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ABSTRACT: We have investigated the behavior of mois-
ture absorption by the polyamide 6 and epoxy samples in
various humid environments at constant temperature and
also examined the effect of absorbed moisture on their dy-
namic viscoelastic properties. The moisture absorption was
revealed to show the Fickian type of diffusion and to shift
the dynamic viscoelastic properties of the specimen to those
at lower temperature, as an effect of plasticization. Anti-
plasticization taken with an increase in the storage modulus
was also observed in a low-temperature range below —50°C.
The time-water content superposition was confirmed to

hold at various equilibrium water contents at constant tem-
perature for both polyamide 6 and epoxy. The relation of the
shift factor, log a;;, to the equilibrium water content for
polyamide 6 has a form similar to WLF equation of time—
temperature superposition, whereas the log a;; for epoxy
does not have such a form. © 2004 Wiley Periodicals, Inc. ] Appl
Polym Sci 93: 560-567, 2004
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INTRODUCTION

The polymeric materials are used in a wide variety of
fields for their several surpassing properties. The me-
chanical properties of polymers are, however, strongly
influenced by various environmental factors. Water
penetrating into polymers especially reduces their me-
chanical performance by some mechanisms such as a
plasticization effect. Thus, it is important to accurately
examine the effect of absorbed water on the mechan-
ical properties of polymeric materials. In addition, it
may be beneficial to predict a long-term mechanical
behavior of polymers under the water environment
for applying the polymers and polymer-based com-
posites to the structural components, for which the
durability is strongly required.

One of the principles for estimating the long-term
behavior of polymers may be a time-temperature su-
perposition (equivalence), based on the viscoelastic
properties of polymers varying with time and temper-
ature. By this principle, one may predict the long-term
properties from the short-term data at various temper-
atures. The viscoelasticity of polymers depends not
only on temperature but also on the absorbed mois-
ture. It generally brings about reductions in the glass
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transition temperature and the storage modulus. With
regard to the reduction in the modulus with increas-
ing water content, the effect of moisture is supposed to
be equivalent to that of temperature. Therefore, an
alternative principle of superposition exchanging the
temperature for the water content may be suggested.

Past studies'™* of the effects of moisture on the
viscoelastic behavior of polymers have showed that a
master curve may be constructed from the short-term
viscoelastic data at various water contents at a fixed
temperature. That is, the absorbed water in polymers
has an analogous effect to temperature, and thus, a
so-called time-water content (moisture) superposition
may hold. This kind of superposition is expected to
predict the long-term variations in the mechanical
properties of polymeric materials under the water en-
vironments. However, the studies of time-water con-
tent equivalence have so far been restricted to a few
kinds of thermoplastic polymers only under the static
loading (creep,'” stress relaxation®?). Thus, this prin-
ciple on the equivalence between time and water con-
tent remains to be satisfactorily confirmed, especially
on the dynamic viscoelasticity and for other polymeric
materials (e.g., thermosetting polymers, fiber-rein-
forced polymers).

We have previously investigated the effects of mois-
ture on the dynamic viscoelastic behavior of epoxy
resin, a typical thermosetting polymer, and examined
the time—-water content superposition for the saturated



VISCOELASTICITY OF POLYAMIDE 6 AND EPOXY

samples at various humidities at 60°C.” Because the
viscoelastic factor (storage modulus) showed only a
small change with the water content, the examination
of this superposition was inadequate. Thus, for aiming
to demonstrate the time-water content equivalence, it
may be proper to chose a model polymer with great
ability of moisture absorption such as polyamide (PA).

The purpose of this study is to evaluate such a
hygroeffect of absorbed moisture on the dynamic vis-
coelastic properties of polyamide 6 (PA6), which is
prepared in an environment where the humidity in air
is controlled independently of temperature, with par-
ticular reference to the time-water content superposi-
tion. For comparison, the hygroeffect on the dynamic
viscoelasticity of epoxy resin (EP) is also reexamined
in detail for confirmation of the above superposition to
hold, although EP resin has less ability of moisture
absorption.

EXPERIMENTAL
Materials

PA6 (Ube Co. Ltd., Japan; Ube Nylon6 S1013NWS)
and epoxy resin (Cape2002) were used for this study,
because of their hydrophilic property, especially for
PA6, which was appropriate to the examinations of
the hygroeffects of absorbed moisture on the vis-
coelastic behavior.

