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ABSTRACT: The evolution of structure and properties
of poly(p-phenylene terephthalamide) (PPTA) with differ-
ent hydrothermal aging temperatures were systematically
investigated. The cooperative change in tensile strength
and reduced viscosity upon aging time indicated a direct
chemical structure-property correlation. The linear rela-
tionship between tensile strength and reduced viscosity
was explored. Wide angle X-ray diffraction measurements
disclosed the crystal structure of aramid fibers was stable
with aging time and temperature. Fiber exhibited skin and
core structure in different ways. Cracks and microfilbrils

were observed in the core after hydrothermal aging, while
the structure was unchanged in the skin. Fourier trans-
form infrared spectroscopy also proved that the chemical
structure of the skin was not affected by degradation.
The results elucidated the hydrolysis of amide function
happened in amorphous or bundles between microfibrils
in the core rather than in skin of the fiber. © 2012 Wiley
Periodicals, Inc. ] Appl Polym Sci 000: 000-000, 2012

Key words: hydrothermal aging; poly(p-phenylene
terephthalamide); skin and core; morphology

INTRODUCTION

Poly(p-phenylene terephthalamide) (PPTA) fiber has
widely used in soft body armor and combat helmet,
owing to his outstanding mechanical properties. As
polyamide fiber, PPTA is prone to hydrolysis at
elevated temperature' ™ and different aging environ-
ment.”” In order to predict the performance evolu-
tion of PPTA during its service period, it is impor-
tant to understand the structure change caused by
hydrothermal aging, as well as its influence on the
fiber properties.

There are many effective methods to characterize the
evolution of structure and properties, such as X-ray dif-
fraction (XRD),*'? viscosity,**"'® FTIR,*'*'° laser scan-
ning confocal microscopy,” electron spin resonance
spectroscopy,'® energy dispersive X-ray spectroscopy,'
small angle X-ray scattering (SAXS),'”'® and scanning
electron microscopy (SEM).”*'® As to PPTA fiber,
viscosity, XRD, and FTIR are proved to be effective
methods to study the hydrothermal aging.

“Skin-core” structure of PPTA fiber was ever
observed by Panar et al.*” and Dobb and Robson.*!
The thickness of skin was different from variant
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fibers, ranging from 0.15 to 2.0 um. The model of
highly axially oriented skin and imperfectly packed
and ordered core was proposed. Skin and core may
have different aging behavior for the different struc-
ture. However, few studies investigated the structure
evolution of skin and core under hydrothermal
aging. The main purpose of this study is to ascertain
the different aging behavior in skin and core. Tensile
strength was evaluated by single fiber test. Correla-
tion between tensile strength and reduced viscosity
was explored. Meanwhile, the integrated crystal
structure was investigated by XRD. Surface chemical
structure was studied by attenuated total reflectance
FTIR (ATR-FTIR) and contrasted with bulk chemical
characteristics. Traverse section morphology was
employed to study the structure difference between
skin and core. Our results strongly indicated chain
degradation of the bundles tied to microfibrils in the
core rather than in skin of the fiber.

EXPERIMENTAL
Materials and aging

A typical brand of PPTA fiber Kevlar 129 (Dupont,
USA) in the form of 1100tex/667f is utilized in the
experiments. The average diameter of single fiber is
12.26 pm. Hydrothermal aging was performed by
immersing the fiber in deionized water at four tem-
peratures: 60, 70, 80, and 90°C, respectively. It would
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Figure 1 Evolution of retention of tensile strength at dif-
ferent aging temperature. (The error bar is 95% confiden-
tial limit of average tensile strength).

take long time to observe the structure evolution in
relative low temperature. Different mechanism may
result in different structure change with higher
aging temperature. Consequently, the moderate tem-
peratures were selected. The temperature variability
was +1°C. The samples were taken periodically to
test the properties.

Analysis and characterization

Tensile tests were performed on single fibers with
Instron 5566 tensile tester with a 2.5 N force sensor
and a rate of extension of 10%/min at 25°C. Single
fiber was fixed in paper card and the edge of the
paper was snipped off carefully after mounted on
the tensile testing machine. The gauge length was
25 mm. At least 15 valid measurements were tested
for each sample.

