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ABSTRACT: The long-term stress—thermooxidative aging behavior of polyamide 6 (PA6) was studied in terms of the creep behav-
ior, mechanical properties, chemical structure, crystallization, and orientation behavior. During aging, a thermooxidation reaction
occurred, which included molecular chain degradation and crosslinking, in PA6. Meanwhile, when the samples were subjected to
stress, crystallization, orientation, and chain scission were induced. In the initial stages of aging, the stress-induced crystallization
and orientation dominated; this resulted in an increase in the creep deformation, mechanical strength, crystallinity, and orienta-
tion factor. Molecular degradation and chain scission dominated in the subsequent aging process and resulted in a decrease of
the mechanical strength, reduced viscosity, crystallinity, and orientation factor and an increase in the formation of oxide and
peroxide products. The stress may have promoted the chain scission of PA6 during thermal aging and resulted in a decrease in
the reduced viscosity and an increase in the carboxylic acid concentration. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 129:

1193-1201, 2013
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INTRODUCTION

Polyamide 6 (PA6) has been one of the most widely used
engineering thermoplastics since I. G. Farbenindustrie commer-
cially developed it in about 1940." It has been largely applied in
the forms of fibers and molded parts because of its excellent
mechanical properties and high thermal resistance.

Polyamides (PAs) are sensitive to oxygen and continuously
oxidize in ambient atmosphere; this results in the subsequent
deterioration of its properties. Thus, phenomena such as gradu-
ally increasing yellowing and eventual embrittlement are clearly
observable. The thermooxidation of PA occurs predominantly
through the abstraction of a hydrogen atom on the methylene
groups close to the nitrogen of the amide group
(—CO—NH—CH,—).>~® Considerable research has focused on
the thermooxidative aging behavior of PA.”"'> However, in the
course of its use, the external mechanical stress can also cause
molecular degradation and physical and chemical changes in the
molecular structure, which affect the aging behavior, perform-
ance, and service lifetime of PA. Therefore, it is very important
to simulate the aging behavior of PA under stress.

Until now, little information has been available for investiga-
tions of the stress-accelerated aging behavior of PA6, just the
work of Jacobson et al.,'® who studied the effect of the stress on
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the oxidation degradation of PA6 with the method of stress—
chemiluminescence. On the basis of their results, they concluded
that stresses up to 80% of load at yield did not change the rate
of oxidation of the PA6 film.'® The aging mechanism of PA6
under stress remains relatively unexplored.

In our previous work, we studied the long-term stress-acceler-
ated aging behavior of PA6 by exposing it to UV irradiation,
and in this study, we studied the long-term stress-accelerated
aging behavior of PA6 at relatively high temperatures. The aging
behavior and mechanism were investigated in terms of the creep
behavior, mechanical properties, molecular structure, orienta-
tion, and crystallization behavior. On the basis of these results,
we made an attempt to gain a better understanding of the influ-
ence of the stress and temperature on the thermooxidative
degradation of PA 6.

EXPERIMENTAL

Materials

The PA6 used in this work was a commercial-grade granular
product (YH800) without any additives (Yueyang Petrochemical
Co., Ltd., Hunan, China); it had a relative viscosity of 2.85 =
0.03 in formic acid. Samples of PA6 were prepared by injection
molding into standard dumbbell and rectangular splints (length
= 155 mm, thickness = 4.2 mm).
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Figure 1. Strain of PA6 as a function of the aging time at different tem-
peratures under 24.5 MPa (T = time).

Stress—Thermooxidative Aging of PA6

Standard dumbbell-shaped samples of nylon 6 were subjected to
tensile stress at different temperatures on a self-made stretching
apparatus. The samples were taken out at regular time intervals
for mechanical and chemical characterization.

Measurement

Mechanical Properties. The tensile and bending performances
of PA6 samples were measured with a 4302 material testing
machine from Instron Co. (Norwood, Massachusetts, USA)
according to ISO 527-1993 and ISO 178-1993, respectively. The
tensile test speed was 50 mm/min, and the sample length
between bench marks was 50 = 0.5 mm.

