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ABSTRACT: The state of absorbed water in polyamide 6
elongated to several levels have been investigated in rela-
tion to the polymer microstructure. The absorption behav-
ior of distilled water at 20�C was monitored until the
saturation. Both the diffusion coefficient and the equilib-
rium content of water were increased by plastic elonga-
tion. The large elongation caused a reduction in the
storage modulus and rises in the loss tangents for a- and
b-relaxations. The DSC measurements clearly indicated
several exothermic peaks showing the presence of freez-
able bound water in the largely elongated specimen. These
results suggest that some microstructural defects like voids
are formed by the collapse of crystals by large elongation,

and the water molecules are accumulated in such defects
under weaker interaction with the surrounding polymer.
Supposing the pore as the structural defect, the pore size
distribution was obtained from the DSC curve by the
method of thermoporosimetry. Assuming the cylindrical
pores, they were characterized to have the total volume of
about 13.5 � 10�4 mm3 g�1, the surface area of about 1.1
m2 g�1, and the average radius of about 2.5 nm, being
appropriately called mesopore. VC 2009 Wiley Periodicals, Inc.
J Appl Polym Sci 115: 1272–1277, 2010
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INTRODUCTION

Since the water in solid polymers generally exerts
considerable influences on their mechanical proper-
ties, the evaluation of absorption behavior and the
existing state of water in solid polymers are of
great significance, and thus have been extensively
studied.1–9

Especially, a dynamic state (mobility) of water
molecules may be of interest, because it may reflect
the degree of interaction with the surrounding poly-
mer phase. The differential scanning calorimetry
(DSC)4–6 appears as one of useful techniques for
evaluating such a dynamic state of water. According
to Nakamura et al.,4 the absorbed water in solid pol-
ymers may be classified to following three types:
‘‘free water’’ showing the same freezing behavior as
pure bulk water, ‘‘freezable bound water’’ being fro-
zen at lower temperature than free water, ‘‘nonfreez-
ing bound water’’ with no exothermic peak due to
crystallization in the DSC cooling curve. In addition,
the content of freezable bound water calculated by
the exothermic peak in a DSC curve was revealed to

clearly correlate with the degree of hydrogen bond-
ing with polymers.4

Thus investigating the DSC behavior of absorbed
water under cooling process may provide valuable
information of microstructure of solid polymer
phase surrounding the water molecules. Kawagoe
et al.10 has characterized the matrix/fiber interfacial
region in a polyamide 6 (PA6)/carbon fiber model
composite by comparing the DSC behavior of
absorbed water with that in neat PA6 under cooling
process. They revealed a clear exothermic peak due
to crystallization of water, and thus suggested that
in the model composite a part of water molecules
behaves as free water or freezable bound water in
some heterogeneous microstructure like voids in the
interfacial region, probably induced during a process
of containing carbon fibers, while in the neat speci-
men the water totally exists as nonfreezing bound
water showing no exothermic peak of DSC. Their
investigation suggests such DSC analyzes of
absorbed water to also be effective for characterizing
the microstructure of plastically deformed polymers,
in which the microstructural heterogeneities like
voids are also generated.11–13

In this connection, the thermoporosimetry is of
great interest. This method has been developed by
Ishikiriyama et al.14,15 to estimate the pore size dis-
tributions in the porous materials from the DSC
freezing curve of absorbed water. They applied the
dynamic and thermodynamic relationships derived
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from the Laplace and Gibbs-Duhem equations to a
DSC freezing curve of liquid water in the pores.
They demonstrated for several kinds of silica gel
that the estimated results by the thermoporosimetry
are in good agreement with the measurements by
nitrogen gas adsorption–desorption and mercury
porosimetry. By applying their method, it is
expected to obtain more detailed information of the
microstructure of solid polymers from the DSC
curve for water freezing.

In view of the above, we have examined the
absorption and freezing behavior of water in the
elongated specimen of PA6 in relation to the change
of polymer microstructure by plastic deformation.
The weight gain measurements and the DSC investi-
gations under cooling were conducted for the PA6
specimens, which were preliminarily elongated to
several levels, and then immersed in distilled water.
As a quantitative evaluation of polymer microstruc-
ture, the pore size distribution was estimated from
the DSC curve for freezing process of absorbed
water by the above thermoporosimetry. In addition,
the dynamic viscoelastic behavior also has been
examined for the elongated PA6. Based on these
analyzes the microstructural changes of PA6 by
elongation were discussed from a view point of the
existing state of absorbed water.

EXPERIMENTAL

Material and sample preparation

The material used in this study was a commercially
available pellet of PA6 (Ube Industries, Japan; Ube
Nylon 6 S1013NW8).