FTIR analysis of the fibers was carried out in ATR
mode with a Nicolet 670. The spectra were recorded
at a resolution of 4 cm™' between 3500 and
700 cm™'. Viscosity measurements were carried out
with a capillary viscosimeter at 30°C. The fibers
were dissolved with magnetic stirrer in sulfuric acid
concentrated at 96%. The solution of concentration
was at 5 x 1074g/ mL. In this study, the relative
molar mass was compared by reduced viscosity.

n. = M @

where n. is the reduced viscosity, t; is the time for
solution, t, is the time for solvent, and c is the con-
centration of the solution.

XL-30 Field emission scanning electron microscope
(FEI) was utilized to detect the potential surface
and transverse section defects induced by aging. In
the transverse section specimens, fiber bundles were
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first impregnated in Epon812 epoxy resin, then slice
up into small piece. A thin gold was sputtered on to
both specimens surface.

Thermogravimetric analysis (TG) was conducted
using TGA Q50. The temperature was programmed
from room temperature to 800°C in nitrogen and
heating rate was 10°C/min. Structural characteriza-
tion was carried out using XRD. Background was
subtracted by measurement air intensity without
sample. Peak fitting were determined using a regres-
sion analysis'? after normalized the intensity to
reduce the effect of the thickness of fiber bundles.
Gaussian function was found to give a better fit. The
apparent crystal sizes (ACS) of planes (004), 110 and
200 were calculated as following formula:

K\

Bcos6 @

Ay =

where d; is the apparent crystal size of plane, K is
a constant taken as 0.9, B is the width at half-maxi-
mum (FWHM), and A is the wavelength of CukK,
beam.

RESULTS AND DISCUSSION
Bulk degradation and tensile properties

The evolution of tensile strength of PPTA fiber is
presented in Figure 1. At 80 and 90°C, the tensile
strength follows logarithmic evolution with time,
while at 60 and 70°C, it seems to be linear. It may be
logarithmic with longer aging time. Tensile strength
decreased more with higher temperature. These
results are similar to the experimental results of
Derombise et al.>'? and Springer et al.’

Bulk degradation is demonstrated by reduced
viscosity. As it can be seen in Figure 2, the evolution
of reduced viscosity follows exponential attenuation
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Figure 2 Evolution of reduced viscosity at different aging
temperature.
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Figure 3 Arrhenius model of the calculated hydrother-
mal lives of aged Kevlar fibers (90, 80, and 70% RVV is
the 90, 80, and 70% retention of the reduced viscosity).

with increase of aging time. Arrhenius model is
used to predict service life of polymer material
based on the same mechanisms of degradation at
different temperature. Generally, service life at a
given temperature is defined as the time of 50%
retention of the given property. However, in some
cases, it can be alerted when a given property has
certain changes. In this article, the hydrothermal life
of 90, 80, and 70% retention of reduced viscosity
(RVV) at different temperature are illustrated. The
hydrothermal lives are plotted against the reciprocal
of the absolute aging temperature to provide the
Arrhenius model shown in Figure 3. Formula
between the hydrothermal lives at given RVV are
derived as egs. (4)-(6).

In(L) = —% +1InA 3)

where L is hydrothermal life, A is constant, E is the
activation energy of the reaction, R is the universal
gas constant, and T is the absolute temperature.

90%RVV : In(L) = —14.06 4 4895.40/T (R*> =0.98)
4
80%RVV : In(L) = —14.55+ 5360.60/T (R? = 0.98)
@)
70%RVV : In(L) = —16.80 + 6358.91/T (R? = 0.99)
(6)

After 12 week aging in 90°C, the retention of the ten-
sile strength and reduced viscosity are 32 and 40%,
respectively. Retention of the tensile strength is
nearly same as the molar mass. In order to estimate
the correlation between tensile strength and reduced
viscosity, the tensile strength is plot as a function of

Tensile strength (Gpa)

" 1 " 1 L 1 L
150 300 450 600 750
Reduced viscosity (mL/g)

Figure 4 Relationship between reduced viscosity and
tensile strength. (Tensile strength are evaluated at different
temperature and aging time same as the reduced viscosity,
then correlation is fitted with linear regression).

reduced viscosity in Figure 4. The relationship
between the reduced viscosity and tensile strength is
linear (R = 0.93), which is consistent with the previ-
ous studies.”® Tensile strength is governed by lateral
intermolecular bonds. The linear correlation indi-
cates the hydrolysis happens in bundles between
microfibrils. Tensile strength has significant effect on
the performance of body armor. Reduced viscosity
can be applied to predict the tensile strength by the
correlation.