The notched Charpy impact strength of the samples was meas-
ured with a ZBC-4A impact testing machine from Xinsansi Co.
(Shenzhen, China) according to ISO 180.

Reduced Viscosity

Samples of PA6 of about 0.5 g were dissolved in 100 mL of
formic acid (88 wt %). The time of outflow of the solution was
measured in an Ubbelohde viscometer (Kelong Co., Chengdu,
China) in a water bath at 25°C according to ISO 307-1984.
Then, the reduced viscosity was calculated with the following

formula:
t 1
=(——1)x= 1
n (to ) X G (1)
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where t is the time of outflow of the PA6 solution (s), f, is the
time of outflow of the solvent (s), and C is the concentration of
the PA6 solution (g/mL).

End-Group Analysis."”

Carboxylic acid groups. Samples of PA6 of about 0.3 g were dis-
solved in 20 mL of phenylcarbinol at 150°C. Propyl alcohol (3
mL) was added, and the hot solution was titrated with NaOH (ca.
0.02 mol/L), with phenolphthalein as the indicator. The content of
carboxylic acid (X) was calculated with the following formula:

(a—b)

X = T 1072 2)

where a is the volume of NaOH solution used by sample (mL),
b is the volume of NaOH solution used by the solvent (mL), n

is the molar concentration of the NaOH solution (mol/L), and
W is the weight of the sample (g).

Terminal amine groups. Samples of PA6 of about 0.3 g were
dissolved in 25 mL of a mixed solution of phenol and methyl
alcohol (volume ratio = 1 : 1) at 55°C. The solution was
titrated with HCI (ca. 0.005 mol/L) with thymol blue as the
indicator. The content of terminal amine groups (Y) was calcu-
lated with the following formula:

Y = M % 1073 (3)
w
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Figure 2. Mechanical properties of PA6 as a function of the aging time at
different temperatures under 24.5 MPa.
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Figure 3. Mechanical properties of PA6 as a function of the aging time at high temperatures.

where A is the volume of HCI solution used by the sample
(mL), B is the volume of HCI solution used by the solvent
(mL), n is the molar concentration of the HCI solution
(mol/L), and W is the weight of the sample (g).

UV Spectrum Analysis. Samples of PA6 of about 0.2 g were
dissolved in 50 mL of a mixed solution of sulfuric acid and
methanol (0.4 mol/L). The UV absorption measurements for
the solutions for characterizing the structure during aging were
carried out with a U3010 spectrophotometer (Hitachi Ltd., To-
kyo, Japan).
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Figure 4. Reduced viscosity of PA6 as a function of the aging time at
different temperatures under 24.5 MPa.
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Nonisothermal Crystallization Analysis. Nonisothermal crystal-
lization was performed with a Netzsch 204 Phoenix differential
scanning calorimeter (Bavarian, Germany). The temperature
scale of differential scanning calorimetry (DSC) was calibrated
with indium. Granulated samples of about 10 mg were heated
from ambient temperature to 250°C at a heating rate of 10°C/
min under a nitrogen atmosphere. The quantity of heat
absorbed during the melting of the polymer was substantively
equivalent to that required to break down the crystal structure.
The higher the crystallinity (X.) was, the higher the melting
heat was. X, was calculated with the following formula:

X, = AH,, x 100% (4)
<~ \AH, °

where AH,, is the melting enthalpy and AH, is the balance
melting enthalpy, that is, the melting enthalpy of 100% crystal-
lizing PA6, which was 190 J/g.

Wide-Angle X-Ray Diffraction (WAXD) Analysis. WAXD
analysis of PA6 at the start and end of aging was conducted
with Bruker D8 diffractometer (Kanagawa, Japan) with Cu Ku
radiation generated at 40 kV and 30 mA.