The pellets were preliminarily dried at 80�C at a
lowered pressure of about 9.3 kPa for 3 h in a vac-
uum chamber (Shibata Scientific Technology, Japan;
VOR-300). The pellets of about 8.0 g filled in a rec-
tangular mold of stainless steel were preheated at
250�C for 4 min, and compressed at about 15 MPa
for 3 min by means of a hot press equipment (Imoto
Machinery, Japan; IMC-180), and then cooled slowly
to room temperature. The PA6 sheet removed from
the mold was cut into rectangles. The small notches
were introduced into the both sides of central area
of each rectangle to give large elongation. Finally the
PA6 specimens with dimensions of 95 � 6 � 0.5 mm
were finished by polishing the cut surfaces with ab-
rasive papers of No. 400 and 1000.

Preparation of elongated samples

The specimens were loaded under tension until frac-
ture in air (RH 50% � 10%) at room temperature
(20�C � 5�C) for gauge length of 15 mm by using an
Instron-type testing machine (Shimadzu, Japan; AG-

50kNE). The tests were carried out in a displace-
ment-controlled mode at a fixed crosshead speed of
0.5 mm/min. In this study, for ease, the elongational
behavior was described by the nominal stress and
the nominal strain calculated from the changes of
load and gauge length of specimen, respectively.
The specimen showed the tensile strength of about

60 MPa and ductility of about 30.0%, as shown in a
typical stress–strain curve in Figure 1. On the basis
of this figure, the specimens were prepared by elon-
gation to following different levels: the elongation
level 1 at the strain of 0.0% (nonelongation); the
level 2 at the strain of about 2.0% (elastic deforma-
tion); the level 3 at the strain of about 6.7% (just
after beginning of plastic deformation); the level 4
at the strain of about 26.7% (just before fracture).
The elongated area of each specimen was cut into
small rectangles for each experiment described later.

Measurement of water content

After preliminary drying in the aforementioned vac-
uum chamber at room temperature at a lowered
pressure of about 9.3 kPa for 18 h, the rectangular
small specimens (15 � 4 � 0.3–0.5 mm) were
immersed in a beaker of distilled water at 20�C set
in a temperature-controlled oven (Tokyo Rika, Japan;
KCL-1000). Subsequently the weight was periodi-
cally measured by an electronic balance (Mettler-Tol-
edo, Switzerland; AE-240) with a resolution of 0.01
mg until the saturation. The water content was cal-
culated from the weight gain against the initial
weight of dried specimen.

Dynamic viscoelastic test

The dynamic viscoelastic properties were evaluated
for the nonelogated (level 1) and largely elongated
(level 4) specimens by using a dynamic mechanical

Figure 1 Typical stress–strain curve of the PA6 specimen.
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analyzer (SII NanoTechnology, Japan; DMS6100).
The specimens with gauge length of 10 mm were
subjected to a sinusoidal tensile oscillation at an am-
plitude of 10.0 lm and a frequency of 1.0 Hz. The
storage modulus, E0, and loss tangent, tan d, were
measured as a function of temperature ranging from
�70 to 100�C at a scanning rate of 2.0�C/min.

DSC measurements

The water-soaked specimens were cut into a small
circle of about 3.0 mm diameter, and then sealed in
an aluminum pan. The thermal behavior of the
above specimen was analyzed by means of a heat-
flow type DSC (SII Nano Technology, Japan;
DSC6100) with a cooling device from room tempera-
ture to �70�C at a rate of 2.0�C/min. The alumina
(Al2O3) powder was used as a reference matter.

RESULTS AND DISCUSSION

Effects of elongation on water absorption

The typical water absorption behavior by the speci-
men elongated to each level is shown in Figure 2,
where the abscissa is expressed by the square root
of immersion time per the unit thickness, t1/2/l, for
considering the difference in the thickness of each
specimen by the elongation.

An increase in the water content, Mt, is nearly
proportional to the square root of immersion time
irrespective of elongation level, whereas both a rate
of water absorption indicated by a gradient of each
curve and an equilibrium water content given by a
saturated value are increased with increasing the
elongation level, particularly for the level 4. Such a
water absorption behavior was approximated by the
Fick’s law, and then the diffusion coefficient, D,
were calculated by the following equation1:

