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The effect of water immersion on the morphology and indentation modulus of injection moulded nylon 6
and its organoclay nanocomposites was investigated. XRD analysis showed that at 70 �C water promoted
further crystallization in the nylon matrix and aided the c- to a-crystal phase transition in the skin
region. However, the presence of organoclay deterred this transformation. The combined actions of water
and heat (70 �C) did not further degrade nylon 6 and its nanocomposites compared to water ageing at
room temperature (25 �C). In fact, there was relative enhancement of the indentation moduli owing to
the beneficial morphological changes induced in the nylon matrix. The largest improvements were found
in the skin region of the injection moulded bars.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Nylon 6 is widely used in automotive applications due to its
superior mechanical properties, tribological performance and
chemical resistance. However, immediately after moulding, nylon
products are extremely dry making them rather brittle. Nylons
are highly hygroscopic, and eventually take up moisture, which in-
creases their toughness. The rate of moisture absorption in humid
air at room temperature is slow and it may take several weeks to
reach equilibrium depending on the dimensions of the part con-
cerned. To accelerate this process, nylon products are often pre-
conditioned by submersion in water at temperatures between
50 �C and 100 �C.

Unfortunately, hygrothermal ageing, as this treatment is gener-
ally called, is known to provoke chemical and physical changes in
nylon 6, such as hydrolysis of the polymer bonds and micro-void
formation, respectively [1,2]. In nylon-based fibre composites, fi-
bre/matrix interface degradation may occur [2,3]. Consequently,
different moisture conditioning treatments lead to different final
mechanical properties.

Nano-particles have shown to confer polymers better mechan-
ical properties than micro-particles [4–6] due to their high surface
area and stiffness. Nano-particles are also expected to have
remarkable impact on hygrothermally aged materials. However,
depending on the matrix/particle system, nano-particles may have
different effects on water sorption and ultimate mechanical prop-
ll rights reserved.
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erties of the polymers. Chow et al. [7] discovered that polystyrene
absorbs more water when organoclay is added due to its hydrophi-
licity. Since the particle/matrix interface is debilitated, the addition
of organoclay is also detrimental for the impact properties of the
hygrothermally aged polystyrene. In contrast, however, when
organoclay is added to polyamide 6/polypropyelene blend, Chow
et al. [8] found that the retention ability and recovery properties
are increased. Organoclay [9] and graphitic nano-fibres [10] are
also shown to enhance the resistance to hygrothermal ageing of
epoxy.

The effect of moisture on nylon 6/organoclay nanocomposites
has already been studied [11,12], but water conditioning was per-
formed at 70 �C in all cases to increase the rate of water uptake. To
discern the individual effects of water and heat, it is necessary to
condition the samples also at low temperatures. Unfortunately,
water conditioning at room temperature may take up to several
months depending on the thickness of the sample. Hence, one
effective way to overcome this difficulty is to test very small spec-
imens. Nanoindentation is an emerging technique which has been
widely used to determine the mechanical properties of small com-
ponents [13,14]. In the present investigation, this type of mechan-
ical test not only saved time in regard to water conditioning of the
samples, but it also enabled the study of the effect of hygrothermal
ageing in different regions of the injection moulded specimens.

It is well-known that many polymers and polymer composites
possess markedly different morphology in the skin and core re-
gions. Thus, the interaction with water and heat will have different
consequences in each region. In particular, injection moulded ny-
lon 6/organoclay nanocomposites exhibit higher crystallinity and
al ageing on morphology and indentation modulus of injection ...
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Fig. 1. Schematic of an indentation moulded bar showing the two indentation
locations (the arrow shows the injection flow direction).
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c- to a-crystals ratio in the surface than in the core [15]. Moreover,
the clay particles are unevenly distributed in the specimen, the
concentration being higher in the core than in the surface
[16,17]. Furthermore, it has been observed that in injection moul-
ded nylon 66/organoclay nanocomposites the clay platelets located
near the surface are aligned parallel to the wall of the mould, while
the platelets in the core are randomly rotated about the injection-
moulding direction [16–18].

This work aims to elucidate the morphological changes induced
by hygrothermal ageing in both the skin and core regions of injec-
tion moulded nylon 6/organoclay nanocomposites and to study the
effects of those changes on the elastic modulus via nano-indenta-
tion tests.