RESULTS AND DISCUSSION

Creep Behavior of PA6 during Thermooxidative

Aging under Stress

The creep behaviors of PA6 subjected to a stress of 24.5 MPa at
different temperatures were investigated. Figure 1 shows the
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Figure 5. Retention of the reduced viscosity of PA6 as a function of the
aging time at high temperatures.

variation of the creep deformation of PA6 with aging time. A
similar change tendency in the creep deformation of all of the
samples was observed. In the initial stage of aging, the creep
deformation of the samples increased rapidly, and then after
about 200-300 min, a platform was observed, and the creep de-
formation tended to be stable. X, of PA6 was about 30%, and
there existed a lot of amorphous area and free volume for mo-
lecular chains to move at the beginning of aging. This resulted
in a remarkable increase of the creep deformation of PA6 under
stress. With increasing aging time, the molecular chain arrange-
ment became orderly under stress, the free volume decreased,
and the movement of the molecular chain became slow and
difficult. This resulted in a decrease in the creep rate.

Moreover, the creep deformation of PA6 became much higher
and tended to increase more rapidly with aging temperature;
this may have been due to an increase in the molecular mobility
at high temperature.

Mechanical Properties of PA6 during Thermooxidative Aging
under Stress

The mechanical properties of PA6 at different aging temperature
and subjected to a constant stress are shown in Figure 2. The
tensile strength of PA6 continued to increase with aging time
and temperature during the first 8 days. Afterward, the subse-
quent variation of strength differed for PA6 aging at different
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temperatures. For PA 6 aged at 70°C, the tensile strength
remained almost constant after 8 days of aging; however, when
the temperature was increased to 110 or 130°C, the tensile
strength was found to decrease afterward. The elongation at
break of PA6 aging at different temperatures all decreased
rapidly to a plateau with increasing aging time.

The mechanical properties of PA6 aged at high temperature
(110 and 130°C) with and without stress were also investigated.
As shown in Figure 3, the tensile strength of all of the PA6
samples increased at first and decreased afterward. However, the
tensile strength of PA6 aged with stress was much higher than
that of the sample aged without stress for the same aging time.
The elongation at break values of all of the samples decreased
sharply to the minimum.

The mechanical properties of PA6 aged only under thermal stress
and oxygen could be induced by the so-called thermal embrittle-
ment and oxidative embrittlement mechanisms. When the aging
temperature was in the range of the glass transition temperature
(Ty) to the peak melting temperature (7T,,), there was an anneal-
ing process of PA6 at first. In this case, the internal stress of PA6

i

E

..;,c —=-70°C/24.5MPa

ET q —-110°C/24.5MPa

§, —A—130°C/24.5MPa

g

S

3

<

£ 4

§ T T T g T T

c 0 8 16 24 32
Aging time (d)

)

=

£

v

=z

P Y

5

£

£

~

3 —=-70°C/24.5MPa

= 2| -e=110°C/24.5MPa

‘é A= 130°C/24.5MPa

g 0 8 16 24 32

(&}

Aging time(d)
Figure 6. Concentrations of the end carboxylic groups and end amine

groups of PA6 as a function of the aging time at different temperatures
under 24.5 MPa.
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Figure 7. Concentrations of the end carboxylic groups and end amine groups of PA6 as a function of the aging time at high temperatures.

was reduced; meanwhile, the spherulites of PA6 grew bigger, and
X, increased. Therefore, in the primary stage of the aging process,
the tensile strength and brittleness increased. At the same time,
the crosslinking reaction dominated at this stage; this also made
the tensile strength increase to some extent. However, with
increasing aging time, molecular degradation dominated, and the
remarkable decline of the molecular weight made the mechanical
strength decrease greatly. During the whole oxidation process, the
molecular weight distribution was widened, the regularity of the
molecular chain became poor, and the hydrogen bonding and
van der Waals forces between the molecules became weak. Also,
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the defects in the matrix increased, which resulted in a decline in
the elongation at break of PA6.

For PA6 aging under stress, in addition to the thermal embrittle-
ment and oxidative embrittlement mechanisms, the tensile
strength substantially increased in the primary aging stage
because of stress-induced crystallization and orientation.
Moreover, the tensile strength increased rapidly with tempera-
ture. The higher the aging temperature was, the bigger the molec-
ular mobility of PA 6 was. However, in the middle and last stages
of aging, molecular degradation induced by stress and thermoox-
idation occurred, and the mechanical properties began to decline.