Mt

M1
¼ 4

D

p

8>:
9>;1=2t1=2

l
; (1)

where M1 is the equilibrium water content. The dif-
fusion coefficient and the equilibrium water content
for each elongation level are shown in Figure 3(a,b),
respectively.
Both the diffusion coefficient and the equilibrium

water content are increased with increasing the level
of elongation, as shown in Figure 3. Particularly, the
diffusion coefficient and the equilibrium water con-
tent are greatly enhanced to about 1.3 � 10�3 mm2/
h and 8.5 wt %, respectively, for the specimen elon-
gated to level 4, compared with those to level 1
(nonelongation) showing about 1.1 � 10�3 mm2/h
and 7.8 wt %, respectively. Since the water is consid-
ered to be absorbed only by an amorphous region,
these results suggest an increase in this region by
elongation. We have previously evaluated the varia-
tion in the degree of crystallinity of PA6 followed by
elongation by DSC measurements on the melting en-
thalpy, and indicated that the degree of crystallinity
was decreased from 30.0% to 28.7% by the process

Figure 2 Typical water absorption behavior by the PA6
specimens.

Figure 3 Changes in water absorption behavior by the
elongation: (a) the diffusion coefficient, D, and (b) the
equilibrium content, M1.
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of elongation from level 1 to 4.16 These results may
indicate that some crystals are collapsed by the large
elongation, and as a result the sites possible to
absorb water are also increased.

Effects of elongation on dynamic viscoelasticity

The effects of elongation on the dynamic viscoelas-
ticity of the dried specimen are shown in Figure 4.
Compared with the nonelongated specimen (level 1),
in the largely elongated specimen (level 4) the tan d
peaks corresponding to the a-relaxation at about
45�C and the b-relaxation at about �70�C are com-
monly raised,17 but E0 is lowered over the whole
temperature range. These variations in the visco-
elastic properties suggest that the large and localized
scale segmental motions in amorphous region are
promoted by the pre-elongation to higher level. It is
further supposed that some PA6-intermolecular
hydrogen bondings in the crystals may be broken
along with the collapse of crystals by large elonga-
tion. Such microstructural changes may promote the
water penetration, as discussed above for D and
M1.

Freezing behavior of absorbed water

The DSC results of water-soaked specimens are
shown in Figure 5, where all the curves are weight-
normalized to a sample weight of 5.0 mg. The exo-
thermic peak corresponding to freezing of distilled
water was detected at about �16.5�C by a prelimi-
nary measurement under the same condition. Such a
depression of freezing temperature of distilled water
has been reported in other study.4 The mobility of

absorbed water in the PA6 specimens was evaluated
on the basis of this result.
The DSC cooling curve of the nonelongated speci-

men (level 1) shows no exothermic peak, despite a
considerable amount of absorbed water of about 7.8
wt %. This result supposes that the water molecules
in this specimen are strongly restricted to the hydro-
philic site of amide group of PA6 through the
hydrogen bonding, and are in a state of nonfreezing
bound water which cannot be frozen at all.17 The
results for the elongation levels 2 and 3 also show
no peak. The large exothermic peak, however, is
clearly detected at about �34.5�C on the curve for
the elongation level 4, being in a marked contrast to
others. In addition, several smaller peaks are also
detected at higher temperatures from about �33.0 to
�23.0�C. These peak temperatures are also lower
than that of distilled water mentioned above. These
results thus indicate the presence of freezable bound
water, reflecting different degrees of interaction with
PA6. Considering the above discussion on the water
absorption and the viscoelastic behavior of elongated
specimen, it is suggested that some microstructural
defects like voids exist in the largely elongated spec-
imen (level 4), being formed by the collapse of crys-
tals.11–13 The water molecules may be accumulated
in such defects under much weaker interaction with
the surrounding polymer chains.
Assuming small pores as structural defects, the

pore size distribution is analyzed by applying the
method of thermoporosimetry developed by Ishikir-
iyama et al.14,15 to the DSC curve for the largely
elongated specimen (level 4). In their method the
pore size distribution in a porous material is esti-
mated by applying the Laplace and Gibbs-Duhem
equations to freezing behavior of liquid water in the
pore, which is evaluated by DSC under cooling. The

Figure 4 Effects of the elongation on the dynamic viscoe-
lasticity of dried PA6 specimen.

Figure 5 DSC cooling curves of the elongated PA6 speci-
mens soaked in water at 20.0�C (cooling rate at 2.0�C/
min).
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pore size estimation by their method has been con-
firmed by comparison with the experimental results
for several kinds of silica gel by nitrogen gas adsorp-
tion-desorption and mercury porosimetry. The theo-
retical estimation was demonstrated to agree well
with the experimental results. Thus their method
seems to be sufficiently effective to estimate the pore
size distribution, and consequently further verifica-
tions by the actual measurements using a transmis-
sion electron microscopy and the above methods
were not conducted in this study.