2. Experimental work

2.1. Materials

Nylon 6 (Akulon F 232-D) was obtained from DSM Engineering
Plastics and the organoclay used was Cloisite� 30B supplied by
Southern Clay Products Inc. via Jim Chambers & Associates, Austra-
lia. It was organically modified with alkyl ammonium surfactant,
namely methyl, tallow, bis-2-hydroxyethyl quartenary ammonium
chloride, having a cation exchange capacity of 90 mequiv/100 g. All
the samples were dried in a vacuum oven at 80 �C for 24 h before
melt blending. A wide range of nylon 6/organoclay nanocompos-
ites containing 0, 2.5, 5, 7.5, and 10 wt% organoclay (denoted by
N0.0, N2.5, N5.0, N7.5 and N10.0, respectively) were prepared by
melt compounding using a ZSK 30 twin-screw extruder and then
injection moulded to dumb-bells and rectangular bars for mechan-
ical testing.

2.2. X-ray diffraction

X-ray diffraction patterns were obtained using a Siemens D5000
X-ray diffractometer with CuKa radiation (k = 1.5405 Å) at a gener-
ator voltage of 40 kV and a current of 30 mA. All experiments were
conducted in the reflection mode at ambient temperature with 2h
varying between 1� and 30� at a speed of 1�/min and a step size of
0.05�. To study the effect of hygrothermal ageing on nylon 6 and its
nanocomposites, three sets of samples were tested: as-moulded
bars, bars dried in oven at 80 �C for 24 h, and bars immersed in
water at 70 �C for 3 weeks to reach saturation. Scans were con-
ducted on the surfaces and mid-thickness along the flow direction
of these injection moulded bars. To study the mid-thickness, the
bars were cut after being pre-conditioned.

From the XRD traces, after de-convoluting the curves to crystal-
line and amorphous peaks, the crystallinity was calculated as the
ratio between the areas under the crystalline peaks and the amor-
phous halo. The percentage of the a-phase with respect to the c-
phase was calculated by:

að%Þ ¼ Aa

Aa þ Ac
ð1Þ

where Aa is the area under the two a-peaks and Ac is the area under
the c-peak.

2.3. Differential scanning calorimetry

Thermal tests were conducted on slices cut from cross-sections of
injection moulded bars by using a Perkin Elmer thermal analyser
DSC-7. The samples were heated at a scanning rate of 5 �C min�1 un-
der a nitrogen atmosphere in order to reduce the risk of oxidation.

The crystallinity (XC) of injection moulded samples was calcu-
lated from the enthalpy evolved during crystallization based on
the cooling scans by:
Please cite this article in press as: Seltzer R et al. Effect of hygrotherm
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XC ¼
DHC

ð1� /ÞDH0
m

� 100 ð2Þ

where DHC is apparent enthalpy of crystallization of sample, DH0
m is

extrapolated enthalpy value corresponding to melting of 100% crys-
talline pure nylon 6, which is taken as 230 J/g [19], and u is weight
fraction of MMT in the nanocomposites.

2.4. Transmission electron microscopy

Cross-sectional transmission electron microscopy (TEM) images
were taken perpendicular to the injection flow direction of as-
moulded samples. Ultra-thin sections between 60 and 90 nm in
thickness were cryogenically cut with a diamond knife in a liquid
nitrogen environment by using a Reichert-Jung Ultracut E micro-
tome. Sections were collected on 300-mesh copper TEM grids
and then dried with filter paper. Examination of the specimens
was conducted on a Hitachi-800 TEM at an accelerating voltage
of 22 kV.

2.5. Tensile tests

Young’s moduli of both dried and water-saturated samples
were determined by tensile tests using an Instron 5567 testing ma-
chine. Drying was performed in an oven at 80 �C for 24 h, while
water saturation was reached by immersion in water at 70 �C for
3 weeks as described before. Until testing, the dried samples were
kept in a desiccator, while the water-saturated samples were kept
in water. The tests were conducted on injection moulded dumb-
bell specimens at a crosshead speed of 5 mm/min. An extensome-
ter was used to measure the elongation within a gauge length of
50 mm. All these tests were conducted at ambient temperature
(20–25 �C) and an average value of five repeated tests was taken
for each composition.