3.09
2.54 .4 ()

2.04

1.5+

130°C

Absorbance

1.0+

0.5+

0.0

Lt L) =1 1 » L) = Ll b T
150 200 250 300 350 400
A(nm)

Figure 8. UV spectrum of PA6 at different aging temperatures under 24.5 MPa (in 0.4 mol/L sulfuric acid/methanol): (1) 0 day, (2) 110°C for 32 days,
(3) 110°C at 24.5 MPa for 32 days, (4) 130°C and 32 days, and (5) 130°C at 24.5 MPa for 32 days.
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Reduced Viscosity of PA6 during Thermooxidative

Aging under Stress

Throughout aging, changes in the reduced viscosity of PA6
were detected as a result of stress—thermooxidative degradation.
As shown in Figure 4, the reduced viscosity of PA6 subjected to
a stress of 24.5 MPa was plotted as a function of aging time at
three aging temperatures, 70, 110, and 150°C. The reduced vis-
cosity of PA 6 declined sharply at first and then reached a stable
value. Furthermore, the reduced viscosity of the samples
decreased at elevated temperatures. It is well known that the
reduced viscosity characterizes the viscosity-average molecular
weight of polymers.'® Therefore, the results show that the
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Table I. Melting Parameters of PA6 at Different Aging Temperatures
under 24.5 MPa of Stress

No. Sample Tonset °C) Teng °C) Ty °C)  Xc (%)

1 0 days 211.4 2221 220.1 26.09

2 70°C/32 days 209.5 216.6 216.0 22.63

3 70°C/24.5 2063 2217 2192 2625
MPa/32 days

4 110°C/32 days 215.0 222.5 2201 24.25

5 110°C/24.5 214.3 223.5 221.5 28.51
MPa/32 days

6 130°C/32 days 214.9 222.7 220.7 26.91

7 130°C/24.5 216.0 222.6 220.9 28.94

MPa/32 days

molecular degradation led by the high temperature of PA6 pre-
dominated; this resulted in a decrease in the reduced viscosity.

A comparison of the reduced viscosity of PA6 aged under stress
and without stress is shown in Figure 5. The samples of PA6
aged under stress had lower reduced viscosity values than the
sample aged without stress; this indicated that the stress may
have promoted the chain scission of PA6 during thermal aging.

Chemical Structure of PA6 during Thermooxidative

Aging under Stress

The amido bond is considered to be the weakest bond in the
molecule of PA. The rupture of the amido bond and the adja-
cent C—C bond resulted in the formation of the carboxylic
acid, carbonyl, and end amine groups. The decline of the con-
centration of the end amine group of PA6 perhaps resulted
from the reaction between end amine groups and carboxylic

70C/124.5MPa/2d 70°C/24.5MPa/4d 70°C/24.5MPa/8d 70°C/24.5MPa/16d 70°C/24.5MPa/32d

110°C/24.5MPa/2d 110°C/24.5MPa/4d 110C/24.5MPa/8d 110°C/24.5MPa/16d 110°C/24.5MPa/32d

1307C/24. 5MPa/2d 130°C/24.5MPa/4d 130°C/24.5MPa/8d 130°C/24.5MPa/16d 130°C/24.5MPa/32d

Figure 10. Two-dimensional XRD patterns of PA6 at different aging temperatures under 24.5 MPa.
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Table II. f Values of PA6 at Different Aging Temperatures under 24.5 MPa

f

Time 70°C/24.5 110°C/24 5 130°C/24 .5
(days) MPa MPa MPa

0 0.1397 0.1397 0.1397

2 0.2164 0.2927 0.3058

4 0.2820 0.3088 0.3186

8 0.2348 0.3273 0.3335

16 0.3732 0.3722 0.3830

24 / 0.3513 0.3585

32 0.4021 0.3651 0.3790

acids or the production of compounds such as tertiary amine
or compounds escaped from the matrix by aging degradation.
During the thermooxidative aging of PA6, the higher the
concentration of the carboxylic acid was, the more quick the
oxidation aging of the sample was, and the further the degrada-
tion of the polymers could be promoted. However, the end
amine group had a thermal stabilization effect on PA. The
variation of the chemical structure (the carboxylic acid and the
amine end group) of PA6 with aging time at different tempera-
tures is shown in Figure 6. With increasing aging time, the
carboxylic acid concentration rose, and the end amine group