According to their method of thermoporosimetry,
the abscissa and the ordinate of DSC cooling curve
of freezable water given in Figure 5 are transformed
into the pore radius and the change in the pore vol-
ume, respectively. The pore radius, R, is given by
the following equation14,15:

R ¼ a
DT

þ b; (2)

where a is determined as a function of temperature,
T, for a pore shape factor, z, as follows14,15:

a ¼ 56:36� 0:9024 DT at z ¼ 2:0

ðfor cylindrical poreÞ; ð3Þ
a ¼ 57:26� 0:8164 DT at z ¼ 2:5; (4)

a ¼ 57:80� 0:7444 DT at z ¼ 3:0

ðfor spherical poreÞ; ð5Þ

where DT is the freezing temperature depression of
a freezable pore water, and b is a layer thickness of
nonfreezable pore water existing on a pore surface.
In this study b is simply set to 0.3 nm, supposing a
layer of one molecular size of water.18 The freezing

temperature depression, DT, calculated from eq. (2)
is greatly increased with decreasing the pore radius,
as shown in Figure 6. The ordinate of DSC curve
showing the heat flow, dq/dt, is transformed into the
variation in the cumulative pore volume, dVp/dR, by
the following equation14,15:

dVp

dR
¼

���� dqdt
���� dtdR

1

mDHmqfp

Rz

ðR� bÞz ; (6)

where m is the weight of specimen, and qfp is the
density of freezable pore water, which is assumed to
be the same as that of bulk water.14 In addition,
DHm is the heat of phase transition of the freezable
pore water, which is also assumed to be the same as
bulk water.14

The estimation of pore size distribution was con-
ducted in the above way for the DSC curve on the
largely elongated specimen (level 4) given in Figure
5. The result is shown in Figure 7, which shows
three curves of pore size distribution corresponding
to z ¼ 2.0, 2.5, and 3.0. The pore radius ranges from
about 1.8 to 7.0 nm, showing the highest peaks at
about 2.5, 2.6, or 2.7 nm, respectively. The porosity
parameters including the total pore volume, Vp, the
internal surface area, Sp, and the average pore ra-
dius, Rave, are calculated from these distributions by
the following equations:

Vp ¼
Z1

0

dVp

dR

8>>:
9>>;dR; (7)

Sp ¼
Z1

0

z

R

dVp

dR

8>>:
9>>;dR; (8)

Figure 6 The freezing temperature depression of water in
the pores, DT, as a function of the pore radius, R, and the
pore shape factor, z, being calculated using the parameter
at b ¼ 0.3 nm.

Figure 7 The pore size distribution in the largely elon-
gated specimen (level 4) on the basis of the thermopor-
osimetry, being calculated using the parameter at b ¼ 0.3
nm.
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Rave ¼
zVp

Sp
: (9)

The results are shown in Table I. These estimated
results indicate that many pores are of about 1.8–
10.0 nm in radius, mainly of about 2.5–2.7 nm, for
the cylindrical and the spherical pores (z ¼ 2.0–3.0).
In this sence these pores are appropriate to be classi-
fied to mesopores. These mesopores are character-
ized to have Vp of about 13.5 � 10�4 mm3 g�1, Sp of
about 1.1 m2 g�1, and Rave of about 2.5 nm in case
of cylindrical pore (z ¼ 2.0). Such mesopores may be
formed by the collapse of crystals during the large
elongation, as discussed earlier.

CONCLUSION

We have investigated the water absorption behavior
by the polyamide 6 specimens, which were prelimi-
narily elongated to various levels, and then
immersed in distilled water at 20�C. Both the diffu-
sion coefficient and the equilibrium content of water
were increased by large plastic elongation. As for
the dynamic viscoelastic behavior, the storage modu-
lus was lowered, and the loss tangents for a- and b-
relaxations were commonly raised by large elonga-
tion. The DSC measurements were conducted under
cooling for the water-soaked specimen. Several exo-
thermic peaks indicating the presence of freezable
bound water were clearly observed in the largely
elongated specimen. These results suggest that the
large elongation causes the collapse of crystals to
make some structural defects like voids, in which
the water molecules are accumulated under much

weaker interaction with the surrounding polymer
phase. Such structural defects (voids) were supposed
to be pores, and analyzed on their size on the basis
of thermoporosimetry. Assuming all the pores to be
cylindrical, they were characterized to have the aver-
age radius of about 2.5 nm, being appropriately clas-
sified to mesopore.
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TABLE I
Porosity Parameters for Elongated Specimen to Level 4

Z Vp (mm3 g�1) Sp (m
2 g�1) Rave (nm)

2.0 13.5 � 10�4 1.1 2.5
2.5 14.1 � 10�4 1.4 2.6
3.0 14.8 � 10�4 1.6 2.7
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