2.6. Nano-indentation

The mechanical responses in the surface (skin) and mid-thick-
ness (core) regions of injection moulded bars, (see Fig. 1), were
determined by depth sensing indentation with nano-scale resolu-
tion. Indentation measurements were performed using a fully cal-
ibrated UMIS nano-indenter from CSIRO, Australia, details of which
are published elsewhere [20]. Its potential for highly accurate mea-
surements is illustrated by the parameters: displacement resolu-
tion 0.1 nm, internal noise uncertainty <0.1 nm, force resolution
0.75 lN and stage registration repeatability 0.2 lm. Load, P, and
depth, h, were recorded simultaneously for a complete load-hold-
unload cycle using a spherical indenter with a radius, R, of
20 lm. The contact force for detection of the surface position
was 0.05 mN and the loading rate was 10 mN/s.

To obtain smooth surfaces, �2 lm were removed from the
indentation specimens by using a microtome. The samples were
pre-conditioned in three different ways: drying in an oven at
80 �C for 24 h and immersion in water at 25 �C and 70 �C to satura-
al ageing on morphology and indentation modulus of injection ...



1.5 3.0 4.5 6.0 7.5 9.0

N10.0

N7.5

N0.0

N5.0

N2.5

in
te

ns
ity

 (a
rb

itr
ar

y 
un

its
)

2 theta ( 0)

Fig. 2. XRD patterns of nylon 6 and its nanocomposites in the range of clay d-
spacing measured on cross-sections transverse to the injection flow direction (core
region).
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Fig. 3. XRD patterns of as-moulded samples of nylon 6 and its nanocomposites in
the range of clay d-spacing measured on the surface parallel to the injection flow
direction (skin region).
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tion. The dried samples were tested within 2–4 h after removal
from the oven. The tests on water-conditioned samples were per-
formed immersed in water to ensure moisture equilibrium at all
times. Ten indentations separated by a distance 100 lm were
made on each sample. The elastic modulus [21], E, was calculated
from:

E ¼ p
2ð1� m2Þ

S
ffiffiffi
a
p ð3Þ

S ¼ dPu

dh

�
�
�
�
h max

ð4Þ

where m is the Poisson’s ratio, a is the contact area corresponding to
the maximum load Pmax, S is the stiffness at the onset of unloading,
and h is the indentation depth.

In the case of a relatively small indentation depth, a spherical
indenter can be approximated as a paraboloid of revolution. Then,
the contact depth, hc, is given by:

hc ¼ hmax � 0:75
Pmax

S
ð5Þ

From geometric considerations, the contact area is:

a ¼ phcð2R� hcÞ ð6Þ

The stiffness at onset of unloading, S, used in the calculations
is affected by the viscoelastic behaviour displayed by the tested
material. If it is creeping under the load of the indenter tip which
is suddenly reduced, as in a triangular load pattern, the displace-
ment may continue to increase even after reducing the applied
load. This behaviour creates an abrupt slope change in the
unloading curve as the material begins to recover, making it dif-
ficult to determine the unloading slope. Ngan and Tang [22] pro-
posed that, in such a viscoelastic situation, the correct elastic
stiffness Se to be used in Eqs. (3) and (7) in place of S can be ob-
tained from:

1
Se
¼ 1

S
þ

_hh

_Pu

ð7Þ

where _hh is the indenter-tip displacement rate at the end of the
load-hold period just prior to unload, and _Pu is the unloading rate.