20 (%)
(1-0d; 2-70°C/24.5MPa/2d; 3-70°C/24.5MPal/4d;
4-70°C/24.5MPa/8d; 5-70°C/24.5MPa/16d,;
6-70°C/24.5MPa/32d)

ARTICLE

concentration dropped monotonically for PA6. The carboxylic
acid concentration of PA6 aged at a lower temperature was
lower than that of the sample aged at a higher temperature, and
its end amine group concentration was relatively higher during
the whole aging process.

As shown in Figure 7, compared with samples aged only under
heat and oxygen, the carboxylic acid concentration was higher
for the sample aged under stress, whereas the difference in end
amine group concentrations was not so remarkable.

UV spectra of various aged samples of PA6 are shown in Figure 8.
The UV absorption of PA6 at bands of 220 and 250-290 nm
increased after aging, whereas the variation tendency of the UV
absorption of PA6 aging with and without stress was similar; this
indicated that at the high temperature, the thermooxidation
showed a larger effect on the structure of PA6 than the stress did.

After aging, the degradation products, including unsaturated
aldehydes, ketones, carboxylic acids, and other compounds,
were generated, and the n—n* or n—n* electron transition of
carbonyl groups in these compounds may have resulted in an
increase in the UV absorption at about 205 nm. However, the
auxochrome group in the vicinity of carbonyl groups led to an
n—-n conjugation effect and resulted in a redshift of the
corresponding UV absorption to 220 nm. The UV absorption at
260-290 nm was enhanced because of the formation of isolated
carbonyl groups during aging. A series of degradation reactions
were initiated, as shown next:

1IB 15 2‘0 25 30 3‘5
26 (%)

(0-0d; 1-110°C/24.5MPa/2d; 2-110°C/24.5MPal/4d;

3-110°C/24.5MPa/8d; 4-110°C/24.5MPa/16d;
5-110°C/24.5MPa/24d; 6-110°C/24.5MPa/32d)

R

10 15 20
20(9)

30 35

(1-130°C/24.5MPa/2d; 2-130°C/24.5MPa/4d; 3-130°C/24.5MPa/8d;
4-130°C/24.5MPa/16d; 5-130°C/24.5MPa/24d; 6-130°C/24.5MPa/32d)

Figure 11. XRD curves of PA6 at different aging temperatures under 24.5 MPa.
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Crystallization and Orientation Behavior of PA6 during
Thermooxidative Aging under Stress

The nonisothermal DSC curves of various aged samples of PA6
with a heating rate of 10 K/min are shown in Figure 9; from these,
the onset melting temperature (7;,s.), the end melting tempera-
ture (Tinq)s T and X. could be obtained, as listed in Table I. It
can be seen that the measurement of the crystalline fraction
showed an increase in X, for the stress-aged sample; this indicated
the fact that stress could induce the crystallization of PA.

The temperatures at which PA6 reached the maximum rates of
crystallization (T, ’s) were calculated with the following empir-
ical formula:
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(5)

where T, is the peak melting temperature of PA6 and T, is the
glass-transition temperature of PA6.

Tonax = 0.63T,, 4+ 0.37T, — 18.5

The calculated Tj,. was about 130°C for PAG6; therefore, X, of PA6
aged under this temperature remained at a relatively high level.

The WAXD patterns of various aged samples of PA6 are shown
in Figure 10. When PA 6 was subjected to stress and with
increasing aging time, its (200) reflection became narrower in
spread and more prominent; this suggested that the crystal axis
was oriented. Moreover, the degree of orientation tended to
increase at high aging temperatures; this may have been due to
an increase in the molecular mobility.