Evolution of thermal properties

The thermal properties of PPTA fibers as received
and after aging were evaluated by TG. The charac-
teristic temperatures are expressed in onset decom-
position temperature (T;) and maximum decomposi-
tion (Tmax)- As it is revealed in Figure 5, T; and Tiax
in nitrogen are in range of 561-565°C and 580-
582°C, respectively. The thermal degradation from
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Figure 5 TG curves of PPTA fibers after aging. The
dashed line is the DTG curve of PPTA fiber (as received).
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Figure 6 Equatorial WAXD diffraction of different nor-
malized reduced viscosity fibers.

500 to 800°C is separated into two steps. All the
fibers exhibit the same degradation rate in the first
step. In the second step, the degradation rate
increases with decrease of RVV. Such behavior
may result from the carboxyl decompose after the
temperature reach to 580°C. Brown and Cai***
investigated the degradation of PPTA fiber by pyro-
lysis gas chromatography/mass spectrometry. They
observed decarboxylation of carbonyl end group
after the hemolytic cleavage of CO-NH. The thermal
degradation of fiber starts from skin to core. Differ-
ent RVV fibers with the same first degradation step
imply that the fibers have the same skin structure.
In other words, the skin structure will affect the
performance in high temperature.

Evolution of crystal structure

The equatorial WAXD diffractions spectra of fibers
with different reduced viscosity are shown in Fig-
ure 6 and Table I. Two strong peaks can be indexed
as (110) and (200) planes at 20.5 and 22.9°, respec-
tively. The diffractions spectra of fiber with different
reduced viscosity are nearly the same after normal-
ized the intensity. This result suggests that the
hydrolysis happened in amorphous region rather in
crystallization. The apparent crystal sizes along (004)
planes are nearly constant, whereas the apparent
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crystal size along (110) and (200) grow slightly. The
same results were observed by Springer et al.> and
Zhang et al.** The former supposed that some lateral
growth in lamellae take place as the tie molecules
hydrolysis diminished the correction between super
molecular parallel to the fiber direction. As it can be
seen from Table I, the crystallinity raises slightly,
indicating the recrystallize of tie molecule at the sur-
face of lamellae. Panar et al.*’ proposed a fibrillar
structure of Kevlar fiber superimposed on its crystal-
line structure. Fibrils were joined by bundles of tie
fibrils. Panar also postulated that surface fibrils are
uniformly, axially oriented, while fibrils in the fiber
core are imperfectly packed and ordered. This model
suggests that core may be more readily to hydrolyze
than surface.

Evolution of surface chemical structure

In order to investigate the mechanism of degrada-
tion, surface chemical structure of four fibers (80°C/
4 week, 90°C/4 week, 90°C/12 week) is evaluated
by FTIR-ATR. The retention of RVV is 100, 67, 52,
and 40% (normalized), respectively. As can be seen
in Figure 7, the peaks attributed to amide function
are 3300, 1634, 1537, and 1303 cm % To perform a
semiquantitative analysis,'> area of peaks is com-
pared with peak at 819 cm ' attributed to C—H. The
peak area of C=O has no obvious correlation with
reduced viscosity. The peak at 3300 cm ' is the
stretching of N—H. The ratio of peak area at 3300-
819 cm ' is nearly the same. The peak at 1700 cm
attributed to carboxylic acids indicated chain scis-
sion of amide function also has not been detected.
The same results were observed by Arrieta.'* There
was slightly difference in FTIR for strength loss
range from 20 to 40%.