3. Results and discussion

3.1. Organoclay dispersion

From the XRD pattern shown in Figs. 2 and 3, it is clear that only
in the nanocomposite with the least clay content are the particles
not fully exfoliated, neither in the core nor in the skin regions, gi-
ven the organoclay used, Cloisite� 30B, has a d-spacing equal to
1.8 nm and corresponding to 2h = 4.9�, and there is a basal diffrac-
tion peak in the range of 2h = 3–5.5�. In Fig. 3, the XRD curves of
nylon 6 nanocomposites with 5 wt% clay and above display a broad
peak in the range of 2h = 1.5–6�, which has been attributed to
extensive orientation of clay platelets parallel to the walls of the
mould during injection moulding [17,18]. Fig. 4 shows TEM images
of the mid-sections (core) of the nylon nanocomposites. Consistent
with the XRD results, the dispersion of the organoclay is improved
with increasing loading. Clusters of stacked sheets are clearly
shown in the nanocomposite with 2.5 wt% organoclay. Conversely,
in nylon with more than 5 wt% organoclay, the clay is mostly exfo-
liated. The best dispersion seems to be that obtained with 10 wt%
organoclay. It is noted that complete exfoliation has been achieved
in similar systems even at an organoclay loading of 2.5 wt% [12].
This is because the degree of clay dispersion not only depends on
the affinity and compatibility of organoclay with the matrix (which
is an intrinsic factor dependent on the materials), but also on the
Please cite this article in press as: Seltzer R et al. Effect of hygrotherm
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shear stress (which is an extrinsic factor dependent on processing
conditions and clay loading) [23–25]. Hence, the fact that, in our
case, organoclay exfoliation is not complete at the lowest clay load-
ing is because the imposed processing conditions do not generate a
shear force in the mix strong enough to delaminate completely the
clay agglomerates. The improved dispersion at higher clay loadings
is most probably due to the increased initial viscosity, which, con-
sequently, increases the shear force among the platelets [26].
al ageing on morphology and indentation modulus of injection ...



Fig. 4. TEM images of as-moulded samples showing clay dispersion in the core regions of (a) N2.5, (b) N5.0, (c) N7.5 and (d) N10.0.
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3.2. Effect of hygrothermal ageing on crystal morphology

Injection moulded specimens of nylon 6 are known to have a
skin-core structure (e.g., Murthy et al. [27]). To compare the mor-
phology of both regions, the bar surface and mid-section crystal
morphologies were studied by XRD. Fig. 5 shows the XRD patterns
of as-moulded nylon 6 and its nanocomposites where scanning
was conducted on mid-sections of the moulded bars parallel to
the injection flow direction. The peaks at 2h � 20.2� (a1) and
23.4� (a2) are assigned to (200) and (202) + (002) planes of nylon
6 a-crystals, respectively; while the peak at 2h � 21.3� is assigned
to (200) + (001) plane of c-form [28]. According to the XRD pat-
terns displayed in Fig. 5, the a-form is predominant in the core re-
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Fig. 5. XRD patterns of the core regions of as-moulded injection moulded nylon 6
and its nanocomposites.

Please cite this article in press as: Seltzer R et al. Effect of hygrotherm
Compos Sci Technol (2009), doi:10.1016/j.compscitech.2009.01.029
gion of all as-moulded samples, while the high temperature c-form
is only stabilized when organoclay is added, which is in agreement
with many other works [5,15–18,23,29,30]. It has been suggested
that clay platelets have a similar effect as quenching, that is, they
limit chain mobility [30]. The a-crystals are thermodynamically
stable at room temperature, while the c-crystals are more steari-
cally favourable. Hence, when the mobility of nylon 6 molecules
is somehow restricted, the c-form is favoured over the a-form.

The X-ray patterns of the skin regions of the as-moulded mate-
rials are shown in Fig. 6. Neat nylon 6 has a peak at 2h � 21.2�, cor-
responding to the c-crystals and a milder peak at 2h � 23.1�,
corresponding to the a-crystals. The presence of c-crystals is the
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Fig. 6. XRD patterns of the skin regions of as-moulded injection moulded nylon 6
and its nanocomposites.
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major difference between the skin and core morphologies. This oc-
curs because of the cooling rate gradient such that it is faster in the
outer layers and slower towards the centre of the specimen. It is
known that the c-form crystals are observed on quenching from
the melt, while the a-form results from slow cooling of the melt
[31]. The presence of organoclay has a similar effect as quenching,
since it hinders molecular mobility.

XRD scans were also performed on the pre-conditioned samples
at high temperature, that is, dried or annealed at 80 �C for 24 h, and
immersed in water at 70 �C for 3 weeks. The XRD patterns of the
skin and core regions of the annealed samples (not shown here) re-
mained unchanged compared to as-moulded samples, meaning
there was no modification of the crystal structure or crystallinity.
Although the XRD patterns of the core of hygrothermally aged
samples were similar to the as-moulded samples, the XRD scans
of the skin showed quite different curve shapes. These results are
shown in Fig. 7. a1-peaks at 2h � 20.5� appear in all samples, while
a2-peaks at 2h � 23.5� are also seen in neat nylon and its nanocom-
posite with 2.5 wt% clay. These new peaks confirm a phase trans-
formation. Indeed, phase transition from c- to a-crystals in dry
neat nylon 6 and nanocomposites has been reported to occur upon
annealing over 120 �C [32]. In the presence of moisture, the chains
in the meta-stable c-phase are sufficiently mobile to assume the
more stable, lower energy conformation, hence partially convert-
ing them to the a-form. According to our ageing experiments in
water, as evidenced in Fig. 7, this crystal phase transformation hap-
pens at a temperature of 70 �C. However, at 25 �C, no such phase
transformation occurs in water.