According to Herman’s orientation model, as shown in egs.
(6)—(8), the orientation factor (f) of PA6 could be calculated,
and the data are listed in Table II:

73<c052¢>—1

f > (6)
cos’ ¢ — I I((ii) sin(i)(.cos2 ¢)do )
jg I(p) singpdep
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Table III. X, Values of PA6 at Different Aging Temperatures under 24.5
MPa of Stress

Xc (%)

Time 70°C[24.5 110°C/24.5 130°C/24.5
(days) MPa MPa MPa
0 30.12 30.12 30.12
2 34.18 34.29 34.56
4 34.49 34.43 34.96
8 35 36.58 36.68
16 36.2 8745 37.90
24 — 35.23 35.94
32 37 36.01 36.48

cos ¢ = cos ) X cosu (8)

where 0 is the Bragg diffraction angle and u is the angle between
the normal of the crystal surface and the tensile direction. ¢ is
the angle between the chain axis and a reference axis z; I is the
intensity of photons.

A one-dimensional X-ray diffraction curve corresponding to the
two-dimensional diffraction pattern is shown in Figure 11. The
intensity of the diffraction peak represented the degree of the
order in the material, including crystallization and orientation.
It can be seen that the diffraction peak position of aged PA6
showed no change, however, there were significant differences in
intensity, and this indicated that stress aging did not affect the
crystal type, but it could significantly affect the crystallization
and orientation of PA6.

Figure 12 shows the corresponding decomposed WAXD curves
obtained by PeakFit software (SeaSolve Software Inc., Framing-
ham, Massachusetts, USA), and X. of PA6 was calculated from
the peak area of the crystalline and amorphous regions, as sum-
marized in Table IIL

As shown in Table II, X, and fof PA6 increased with aging tempera-
ture; this indicated the formation of a clear orientation and the
crystallization of molecules induced by stress. However, X, and f
decreased after 16 days; this demonstrated that stress-induced deg-
radation occurred, and the molecular orientation was weakened.
Moreover, with increasing aging temperature, both X, and fof PA6
exhibited an increasing tendency, which resulted from the increas-
ing mobility of the molecular chain at high temperatures.

CONCLUSIONS

The long-term stress-accelerating aging behavior of PA6 was stud-
ied at relatively high temperatures (70, 110, and 130°C). The
results show that a remarkable increase in the creep deformation of
PA6 under stress was observed at the beginning of aging, and the
creep deformation of PA6 was much higher and tended to increase
more rapidly with increasing aging temperature. The tensile
strength of PA6 subjected to a constant stress increased with aging
time and temperature during the first 8 days. Afterward, it was
found to decrease at elevated temperatures. The tensile strength of
PA6 aged with stress was much higher than that of the sample aged
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without stress. The reduced viscosity of PA 6, which decreased at
elevated temperatures, declined sharply at first and then reached a
stable value because of the molecular degradation under heat. The
samples aged under stress had a lower reduced viscosity than that
of the sample aged without stress; this indicated that the stress may
have promoted the chain scission of PA6 during thermal aging.
With increasing aging time, the carboxylic acid concentration rose,
and the end amine group concentration dropped monotonically
for PA6. Compared with samples aged without stress, the carbox-
ylic acid concentration was higher for the sample aged under stress.
The UV absorption of PA6 at bands of 220 and 250-290 nm
increased after aging, whereas the whole variation tendency of the
UV absorption of PA6 aged with and without stress was similar. f
and X, of PA6 increased during the first 16 days; this indicated of a
clear orientation and crystallization of molecules induced by stress.
Then, X, and f decreased; this demonstrated that stress-induced
degradation occurred, and the molecular orientation was weak-
ened. Moreover, with increasing aging temperature, both X, and f
of PA6 exhibited an increasing tendency; this resulted from the
increasing mobility of the molecular chain at high temperatures.
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