The PA6 pellets were preliminarily dried at 80°C for
3 h in a vacuum chamber (Shibata Scientific Technol-
ogy Ltd., Japan; VOR-300) and then uniformly dis-
persed in a rectangular mold of stainless steel. The
pellets in the mold were heated at 225°C for 5 min and
then compressed under about 15 MPa for 5 min by
means of hot-pressing equipment (Imoto Co. Ltd.,
Japan; TF1) to make a PA6 sheet of 2 mm thickness. In
this study, PA 6 is used as a model polymer to more
clearly grasp the hygroeffect on the dynamic vis-
coelastic behavior through greater moisture absorp-
tion. For this purpose, in addition, the PA sheet was
quenched from that temperature into water at 15°C for
introducing a lower degree of crystallization; in other
words, a higher content of amorphous phase that may
absorb and store the water. However, the quenched
PA6 may give rise to some variations in microstruc-
ture similar to crystallization of amorphous phase fol-
lowed by water absorption. Although this problem is
not discussed here, it is now planned to be examined
in the near future, because of its significance for un-
derstanding a long-term mechanical behavior of PA
specimen. The degree of crystallization of PA6 sheet
was calculated from the equation®:

_pp— pa)

X(%) = o5 > 100 (1)
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Figure 1 Schematic of moisture absorption test (1: speci-
men; 2: salt solution; 3: petri dish; 4: fan).

where p,, p,, and p are the densities of the crystal phase
(1.23 g/cm®),” amorphous phase (1.10 g/cm?),” and
whole specimen, respectively. The density of the PA6
sheet was measured by an electronic densimeter (Mi-
rage Co. Ltd., Japan; SD-200L) based on the
Archimedes method (JIS K7112%). The degree of crys-
tallization calculated by eq. (1) was about 25%.

The epoxy resin in liquid state was put into a mold
on the hot-pressing device and then heated at 60°C for
1 h and subsequently at 127°C for 1 h. After curing by
heating, the epoxy sheet was slowly cooled to room
temperature. This procedure of sample preparation
was performed at the Kanazawa Institute of Technol-
ogy and Stanford University. The surfaces of the ep-
oxy sheet were flatly machined to eliminate, as much
as possible, small cavities that were formed and gath-
ered mainly on the surface layers during the heating
process. The sheet was finally adjusted to have a thick-
ness of 1.5 mm.

The specimens of PA6 and epoxy were cut from
each sheet to the dimensions of 80 X 10 mm. All the
specimens were predried in a vacuum oven (Shibata
Scientific Technology Ltd., VOR-300) at 100°C for 3 h
and then slowly cooled to room temperature. The cut
sides of predried specimens were coated with a sili-
cone adhesive for protection from water penetration.

Moisture absorption test

The moisture absorption test was done in various
humid environments at constant temperature. We
used a saturated salt solutions method” to make var-
ious relative humidities. Five kinds of salt (MgCl,,
NaBr, NaNO;, KCl, and K,SO,) for the environment of
each relative humidity were put into the closed vessels
to make the saturated salt solutions. The schematic of
test equipment and the relative humidity (RH) ob-
tained in this way are shown in Figure 1 and Table I,
respectively. All the vessels were kept in an oven at
constant temperatures (50 and 80°C). The air in each
vessel was stirred by a fan to make uniform RH and
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TABLE I
Relative Humidity Given by a Method with Saturated
Salt Solutions

MgCl,  NaBr  NaNO, KCl K,SO,
50°C  29%RH 48%RH 65%RH 77%RH  92% RH
80°C — 44%RH 55%RH  69%RH  85% RH

temperature. The absorbed moisture in the specimen
was measured by weighing the specimen by using an
electronic analytical balance (Mettler-Toledo, Switzer-
land; AE-240) with a resolution of 0.01 mg. The water
content, M,, was determined by:

W W
Mt(Wt /0) ZTOX:lOO (2)

where W, and W, are the weights of wet specimen at
exposure time, ¢, and of the dried specimen after
predrying, respectively.