The percentage of the a-phase with respect to the total crystal-
line phase consisting of a- and c-crystals in nylon 6 and its nano-
composites is shown in Fig. 8. Neat nylon gives only a-crystals in
the core. When organoclay is added, the high temperature c-crys-
tals are stabilized, and its proportion increases with organoclay
loading. In the skin, the c-phase predominates in all samples
including neat nylon, comprising �70% of the crystalline phases.

As mentioned above, during hygrothermal ageing at 70 �C, there
is a phase transformation in the skin, while the crystal morphology
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Fig. 7. XRD patterns of the skin regions of hygrothermally aged nylon 6 and its
nanocomposites.
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of the core remains unchanged. In neat nylon, most c-crystals are
transformed into a-form, resembling the structure of the core.
Nanocomposites also undergo a c to a transformation, but it is
milder and decreases with organoclay loading. This supports the
statement that clay platelets stabilize the c-phase in nylon 6.

3.3. Effect of hygrothermal ageing on crystallinity

The most widely used techniques to determine crystallinity of
thermoplastics are XRD and DSC. Since both have shortcomings,
they are often used conjointly to complement each other [28].
The crystallinity calculated from the XRD scans as a function of
organoclay loading is shown in Fig. 9a. It seems that organoclay in-
creases the crystallinity in the skin region, but not in the core.
However, Kojima et al. [33] have shown that organoclay induces
crystallites orientation parallel to the mould walls in the near sur-
face of injection moulded nylon 6, which exaggerates the intensity
of the crystalline XRD peaks. Conversely, in the core there are no
such artefacts since the crystals are randomly oriented. Despite
this distortion in the XRD data in the skin region, there are two
definitive conclusions that can be confidently extracted. These
are, the crystallinity of the core is unaltered by the presence of
organoclay, and hygrothermal ageing increases slightly the crystal-
linity of the samples except at the highest organoclay loading.

The crystallinity determined from DSC thermograms is shown
in Fig. 9b. The values for the core region are close to those obtained
from XRD, but the values in the skin differ considerably. As already
discussed, the crystallinity measured with XRD in the skin region
of the nanocomposites is overestimated due to the preferred orien-
tation of the crystallites. Even though the interpretation of the DSC
data is also prone to errors, the source of these errors is the same
for skin and core so that their values can be compared. Hence, it
can be affirmed that the crystallinities in the skin and core regions
are similar. However, the subtle effect of hygrothermal ageing on
crystallinity cannot be seen from the results in Fig. 9b but can only
be obtained from the XRD results in Fig. 9a. That is, the crystallinity
of all the samples increases slightly with hygrothermal ageing (ex-
cept at 10 wt% clay).

3.4. Nano-indentation modulus

As shown in Table 1, when nylon 6 and its nanocomposites are
saturated with water, the indentation modulus decreases between
one-half and one-third compared to the dry values. This contrasts
with the results of bulk tests where the reduction is between one-
al ageing on morphology and indentation modulus of injection ...
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fifth and one-sixth of the dry moduli [1]. In the following section, it
will be shown why the results obtained for the dry samples are not
true values.

By analysing the results of the water-conditioned samples at
25 �C, it is noted that the skin and core elastic moduli of neat nylon
6 are similar. However, for the nanocomposites, the skin is be-
tween 20% and 55% stiffer than the core. This difference can be ex-
plained in terms of the crystal morphology and crystal orientation
as shown schematically in Fig. 10. All the samples have greater
proportion of a-phase in the core than in the skin region. This
should result in a stiffer core, since it is known that the a-crystals
have a higher modulus than the c-crystals [34–36]. However, the
soft c-crystals in the skin are counteracted by molecular orienta-
tion in the neat nylon, and by molecular, organoclay and crystal
orientation in the nanocomposites. In the case of neat nylon, both
Table 1
Elastic moduli determined from indentation tests of nylon 6 and its nanocomposites after

