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Abstract
Product design for safe performance and operation in harsh environments triggers the importance of understanding
property degradation due to prolonged exposure of advanced composite materials to such environments. The effect of
seawater immersion on monotonic tensile, stress relaxation, and cyclic bending fatigue response of polyamide 66
nanocomposites containing 0%, 1%, and 5% hectorite organoclay were investigated. Seawater equilibrated nanocomposites demonstrated less moisture absorption compared to their pure counterparts. The imbibed seawater significantly
increased the ductility, and reduced the tensile modulus and strength of nanocomposites. A nine-parameter Prony series
viscoelastic constitutive model was used to estimate the influence of seawater on the viscoelastic behavior based on
stress relaxation data. The phenomenological model evaluated a drop of 82% in the instantaneous and the residual elastic
moduli indicating a significant plasticizing effect of seawater. However, the amount of increase in the rubbery nature of
polyamide is observed from the reduction in stress relaxation time of first Maxwell element by about 40%.
Nanocomposites exhibited improved fatigue life with an increase in organoclay content even after equilibration in
seawater. The fracture surface observation of seawater equilibrated bending fatigue specimen revealed rubbery behavior
indicating the positive difference between cyclic steady-state temperature and material glass transition temperature.
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Introduction
Thermoplastic polymer composites are ﬁnding several
applications in boats, ships, underwater vehicles, and
tidal turbines. Marine environment aﬀects the performance of the components made out of thermoplastic polymer composites. Component designers need to
take care of the eﬀects in the design stage itself for safe
performance and operation of marine vehicles.
During service, many of these components experience
cyclic loads and generate hysteretic energy due to their
high damping. The dissipated hysteretic energy results
in the increase in the temperature of the components
made of thermoplastics because of low thermal conductivity. This phenomenon inﬂuences the fatigue
behavior of thermoplastics severely unlike metallic
materials. The fatigue failure of thermoplastics
occurs either by thermal softening and subsequent
melting because of enormous hysteretic heating, or
by fatigue crack initiation and propagation leading
to ﬁnal fracture.1,2 Although the latter case appears
similar to fatigue behavior of metals, a signiﬁcant
hysteretic heating continuously raises the thermoplastic component temperature that may in turn

increments the inelastic (viscous) behavior of the
material before the steady state is reached.3 Further,
when the component temperature reaches the glass
transition temperature, thermoplastic material
changes from a ‘‘glassy’’ state to a ‘‘rubbery’’ state.4
Polyamide 66 (PA66) is one of the preferred polymer
matrix materials to make composites due to its ease of
molding, high strength, superior toughness, good
thermal stability, and excellent chemical resistance.
The matrix strengthening is achieved by the
addition of nanosized ﬁbers, platelets, or particles.
A signiﬁcant improvement in modulus, strength, and
heat distortion temperature is realized with an
optimum addition of the nano-ﬁllers.5
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Kim and Harget6 reported a strong interaction
between salt ions and polyamide when polyamides are
exposed to inorganic salt solutions. This can lead to a
rise in the glass transition temperature of the amorphous phase in the absence of water. Later, Wyzgoski and
Novak7 selected a set of salts to investigate stress cracking of polyamides in aqueous solutions based upon the
study by Kim and Harget.6 Wyzgoski and Novak7 did
not ﬁnd any tendency of aqueous sodium chloride to
induce crazing or cracking in double-edge notched
PA66 samples subjected to constant tensile load.
Studies conducted by Kenney et al.8 on PA66 ﬁbers
immersed in seawater revealed a reduction in the
strength by about 10% during fatigue or creep loading
compared to the strength measured in normal samples.
The seawater eﬀect on PA66 ﬁbers is simply a plasticizing action. Plasticization increased the mobility of polymer chains. Polyamide 66/orgaonclay nanocomposites
(PA66CN) conditioned in distilled water exhibited a
reduction of about 80% and 52% in tensile modulus
and strength, respectively, irrespective of the content of
organoclay.9 However, the adsorbed water enhanced
the percentage elongation that was lost with the incorporation of organoclay platelets in PA66 matrix.
The water increased the elongation of PA66CN samples
up to about 50 times compared to that of dry-asmolded (DAM) samples. The ﬂexural fatigue life is
approximately four times higher for moisture equilibrated specimens compared to DAM specimens under
constant cyclic strain.10 The reduced moisture transport
rate in nanocomposites makes them less sensitive to
short term ﬂuctuations in environment conditions
than unﬁlled polyamide.11 The amount of reduction
in glass transition temperature due to moisture
absorption is similar for unﬁlled and nanocomposite
polyamides.
Ahmad et al.12 observed less moisture uptake for
nanorubber-modiﬁed adhesive compared to the pristine adhesive, and ceramic microparticle-ﬁlled adhesive exhibited the lowest moisture uptake overall. The
diﬀusion of moisture followed Fickian process when
soaked in water at room temperature. Khoramishad
and Alizadeh13 observed a reduced water uptake in
epoxy because of the addition of multiwalled carbon
nanotubes and silicon carbide nano-ﬁllers by 26% and
18%, respectively, at saturation when the samples are
conditioned in deionized water at 60  C. The strength
degradation of the epoxy due to adsorbed water was
reduced by adding multiwalled carbon nanotubes and
silicon carbide ﬁllers by 32% and 16%, respectively.
Khoramishad et al.14 evaluated that epoxy-based
adhesives ﬁlled with either 4.4% silicon carbide nanoparticles or 0.52% multiwalled carbon nanotubes can
compensate 66% degradation in strength of nearsaturated adhesive joint immersed in deionized water
at 60  C. Nayak and Ray15 reported an increase in the
ﬂexural and interlaminar shear strength of seawater
aged epoxy composites ﬁlled with 0.1 wt% TiO2 nanoparticles by 15% and 23%, respectively.
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Although the mechanical behavior of polymer
matrix composites with nano-ﬁllers has been investigated widely in normal operating conditions, the mechanical behavior under harsh operating conditions such
as marine atmosphere is not explored. Most importantly, almost all the studies focused only on elastic
properties, despite the fact that viscoelastic and rubbery behavior are predominant in the moisture
absorbed polymer nanocomposites. Further, fatigue
behavior of polymer nanocomposite subjected to
cyclic loading also alters due to seawater equilibration.
Therefore, the present study is aimed at understanding
the inﬂuence of seawater on the mechanical behavior of
PA66CN by conducting monotonic tensile, stress relaxation, and bending fatigue tests on PA66CN specimens
equilibrated in seawater. Further, this study is also
intended to predict the viscoelastic properties that are
required for designing and analyzing the products for
marine applications. The failure micromechanisms
under fatigue loading are reported.

Experimental
Materials
The PA66 pellets (Zytel FE3071 NC010) used in the
present study were procured from Ms. E. I. Dupont
India Private Limited. This is an intermediate viscosity polyamide 66 resin suitable for injection molding
as well as extrusion with a density of 1140 kg/m3 and a
melting point of 262  C. The organically modiﬁed
hectorite clay (Bentone 108) was supplied by Ms.
Elementis Specialities, Inc., USA.
The PA66 pellets were dried in a vacuum oven for
6 h at 80  C prior to the melt compounding process.
Two types of nanocomposites were produced by
melt compounding the dry PA66 pellets with the organically modiﬁed hectorite clay (organoclay) weight
fraction of 1% (PA66CN1) and 5% (PA66CN5).
A co-rotating twin-screw extruder with a screw of
diameter of 25 mm, and length-to-diameter ratio of 48
was used for melt compounding. The temperatures of
the barrel were set as 260/265/270/275/280/285  C.
The screw speed was 150 r/min. The extruded nanocomposite ﬁlaments were cooled, pelletized and dried in a
vacuum oven for about 6 h at 80  C.
The dried PA66CN pellets were injection molded
into specimens of standard geometry for the tensile
test and the stress relaxation test (ASTM D638 Type
V), and the bending fatigue test (ASTM D671 Type A)
as presented in Figure 1(a) and (b), respectively. The
temperature and pressure applied during the injection
molding were 280  C and 12.5 MPa, respectively.

Conditioning
The ﬁrst set of DAM samples (PA66D, PA66CN1D,
and PA66CN5D) was stored in a vacuum chamber
and ﬁnal set of samples (PA66S, PA66CN1S, and
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Figure 2. Instron test setup used for tensile and stress
relaxation tests.

Figure 1. The geometry of (a) tensile and stress relaxation
specimens and (b) fatigue specimens.

PA66CN5S) was equilibrated in a chamber of seawater. Both sets of samples were kept in respective
chambers till the commencement of tests at
30  2  C. The rate of absorption of seawater by the
equilibrated samples was analyzed as per the standard
long-term immersion procedure for polymers (ASTM
D570). The conditioned samples were removed from
the water after 24 h, wiped using a dry cloth fully,
weighed to the nearest 0.001 g immediately, and then
replaced in water. The weight measurements were
repeated at the end of the ﬁrst week and every two
weeks thereafter until the increase in weight per twoweek period, as shown by three consecutive weight
measurements, averages less than 1% of the total
increase in weight or 5 mg, whichever is greater.
The specimen then be considered substantially saturated, i.e. equilibrium condition was reached. The difference between the substantially saturated weight and
the dry weight are considered as the water absorbed.

Testing
The eﬀect of adsorbed seawater and organoclay on
thermal transitions and the melt behavior was found
using diﬀerential scanning calorimetry (DSC). Tests
were conducted on a sample weighing about 10 mg
by heating at a rate of 10  C/min in a nitrogen environment from 0 to 300  C. Both tensile and stress
relaxation tests were performed using an electromechanical universal testing machine of Instron make with

inbuilt commercial software as shown in Figure 2. The
strain was measured using a video extensometer.
The resisting force was measured using a load cell.
The inbuilt software was used to calculate the stress
based on the original cross sectional area and resisting
force. Both dry-as-molded and seawater equilibrated
specimens were tested in a laboratory environment
(30  1  C and 60  5% RH). Tensile tests were executed at a test speed of 1 mm/min until fracture.
Tensile modulus, yield strength and percentage elongation at break were calculated and recorded by the
software. For stress relaxation tests, the samples
were subjected to an initial strain ð"0 Þ of 3% at a
ﬁxed strain rate of 0.01 s1, and thereafter the strain
was retained constant for 2 h. The stress was calculated from the measured force for the entire period.
A custom built bending fatigue testing machine
(Figure 3) was used in order to study the bending
fatigue behavior and the details were described elsewhere.16,17 Fatigue tests were performed at a frequency of 2 Hz with completely reversed cantilever
tip deﬂection amplitude of 6 mm. Fatigue tests were
conducted until failure and the total fatigue life was
noted. Fracture surfaces were examined using a scanning electron microscope to study the micromechanisms of failure in the marine environment.

Modeling the material behavior
An appropriate mathematical model is necessary to
predict the strain-rate-dependent material behavior
in numerical simulation. The linear viscoelastic material behavior is described by rheological models.18 In
case of uniaxial conditions; these are made of parallel
and series assembly of springs and dashpots. Distinct
stress–strain relations based on the strain and the
strain rate were displayed by spring and dashpot,
respectively. In order to predict the complex relaxation behavior exhibited by materials, a parallel
assembly of several Maxwell units is needed. A discrete relaxation ﬁeld can be expressed by n relaxation
moduli ðEi Þ and their respective relaxation times ði Þ
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Figure 3. (a) Front image and (b) schematic top view of a custom-built table-top bending fatigue testing machine.

by superposition of n Maxwell units. The stress disappears when the material is subjected to a constant
load after an adequate holding time as the Maxwell
units consist of spring and dashpot in series.
The stress does not relax completely, but reaches a
steady value after a signiﬁcant period of time in viscoelastic solids. Once the viscous ﬂow of the material is
completed, molecular alterations cease and no further
energy can be dissipated. An elastic response continues and is described by equilibrium stress
ðe ¼ E1 "0 Þ. Hence, a (2n þ 1) parameter model is
necessary to express the rate-dependent additional
stress with an assembly of n parallel Maxwell units
and a rate-independent equilibrium stress with linear
spring in parallel.19 The stress relaxation response
can be characterized eﬀectively by more than one
relaxation time in the generalized Maxwell model
with several Maxwell units in parallel. In consistent
with the stress relaxation experiments, a nine-parameter rheological model (GMn ¼ 4) with a four-term
Prony series i.e. four Maxwell units in parallel with
a spring ðE1 Þ was formulated to predict the stress
relaxation behavior of PA66CN
EðtÞ ¼ E1 þ

4
X

Ei eðt=i Þ

ð1Þ

i¼1

A standard optimization code available in the commercial ﬁnite element software was used to evaluate
the nine parameters of the generalized Maxwell viscoelastic model by deﬁning root mean square (RMS)
error as the objective function. The RMS error was
measured based on the diﬀerence between estimated
stress and experimental stress values over a time span
of 100 s. For the ﬁrst iteration, the values of initial
modulus, E0 and steady-state modulus, E1 were
given as input to the software after evaluating them

using the initial and ﬁnal experimental values of
stress. Further, an assumed set of values for Prony
series coeﬃcients were provided in terms of normalized values, i as given in equation (2), considering
P
4
i¼1 i ¼ 1
Ei ¼

i ðE0

 E1 Þ

ð2Þ

The coeﬃcients 1 , 2 , and 3 were deﬁned as
design variables and 4 was deﬁned as a state variable
in ﬁnite element optimization code. The stress relaxi1
ation times i were calculated as i ¼ Tscale . Here, T is
the total time of stress relaxation and was considered
as 100 s. The value of scaling factor for relaxation
time scale was approximated based on the experimental stress relaxation curves. The values of i do not
remain constant while evaluating the optimized values
of viscoelastic parameters.

Results and discussion
Material characterization
The moisture absorption is at a slow rate in PA66CN
compared with PA66 because of the better barrier properties due to the addition of organoclay
(Figure 4(a)). As the impermeable silicate layers
introduce a tortuous path for diﬀusion through the
polymer, dispersion and relative orientation of silicate
layers in polymer matrix governs the improvement in
the barrier properties.20 The PA66S samples absorbed
approximately 8% water by weight while both the
PA66CN1S and PA66CN5S samples absorbed approximately 7.5% water by weight to attain equilibrium with
seawater. The equilibrium amount of moisture is
approximately the same in the case of both nanocomposites because the silicate layers are distributed almost
randomly in PA66CN1 and intercalated partially
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Figure 5. Tensile stress–strain plots of seawater equilibrated
test samples.

Figure 4. (a) Weight of moisture absorbed with respect to
time1/2 and (b) DSC heating scans of seawater equilibrated test
samples.

in PA66CN5. Nanocomposites absorbed less amount of
water at equilibrium compared with an unﬁlled polymer
as the interface of the polymer molecules and the
layered silicates is free from the additional void formation as reported before.9
The seawater equilibrated samples exhibited two
endothermic peaks (Figure 4(b)). The wide peak
observed prior to 100  C identiﬁes the adsorbed
water. The intensity of the peaks shifts down with an
increase in organic content in the PA66 matrix as it
indicates the equilibrium amount of water in the polymer. The sharp peak at 261  C represents the melting of
crystallites. Yarisheva et al.21 reported similar thermal
transitions for nylon 6 samples conditioned at various
humidities. The DSC scans of seawater equilibrated
samples exhibited a single melting endotherm, similar
to equilibrated samples in distilled water,9,22 without
any evidence of lower melting forms. This established
the fact that only water was absorbed. Wyzgoski et al.7
also reported that sodium chloride was not absorbed
into the nylon structure and even other salt ions get
absorbed only at elevated temperature.

Tensile and stress relaxation behavior
Tensile stress–strain plots of seawater equilibrated test
samples shown in Figure 5 illustrate the inﬂuence of

Figure 6. Images of the seawater equilibrated tensile specimens before and after tests.

the quantity of imbibed moisture and organoclay.
The mobility of linear polyamide molecular chains
in equilibrated samples increases due to the presence
of the water molecules between the amide groups.
Therefore, a signiