thermooxidative aging are
shown in Figure 2. The stabilized samples showed the same
behavior as the unstabilized samples (see Figure 2). However,
the unaged samples exhibited a higher tensile, flexural, and
notched impact strength than the aged samples. However, the
mechanical properties of the samples after 50 days of thermoox-
idative exposure were much higher than those of the pure ones.
The mechanical strength of the samples aged for 50 days
decreased moderately because of the combined effects of heat
and oxygen. The tensile strength of the stabilized samples
decreased 16.1%, the flexural strength decreased 18.8%, and the
notched impact strength decreased 28.8% after 50 days of aging.
The tensile strength of the pure samples decreased 23.2%, the
flexural strength decreased 23.4%, and the notched impact
strength decreased 30.9% after 50 days of aging. Better aging
resistance was observed for the stabilized PA6/LGF samples with
the addition of antioxidant. Obviously, the synergism of copper
salt antioxidant with phosphorous acid antioxidant 168 contrib-
uted to the increase in the oxidative stability. On one hand, the
copper atoms (Cu"") could form a kind of complex with the
PAG resin to protect the weak bonds of the PA6 macromolecular

chain, which were the carbon-hydrogen bonds of the
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Figure 4. Scanning electronic micrographs of the tensile fractured surfaces of the (a,b) unaged PA6/LGF sample, (c,d) stabilized PA6/LGF sample, and

(e,f) pure PA6/LGF sample after thermooxidative aging for 50 days.

methylenes adjacent to the carbonyl groups and nitrogen atoms.
On the other hand, they could catalyze the existent hydroperox-
ides to decompose into nonradical products, which could pre-
vent the formation of OH- radicals according to the following
mechanism:**

ROOH +M"* — RO - +M"* )+ +OH ~
ROOH +M"* D+  ROO - +M"" +H"

The copper salt antioxidant synchronized with the phosphorous
acid antioxidant 168 was beneficial for antithermal oxidative
aging in the PA6/LGF composites because of its low
consumption.

All of the mechanical properties of the aged PA6/LGF samples
in the absence or presence of the stabilizers were analogous at
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160°C. When the aging temperature was in the range of
between the glass-transition temperature (7,) to melting tem-
perature (T,,) of resin, there was an annealing process of PA6 at
first. In this case, the internal stress of PA6 decreased, whereas
the spherulites of PA6 grew bigger and its y, increased.”’ As a
result, we concluded that the notched impact strength and the
brittleness of PA6/LGF decreased and rose, respectively. When
the PA6/LGF samples were subjected to flexural stress, their deg-
radation methods transformed from yield deformation to brittle
fracture with the increase of aging time, which was classified
as environment fracture.'”” However, the annealing process
evolved into thermooxidative aging as the thermooxidative
exposure time was prolonged, so the mechanical properties
transformed from increasing to decreasing and showed a
marked decrease as a function of the aging time in this study.

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.39594
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Figure 5. Melting curves of the DSC spectra for the thermally aged PA6/

LGF samples: (a) pure LGF/PA6 and (b) stabilized LGF/PA6 as a function
of the aging time.

Also, this phenomenon could be attributed to the decreases in
7 and interfacial decohesion between the glass fibers and PA6
resin, which could be investigated by the latter means. Further-
more, significant intermolecular forces, which resulted from the
formation of large numbers of van der Waal’s interchain bonds
and hydrogen bonding, become weak during the whole oxida-
tion process.'” Also, numerous defects appeared in the matrix

Table I. DSC Results for the Thermally Exposed and Stabilized PA6/LGF
Samples

Exposure

time (h) 0 10 20 30 40 50

Tm (°C) 2222 2183 2166 2150 2159 2146
T. (°C) 1896 1893 1899 1885 188.0 186.5
e (%) 34.8 322 30.5 28.7 28.2 24.4
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Table II. DSC Results for the Thermally Exposed Pure PA6/LGF Samples

Exposure

time (h) 0 10 20 30 40 50
T (FC) 221.3 2183 2183 2182 2168 216.0
T. (°C) 190.8 1906 189.2 1891 1893 186.9
e (%) 36.2 287 260 248 225 214

or on the surface. Under the joint action of heat and oxygen,
the polymer easily displayed automatic embrittlement of the
oxidation reaction.”” In particular, the combination of fibers
and matrix properties and the ability to transfer stresses across
the fiber—matrix interface influenced the mechanical performan-
ces of these glass-fiber-reinforced composites.”> All of the afore-
mentioned reasons resulted in the decline of the mechanical
properties.