Material ED (GPa) Skin region

EHA-25 (GPa) EHA-70 (GP

N0.0 1.02 ± 0.01 0.45 ± 0.01 0.68 ± 0.03
N2.5 1.57 ± 0.01 0.75 ± 0.03 0.94 ± 0.03
N5.0 1.99 ± 0.02 0.91 ± 0.05 1.13 ± 0.05
N7.5 2.09 ± 0.05 0.98 ± 0.06 1.16 ± 0.01
N10.0 2.22 ± 0.05 1.1 ± 0.06 1.12 ± 0.05

Please cite this article in press as: Seltzer R et al. Effect of hygrotherm
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effects are balanced out, while in the nanocomposites the orienta-
tion plays a predominant role resulting in a skin with better
mechanical properties than the core region. Although the orienta-
tion referred to here is perpendicular to the applied load, it affects
the indentation modulus [37].

Hygrothermal ageing at 70 �C, unlike hygrothermal ageing at
25 �C, induces changes in the crystalline structure of the nylon ma-
trix. Apparently, there is a small increment in the crystallinity as
detected with XRD, but the major change is the transformation
of c-phase to a-phase in the outermost layers. Both changes are
translated into stiffening of the skin region relative to hygrother-
mally aged samples at 25 �C, as seen in Table 1. This relative
enhancement in indentation moduli is the most noticeable in neat
nylon 6, since the organoclay mitigates the c–a transition. Given
the absence of morphological changes in the inner layers, the mild
relative improvement of the core properties can only be attributed
to the slight increment in crystallinity. The fact that the core mod-
uli of samples hygrothermally aged at 70 �C are not lower than the
core moduli of samples hygrothermally aged at 25 �C is an impor-
tant result because it indicates that water at high temperature (up
to 70 �C) does not further degrade nylon 6 or its nanocomposites.

3.5. Relationship between macro and nano-mechanical response

Macro-mechanical tests, such as tensile testing, are a reflection
of the average response of a specimen, while nano-indentation is
capable of capturing the local mechanical behaviour. The gap sep-
arating these two types of tests is not only one of scale. Mechanical
properties determined from tensile and indentation data may dif-
fer due to dissimilar induced stress states and differences in the
orientation of the applied load, among others. In this section, the
relationship between local and average mechanical response as
measured by tensile and indentation tests is discussed.

Nylon 6 and its organoclay nanocomposites have already been
studied by nano-indentation and the results between tensile and
indentation properties have also been compared [36–38]. In all
cases, it was found that the indentation moduli are considerably
lower than the tensile moduli. The difference between indentation
(Table 1) and tensile (Table 2) moduli measured in our laboratory
are similar to the ones found in the aforementioned publications
[38–40]. To explain these results, indentation tests on dried sam-
ples were repeated after exposing them to normal ambient humid-
ity for 7 days. The moduli obtained were only 10% lower indicating
that in the first few hours in contact with humid air the skin almost
reached moisture equilibrium. That is, the dried samples inevitably
absorb ambient moisture from the skin before being tested. There-
fore, the indentation (skin) moduli are lower than the tensile (bulk)
moduli as reported here and in [38–40]. However, this also means
that extreme care has to be taken to measure true dry nano-inden-
tation properties for nylon 6 and its nanocomposites.

By inspecting the tensile and indentation results of the samples
hygrothermally aged at 70 �C, it is evident that the skin and tensile
moduli are similar, while the core moduli are lower. To analyse this
fact it must be taken into account that the relationship between
tensile and indentation moduli is a complex one due to the inho-
drying (D) and hygrothermal ageing at 25 �C (HA-25) and 70 �C (HA-70).

Core region

a) ED (GPa) EHA-25 (GPa) EHA-70 (GPa)

1.27 ± 0.02 0.46 ± 0.01 0.48 ± 0.02
1.55 ± 0.07 0.61 ± 0.02 0.68 ± 0.01
1.81 ± 0.06 0.66 ± 0.01 0.79 ± 0.01
2.11 ± 0.08 0.80 ± 0.04 0.87 ± 0.01
2.21 ± 0.12 0.70 ± 0.032 0.73 ± 0.01
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Fig. 10. Diagram showing the morphology in neat nylon (left) and clay orientation in the nylon 6 nanocomposites (right) injection moulded specimens hygrothermally aged
at 25 �C.