Dynamic viscoelastic test and examination of time-
water content superposition

The dynamic viscoelastic behavior was evaluated by a
dynamic viscoelastic analyzer (Orientec Co. Ltd., Ja-
pan; VFA-1KNA). The test conditions are shown in
Table II. The storage modulus (E’), loss modulus (E"),
and loss tangent (tan 8) were measured as a function
of temperature. Before the test, the moistened samples
were weighed, and then the gauge surfaces were
coated with silicone adhesive for preventing water
from desorption. The effects of surface coating on the
viscoelastic properties were preliminarily examined
on the temperature dependence of viscoelasticity of
dried specimens, by comparing with the specimens
without surface coating. According to these prelimi-
nary experiments, no influence of surface coating on
the viscoelasticity was observed, except for a small
and sharp tan & peak at about —128°C due to the
silicone adhesive.

The time-water content superposition was exam-
ined by using the moistened specimens, in which the
water content reached the equilibrium value, M., in
each exposure environment. The frequency depen-

TABLE 1I
Conditions of Viscoelastic Tests
Temperature Frequency
Test mode dependence dependence
Temperature range —150 to 200°C Constant
Heating rate 2°C/min —
Static pre-tension 14.7N
Amplitude 25 pm
Frequency 1.0 Hz 0.1-30 Hz
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Figure 2 Moisture absorption behavior of polyamide 6 and
epoxy.

dence of E' was also evaluated by the dynamic vis-
coelastic analyzer at the same temperature as for the
moisture absorption test (Table II) to obtain a relation
of E’ to time, which was given by a reciprocal applied
frequency. Shifting the curves of E’ along the logarith-
mic scale of time for a reference water content, M,
may give a master curve describing the time-water
content superposition.

RESULTS AND DISCUSSION
Moisture absorption behavior

The moisture absorption behavior by PA6 and EP is
shown in Figure 2. The water content, M,, is rapidly
increased at an early stage of absorption and gradu-
ally reaches the equilibrium value, M... The ratio of
M, /M., linearly increases with the square root of soak-
ing time, 172 "and the gradient of M,/M.. versus /2
curve increases with RH in the environment. The wa-
ter absorption behavior by PA6 and EP thus may be
expressed by the Fickian equation of diffusion, and
consequently, the moisture uptake and diffusion pro-
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TABLE III

Equilibrium Water Content and the Diffusion
Coefficient of Water

Polyamide 6 (50°C)

Epoxy (80°C)

M.. M..

Salt (wt %) D (mm?/h) (wt %) D (mm?/h)
MgCl, 0.88 3.15x10°° — —
NaBr 1.95 3.65x 1072 1.18 2.86 X 1073
NaNO, 3.18 430 % 1073 1.64 3.79 X 1073
KCl 4.63 5.98 X 1072 2.45 3.52 X 1073
K,SO, 6.78 933 x 1072 3.53 3.90 X 1072
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cess described by the following equation at the early
absorption stage'’:

M, 4 (Dt>”2

M. a2\ ®)
The diffusion coefficient is obtained by eq. (4) from the

initial gradient of the absorption curve:
D = (kX h)* 4

where D is the diffusion coefficient, k is the initial
gradient of M,/M., versus t'/? plot, and & is the initial
thickness of sheet specimen. The equilibrium water
content and the diffusion coefficient are summarized
in Table III. The value of M., is clearly dependent on
the moisture concentration in the exposure environ-
ment. The diffusion coefficient of EP is not so depen-
dent on the moisture concentration, whereas that of
PAG6 strongly depends on the moisture concentration.

Influence of absorbed moisture on the dynamic
viscoelastic behavior

The influence of absorbed moisture on the tempera-
ture dependence of dynamic viscoelasticity of PA6 is
shown in Figure 3(a). The as-molded PA6 sample
(solid line) shows three peaks of tan & at approxi-
mately —135, —65, and 60°C, which are known as the
v-, B-, and a-relaxations, respectively.6 The a-relax-
ation is brought about by the long-chain segmental
motion in the amorphous region, as a result of rupture
of hydrogen bonds between the polymer chains (i.e.,
the glass transition of PA6). The B-relaxation arises
from the motion of nonbonded amide groups in the
amorphous region. The y-relaxation is due to the seg-
mental motion in the amorphous region with a small
number of methylene groups between the amide
groups. After the moisture absorption, the peak of
a-relaxation shifts to a lower temperature with in-
creasing water content. This may mean that water
molecules penetrate into the spaces between the mo-
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Figure 3 Temperature dependences of viscoelastic proper-
ties of polyamide 6 and epoxy after moisture absorption.

lecular chains and facilitate the segmental motion in
the amorphous region (i.e., a plasticization effect). Fig-
ure 4 shows the reduction in glass transition temper-
ature, Tg, given by the a-relaxation peak temperature
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Figure 4 Reduction in T, against the equilibrium water
content.
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of E” measured by the dynamic viscoelastic analysis at
1 Hz. The T, of PA6 is decreased by 20 to 70°C. In the
low-temperature region below 0°C, both 8- and y-re-
laxation peaks decrease with increasing water content.
It may result from the bridges formed between the
water molecule and the amide group of PA,'" which
restrains the molecular motion. Therefore, the E’ of the
moistened samples is higher than that of an as-molded
one in low-temperature region (i.e., an anti-plasticiza-
tion).

The temperature dependence of viscoelasticity of EP
specimens treated by the moisture absorption is
shown in Figure 3(b). In general, the tan & curves for
the as-cured EP (solid line) exhibit two major
peaks.'*"® One tan & peak at a higher temperature
(about 125°C) corresponds to the glass transition of
EP, which occurs by micro-Brownian motion of main
chain. The other at a lower temperature (about —60°C)
may be interpreted as a result of local segmental mo-
tion. By the moisture absorption treatment, the a-re-
laxation shifts to a lower temperature region with
increasing water content as a result of plasticization,
leading to a reduction in T, by 15 to 50°C. In addition,
the height of the a-relaxation peak is decreased with a
broadening of the spectrum, and an alternative peak
newly appears with increasing water content. The
similar phenomena were observed in the other stud-
ies.'"*!° Such a splitting of tan & peak is supposed as
the result of a differential plasticization state in a-re-
laxation,'* being caused by coexistence of a micro-
structural plasticized region by the moisture and no-
or less-plasticized one. Because the surface coating
with silicone adhesive does not provide any influence
on the tan 8 behavior in this higher temperature re-
gion, as previously stated, and seems to sufficiently
suppress the drying of moistened specimen during the
heating process of dynamic viscoelastic test, the above
phenomenon of splitting of the tan & peak in a-relax-
ation probably may occur by the above differential
plasticization mechanism, although some detailed ex-
aminations for confirming the water desorption dur-
ing the test may be required for more strict discussion.
In the low-temperature region (<0°C), E’ of moistened
samples are higher than that of the as-cured EP sam-
ple. However, the anti-plasticization and the plastici-
zation effects of moisture on the B-relaxation are not
clearly observed, being different from PA®6.

Examination of time-water content superposition

Prior to the investigation of time-water content super-
position (TWS), the applications of time-temperature
superposition (TTS) to PA6 and EP are examined.
Figures 5 and 6 show the results of examination for the
storage modulus E’ of as-molded PA6 and as-cured
EP specimens, respectively, which were measured at
various temperatures. Shifting £’ at each temperature
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Figure 5 Application of time-temperature superposition to
the as-molded polyamide 6 specimen.

as to a reference temperature, To, gives a smooth mas-
ter curve. The temperature dependence of shift factor,
log ar, is generally represented by the following two
equations below and above T,, respectively'®:

g’

) _AH (1 1 Arrhen )
0841 = 5 303R \T ~ To (Arrhenius-type equation)
(5)
and
Cu(T — Ty .
log ay = TG AT-T, (WLF-type equation)
(6)

where T is the reference temperature, AH is the acti-
vation energy, R is the gas constant, and C;, C, are the
experimental constants, respectively. In this study, be-
cause the T,’s of PA6 and EP specimens are about 55
and 118°C (Fig. 4), respectively, the temperature de-
pendence of log a; may be described by WLEF-type
equation for PA6, and by Arrhenius- and WLF-type
equations for the EP specimen. The relationship be-
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Figure 6 Application of time—temperature superposition to
the as-cured epoxy specimen.

tween log a; and temperature are shown in Figures
5(b) and 6(b). The lines in each figure show the calcu-
lated value by the above equations. The behavior of
PA6 shows good agreement with the WLF-type equa-
tion. For EP, one also may find that the tendency of log
ar for the temperature changes from WLF-type to
Arrhenius-type equations near the glass transition re-
gion with decreasing temperature.

Next, the application of time-water content super-
position is examined. Figures 7 and 8 show the results
of examination for the moistened PA6 and EP speci-
mens, respectively. The left side of each upper figure
(a) shows the variation of E’' with time at various
equilibrium water contents, M... The low water con-
centration (0.4 wt %) in the PA6 sample was adjusted
by leaving the sample in air at 29% RH. These figures
clearly show that the E’ is decreased with increasing
water content. Thus, the effect of increasing water
content on the E’ may be equivalent to that of rising
temperature. We chose here M, of 0 wt % as a refer-
ence water content to directly compare the master
curve of TWS with that of TTS for the dried sample.
The master curves were constructed by shifting E" at
each M, along the logarithmic scale of time as to a
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reference water content, M, of 0 wt %. They overlap
each other to form a single smooth curve, as shown in
the right side of figure. The master curves of TWS on
both polymers are very similar to those of TTS, as
shown in Figures 5 and 6. Thus, it is demonstrated that
the time-water content superposition holds for both
PA6 and EP.

The shift factors on this hygroeffect, log a;;, of PA6
and EP specimens are plotted in Figures 7(b) and 8(b),
respectively. The relationship between log a;; and the
equilibrium water content is analogically described by
the WLF-type equation [eq. (6)] on the time-tempera-
ture superposition':

log an = — 1A~ Mo, 7)
&M= "D+ M- M,
where M is a water content at time, ¢, M, is a reference
water content, and D, D, are the empirical constants
determined by the experiment. For PA6, the solid line
in Figure 7(b) shows the result calculated from eq. (7)
with the values of D; and D, equaling 14.66 and 2.96
wt %, respectively. The figure shows good agreement
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Figure 7 Application of time-water content superposition
to polyamide 6 at 50°C.
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to epoxy at 80°C.

with the experimental data. On the other hand, for EP
specimen, the log a;; may not be satisfactorily ex-
pressed by eq. (7). Considering the similar effects be-
tween temperature and moisture, this consequence
may result from the finding that the T, of epoxy is not
significantly lowered below the env1ronmental tem-
perature even after the moisture absorption. Thus, it
may be necessary to apply another expression of log
ay; to water content, such as the Arrhenius-type equa-
tion for the time-temperature superposition below T.
Therefore, in order to strictly confirm the tlme—water
content superposition, it is required to examine at
much wider range of water content.

For the same reference temperature and the water
content, the master curve obtained by TWS should be
completely overlapped to that given by TTS. The com-
parison of the master curve of TWS with TTS is shown
in Figure 9. In current studies,>® both TWS and TTS of
some hydrophilic polymers are shown to have the
master curves of TWS and TTS, which are overlapped
with each other for the same reference temperature
and water content. In this study, although they are in
accordance with each other for a short-term region,
the master curve of TWS is slightly different from that
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of TTS for a long-term region. The master curve of
TWS on PA6 is generally higher than that of TTS,
whereas that of TWS on EP specimen is lower than
that of TTS. Such a difference between TWS and TTS
may be caused by some structural changes of material
during the moisture absorption. In the case of PA6, for
example, an increase in E’ is due to an increase in the
degree of crystallinity by the moisture, and that in
epoxy may be given some degradation by hot and wet
conditions.

CONCLUSION

In this work, we have investigated the behavior of mois-
ture absorption by polyamide 6 and epoxy resin, which
were stored in various humidities at constant tempera-
ture. In addition, the effects of moisture on the dynamic
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Figure 9 Comparison of master curve obtained by time-
water content superposition with that by time-temperature
superposition.
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viscoelastic properties were also examined with partic-
ular reference to the time—-water content superposition.
The moisture absorption behavior of polyamide 6 and
epoxy resin was revealed to show the Fickian diffusion.
For the dynamic viscoelastic behavior, the absorbed
moisture generally gave rise to a plasticization, while in
a low-temperature region (<0°C), the absorbed moisture
resulted in an anti-plasticization phenomenon showing
an increase in the storage modulus. The time-water con-
tent superposition was demonstrated to hold for both
the polyamide 6 and the epoxy samples. For polyamide
6, the relationship between the shift factor, log ay, and
equilibrium water content, M.., was shown to be similar
to the WLF-type equation of time-temperature superpo-
sition, whereas for epoxy, the relation gave a different
expression. In addition, the master curve of time-water
content superposition did not completely agree with that
of time-temperature superposition observed in this
study. The discrepancy may be due to some structural
changes of material caused by the absorbed water.
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