Surface and traverse section morphology

Previous studies’”*'* have noted the difference in
structure of skin and core by TEM and AFM. Skin of
the fiber is more highly oriented compared to the
core. Although the skin has more contact area with
water than the core, the degradation of the skin may
be much less than the core for its unique structure.

TABLE I
Microstructure of Kevlar with Different Reduced Viscosity

Normalized Apparent crystal size Lattice constant
Sample reduced ] ] ] Crystallinity ] R ]
name viscosity (%) 110 (A) 200 (A) 004 (A) (%) a(A) b (A) c(A)
As received 100 521 499 94.7 61.8 5.23 7.76 12.86
80°C/4 week 67 57.1 51.9 94.0 62.5 5.23 7.78 12.86
90°C/4 week 52 58.4 53.9 95.4 62.8 5.23 7.76 12.86
90°C/12 week 40 57.6 53.0 94.5 63.6 5.22 7.76 12.86
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same fiber is presented in Figures 9 and 10, in which
difference structure of the skin and core of the fiber
90°C /12week is significant. The fiber as received [Fig. 9(C)] dis-

plays highly compact and even skin and the thick-
ness of the skin is around 500 nm. The core structure
\\?MEQSJQ\/WK’ of untreated fiber is the same as the skin but less

compact. The fiber after aging 12 weeks at 90°C
exhibits the same skin structure [Fig. 10(C)] as the
untreated fiber, while microfibrils and cracks in the
aging fiber core are observed. As it can be seen,
the diameter of microfibrils is around 80 nm. The

——80C/4week

f A3
C=Q/}y CN
X | 1 1 1 1 1 1 1 1 1 1 "
3500 3000 2500 2000 1500 1000
-1
Wavenumber/cm

as received

Figure 7 FTIR spectrum of Kevlar 129 before and after
aging.

Figure 8 FEI images reveal that diameter of the
fiber has not influenced by hydrothermal aging. Sur-
face morphology of fibers as received and that after
aging 12 weeks at 90°C do not display any detecta-

ble defects. The traverse section morphology of the - o
ccV Magn F————— 5um
10.0 kV 5000x  As receiv:

AccY Magn F—— 1pm

10.0 kV 20000x As received
Magn

5000x 3-0 11/07/26

AccV Magn f——— 1 Hm
10.0 kV 20000x As received

Magn F——— 5um
5000x  40%

Figure 9 Skin and core morphology of Kevlar 129: as
Figure 8 Surface morphology of Kevlar 129: as received received (A) integral section morphology, (B) core mor-
(A) and RRV 40% (B). phology, (C) skin morphology.
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Figure 10 Skin and core morphology of Kevlar 129: RRV
40% (A) integral section morphology, (B) crack structure
of the core, (C) skin structure.

phenomenon of the microfibrils may result from the
hydrolysis of bundles tie to the fibrils. Several cracks
[Fig. 10(B)] are also observed inside the aging
sample. These cracks may result from process of
specimen slice up. However, it also illustrates the
core of the fiber is much more brittle than untreated
fiber. The work shows the core structure tends
to affected by hydrothermal aging. Improvement
in core perfection will achieve better service
performance.
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CONCLUSION

Hydrothermal aging behavior of Kevlar 129 was
investigated at different temperature. Different
evolution of structure in the skin and core of fiber
was explored. The results lead to the following
conclusions:

1. Tensile strength and molar mass are affected
by aging temperature and time. The linear cor-
relation of tensile strength and molar mass
indicates the tensile strength is governed
by molar mass. The evolution of molar mass
follows exponential attenuation law. Arrhenius
model of different retention of molar mass
is constructed. This formula can be used to pre-
dict service life of certain degradation.

2. The surface crystal structure is not affected by
the hydrothermal aging in this article, which
implicates the hydrolysis happened in amor-
phous region.

The degree of hydrothermal aging is different in
skin and core. FTIR-ATR suggests the surface struc-
ture change is negligible. Our results strongly
indicate the hydrolysis of amide function happens
in amorphous or bundles between the microfibrils in
the core rather than in the skin of PPTA fiber.
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