Table 2
Elastic moduli determined from tensile tests of bulk nylon 6 and its nanocomposites
after drying (D) and hygrothermal ageing at 70 �C (HA-70).

Material ED (GPa) EHA-70 (GPa)

N0.0 2.51 ± 0.03 0.67 ± 0.07
N2.5 2.72 ± 0.11 0.77 ± 0.04
N5.0 3.28 ± 0.06 0.97 ± 0.06
N7.5 3.72 ± 0.04 1.19 ± 0.06
N10.0 3.90 ± 0.13 1.33 ± 0.02

0 2 4 6 8 10
1.0

1.3

1.5

1.8

2.0

2.3

ini
tia

l in
cre

men
t in

 in
de

nta
tio

n

initial increment in tension

E/
E

ny
lo

n 
6

 tension
 indentation (skin)
 indentation (core)

organoclay (wt%)

Fig. 12. Normalized moduli as a function of organoclay content of samples
hygrothermally aged at 70 �C.
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mogeneity and anisotropy of the materials. The skin and core
mechanical response is individually identified by indentation,
while the moduli obtained in tensile tests are an average of these
two regions. The problem of analysing the indentation modulus
is that the stress field generated by indentation is three-dimen-
sional. As a consequence, the measured modulus lies somewhere
between E11, E33 and E22 (conventions for the directions are shown
in Fig. 11) [37]. We know that: Eskin = f (E11_skin,E22_skin,E33_skin),
Ecore = f (E11_core,E22_core,E33_core), and Etensile = f (E11_skin,E11_core).
Thus, the fact that the tensile and skin elastic moduli are similar
in most hygrothermally aged samples at 70 �C is just a coincidence.

Another issue that deserves discussion is the degree of stiffen-
ing conferred by the organoclay as measured in indentation and
tension tests. Fig. 12 shows the moduli of the nanocomposites nor-
malized to neat nylon 6 modulus and plotted as a function of
organoclay loading. The tensile modulus is often taken as an indi-
cator of clay exfoliation [41]. As seen in Section 3.1, the organoclay
is mostly intercalated when its loading is 2.5 wt% and mostly exfo-
liated above this percentage, which is reflected in a low initial
increment of the tensile modulus followed by a steep increase.
On the contrary, the modulus measured in indentation seems to
be insensitive to the degree of exfoliation of clay. The initial steep
increment is most likely due to the local increase in particle con-
centration directly underneath the indenter tip when it is pushed
into the specimen, as demonstrated by Shen and Guo [42] using fi-
nite element analysis. However, the decreasing rate of stiffness
Fig. 11. Scheme showing the convention of axis orientation with respect to the
indentation load and injection flow.

Please cite this article in press as: Seltzer R et al. Effect of hygrotherm
Compos Sci Technol (2009), doi:10.1016/j.compscitech.2009.01.029
enhancement with organoclay content is more difficult to explain
due to the increasingly complex morphologies under the indenter.

4. Conclusions

(a) Hygrothermal ageing reduces the elastic moduli of nylon 6
and its organoclay nanocomposites relative to their respec-
tive dry materials. However, it is shown that hygrothermal
ageing at 70 �C does not cause further degradation in the
elastic moduli compared to ageing in water at 25 �C, neither
in the neat polymer, nor in its nanocomposites.

(b) Hygrothermal ageing at 70 �C induces structural modifica-
tions to nylon 6, such as increments in crystallinity and
transformation of c- to a-crystals. Because organoclay tends
to stabilize the c-form, the c–a crystal transition is partially
inhibited in the nylon/organoclay nanocomposites. Hence,
the improvements in elastic moduli due to hygrothermal
ageing at high temperature and presence of organoclay are
not additive in the nylon 6 matrix.

(c) The greatest morphological changes caused by hygrothermal
ageing at 70 �C were found in the outermost layers of the
injection moulded bars. This led to stiffening of the skin
region, hence accentuating the skin/core structure.

(d) When nylon or its nanocomposites are exposed to ambient
humidity, moisture is rapidly adsorbed onto the surface. This
is evident from the low indentation modulus results deter-
mined at depths of �1 lm on dried samples compared to
the high modulus values obtained from the ‘‘bulk” tensile
tests.
al ageing on morphology and indentation modulus of injection ...
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