Microscopy Investigation

The SEM images of PA6/LGF after 0 and 50 days of aging are
shown in Figure 3. The surface of the aged PA6/LGF was more
rough than that of unaged one, and many sharp microcracks
and surface damage were clearly observed in the whole region
[Figure 3(b)]; these perhaps were produced by PA6 molecular
chain decomposition. Some microcracks were parallel to the
dispersed glass fibers; this led directly to interfacial debonding
between the glass fibers and the PA6 matrix. Some grew with
the dispersed glass fibers perpendicularly. The others grew like
dispersive branches around the glass fibers, whereas there were
almost no microcracks observed in the unaged PA6/LGF sample
[Figure 3(a)]. Only a few blurry white strips on the surface rep-
resented the distribution of glass fibers in the PA6 matrix. On
one hand, the aforementioned microcracks acted as Griffin flaws
and crack initiation sites;>® then, on the other hand, the
increased amount of microcracks corresponded to the decreased
fiber/matrix interface area, which could not provide higher pull-
out forces. When the composites under the action of loading,
the microcracks accelerated, growing into cracks and then
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Figure 6. FTIR spectra of the thermally aged PA6/LGF samples.
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Pure PA6/LGF

Figure 7. Digital photos of the PA6/LGF samples as a function of the aging time at 160°C. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

playing a major role in reducing the static mechanical proper-
ties. Moreover, much powder on the aged samples fell off; a
possible reason was that the low-molecular-weight polymers
and small molecules produced by the oxidation reaction were
apt to form imperfect spherulites, which promoted thermal
embrittlement.”

To further investigate the interfacial adhesion of the pure and
stabilized PA6/LGF samples, in Figure 4(a,b), we show the typi-
cal SEM images of the tensile fractured surfaces of the unaged
PA6/LGF composites, from which it can be clearly seen that the
fracture mostly occurred in the matrix phase rather than in the
interface between the glass fibers and resin. The fracture sec-
tions also show residual PA6 matrix adhere on the glass fibers
surfaces of the unaged sample. Thus, it was implied that a high
level of adhesion between the resin and the fiber was achieved.
As is known, the fiber-reinforced composites absorbed tension
energy via three major mechanisms: fiber breakage, fiber pull-
out, and matrix crack propagation.’ The mechanical performan-
ces of these glass-fiber-reinforced composites resulted from a
combination of the fibers and matrix properties and the ability
to transfer stresses across the fiber—matrix interface. As the
stress started to be applied on the composites, shear stresses
were generated at the interfacial region to transfer the load
from the matrix to the fibers.® Favored intermolecular interac-
tions in the presence of PA6 chains resulted in a tangle of the
PA6 sheathing layer.'> However, the aged PA6 chains easily dis-
entangled and slid because of the lack of strong chemical bonds
in the interfacial region. Consequently, the pullout of the fibers
took place at these weak adhesion zones. Figure 4(c—f) show the
typical SEM images of the tensile fractured surfaces of the stabi-
lized and pure PA6/LGF composites after they were subjected to
thermooxidative aging for 50 days, although this kind of perfect
fiber/matrix adhesion, shown in Figure 4(a,b), was not clearly
evident in Figure 4(c—f), especially in Figure 4(e,f). Upon frac-
ture of the stabilized PA6/LGF sample after 50 days of aging
[Figure 4(c,d)], a few PA6 sheathing layers remained on the
fiber surfaces; this indicated that the interfacial failure did not
completely take place at these zones. As shown in Figure 4(e,f),
many holes formed by the evulsion of glass fibers were found
remaining in the tensile fractured surface of the pure PA6/LGF
samples, and this number was also greater than that of the
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stabilized one after 50 days of aging; this indicated the compa-
ratively poor adhesion of the glass fibers with the resin. Upon
fracturing of the pure PA6/LGF samples, there was no PA6
sheathing layer remaining on the glass fiber surfaces; this indi-
cated that interfacial failure took place at these zones. Also, the
fibers were debonded, leaving a dark ring at the interface. In
the study of Fu and Lauke,” the dark rings resulted from local
deformation of the matrix around the fibers after fiber debond-
ing. The previous results can possibly explain why the static
mechanical properties of the unaged PA6/LGF samples showed
a better mechanical performance than the aged ones; also, we
came to the same conclusion for the results between the stabi-
lized and pure PA6/LGF samples. Actually, the antioxidants sig-
nificantly retarded the rate of PA6 degradation by interfering
with radical propagation; as a result, the stabilized PA6/LGF
samples reserved a more basic structure and groups than the
pure ones. To some extent, strong chemical bonding may have
remained on the interface of the glass fibers and PA6 chains or
the separate molecular chains, and the probability of depoly-
merization and chain sliding at the interface of the stabilized
samples was much lower than that of the pure ones. Conse-
quently, these weakly entangled zones were replaced by the
pulled-out fibers. Therefore, the pure PA6/LGF samples exhib-
ited poor interfacial interaction, which led to markedly reduced
mechanical properties during thermooxidative aging.

Crystallization Behavior

The DSC thermographs of the unaged and aged PA6/LGF sam-
ples are shown in Figure 5. y. was calculated by integration of
the area under the DSC melting endothermic peak and division
by the heat of fusion with 100% crystalline PA6 (AH, ~ 230
J/g).** Tables I and II give the summary of the DSC tests results.
The increase in the thermooxidative exposure time of the pure
and stabilized PA6/LGF samples had a quite strong effect on T,,,
crystallization temperature (7,.), and y. When the stabilized
samples were aged for 50 days, decreases of 8°C in T, and 3°C
in T, and a significant decrease (~10%) in y. were observed.
The pure samples showed decreases of 5°C in T,, and 4°C in T,
and a significant decrease (~15%) in y. The decreases appeared
to be strongly responsible for the weakening of the mechanical
properties in the aged PA6/LGF samples, especially for the
pure samples. During the thermooxidative aging process, a

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.39594
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Figure 8. DMA spectra of the PA6/LGF samples as a function of the aging time at 160°C: (a) storage modulus of the pure and stabilized PA6/LGF sam-
ples, (b) loss modulus of the pure and stabilized PA6/LGF samples, and (c) tan ¢ of the pure and stabilized PA6/LGF samples.

concentration of weakness rose in amorphous region, which
accelerated the oxidation degradation in the noncrystalline
region without a doubt."

FTIR Analysis

FTIR analysis was conducted to evaluate the degree of degrada-
tion.” Polyamides commonly have a —CONH— bond. Figure 6
shows the IR spectrum of the unaged and aged PA6/LGF
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samples; the representative amide peaks I and II were found at
1640 and 1540 cm™'. Furthermore, the absorption peaks at
3300, 3070, 2960, and 2860 cm ' represented —NH, —CH,,
and —CH, respectively. The absorption bands arising around
1710 and 1760 cm™ ' corresponded to carbonyls originating
from the carboxyl functional groups (e.g., ketones at 1715
cm™', aldehydes at 1725 cm™', aliphatic carboxylic acids at
1750 cm ™', and esters at 1735 cm ™ '),%! which were insensitive

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.39594
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Table III. T, and Tan 6, Values for the Stabilized PA6/LGF Samples as a
Function of the Aging Time at 160°C

Exposure

time (days) O 10 30 50

Tg (°C) 28.06 49.89 SYNE 65.89
Tan Smax 0.05814 0.04505 0.04422 0.04366

to oxidation. Dong and Gijsman® inferred that the chromo-
phore structure was a-keto carboxyl, and the yellow substance
might have been NH,CH,CH,CH,CH,COCOOH or
NH,CH,CH,CH,COCOOCH; or their mixture because both
molecules have a molecular weight of 145 (a-keto carboxyl and
amino groups). As shown in Figure 7, the surface color of the
pure samples was darker than that of the stabilized ones during
the first 30 days. It was obvious that the antioxidant additives
effectively inhibited the yellowing of the PA6/LGF samples. The
broad peak indicated that —NH, —CH,, —CH, and amide
peaks were also weakened by thermooxidative treatment.
Decreases in the intensities of these polyamide representative
bands were observed as the aging time increased. This result
suggested that the representative polyamide groups (N—H and
C—H) locally underwent oxidation on the PA6/LGF sample sur-
face because of thermal degradation.

Dynamic Mechanical Behavior of the PA6/LGF Composites

The main objective of this experiment was to apply DMA to
the aging study of the pure and stabilized PA6/LGF samples. In
Figure 8, the storage modulus, loss factor, and damping factor
(tan J) values for the unaged and aged samples of the pure and
stabilized PA6/LGF samples are shown as a function of the tem-
perature at a frequency of 10 Hz. As shown in Figure 8(a), the
magnitude of the storage modulus of the pure and stabilized
PA6/LGF samples decreased linearly as a function of the temper-
ature in the glassy region, and its values in the aged samples
were higher than in the unaged ones. As shown in Figure
8(b,c), there was only one transition peak for the loss modulus
and tan J curve; this corresponded to o relaxation arising from
the chain segmental motion of the molecules. At this point, it
was necessary to make certain considerations. Furthermore, the
segregation of soft segment and the expected formation of
domain structures for PA6 had to be taken into account. The «
relaxation temperature is usually defined as T, of the polymers.
For the pure and stabilized PA6/LGF samples aged for 0, 10, 30,
and 50 days, the tan 6 curves shifted to higher temperatures
compared with the samples that were not aged. This resulted in
an increase in Ty which was caused by the resin molecular
chain crosslinking reaction during the primary aging stage.

Table IV. T, and Tan 0,4« Values for the Pure PA6/LGF Samples as a
Function of the Aging Time at 160°C

Exposure

time (days) O 10 30 50

Tg (FC) 30.72 55.66 64.37 70.09
Tan Smax 0.05393 0.04586 0.04713 0.04190
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However, the molecular degradation predominated during
the later stage of aging, and the amorphous region expanded."
The corresponding parameters of DMA are listed in Tables III
and IV.

All restrictions on the mobility of the main chain of PA6 were
expected to decrease the peak area of the loss modulus, which
would also be reflected in the tan ¢ peak intensity. Therefore,
the tan ¢ peak intensity at the relaxation temperature (tan 0,.x)
was considered to reflect the extent of the mobility of the mac-
romolecular chain segments.”” Both the peak area of the loss
modulus and the peak intensity of tan J,,,, of the aged samples
were lower than those of the unaged samples, and the results
were the same between the pure and stabilized samples. This
implied that the mobility of the molecules and the damping
properties of PA6 were reduced during thermooxidative aging.
In the composite materials, there were numerous decreased
damping cases, such as the reduced damping in the PA6 matrix
near the interface because of the increased thermal stresses or
changes in the polymer conformation or morphology.*® At tem-
peratures below T, the damping could be small. The wide-
spread transition around T, could possibly have been due to
short hard-segment units and could have also been related to
an interface of the polymer weakly adsorbed on the surfaces of
the filler, such as the glass fibers. Obviously, even though both
thermal embrittlement and oxidative embrittlement would make
the chain relaxation much difficult because of the crosslinking
of molecules, the aggregation of weakness arose in the amor-
phous region; however, molecular chain crosslinking predomi-
nated during the aging process.

CONCLUSIONS

The effects of thermooxidative aging on the static and dynamic
mechanical properties of both the pure and stabilized PA6/LGF
composites were examined at a temperature of 160°C. The
experimental findings indicated that the interfacial debonding
between the PA6 resin and glass fibers, the decreased y, and the
variation in the molecular chain structure in the PA6/LGF com-
posites appeared to be responsible for the variations in static
and dynamic mechanical properties. The influence of the ther-
mooxidative aging on the PA6/LGF composites was also investi-
gated with DSC, SEM, FTIR spectroscopy, and DMA
measurements. The decreases in the static mechanical proper-
ties, y, and interfacial cohesion and the increases in the T,
amorphous region crosslinking, and carboxyl functional groups
were definably observed as thermooxidative aging proceeded.
SEM observations indicated that the tensile fractured surfaces of
the thermally aged pure and stabilized PA6/LGF composites
showed a phenomenon of pulled-out fibers, and fracture mostly
occurred in the interface between the glass fibers and the matrix
rather than in the matrix phase. Many sharp microcracks and
powder were clearly observed on the whole aged surface region;
this indicated that the PA6/LGF composites were obviously
degraded by thermooxidative aging. The DMA measurement
appeared to be an effective method for quantifying the influence
of aging on the PA6/LGF composites. Thermooxidative aging
occurred primarily in the amorphous region of the polymer; the
rise in T, and the reduction of the mobility of PA6 molecules
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after aging were caused by the molecular chain crosslinking
reaction. The stabilizers endowed the PA6/LGF composites with
better static and dynamic mechanical properties compared with
the composites with no stabilizers. The longer the aging time
was, the more remarkable the function of the stabilizers was.
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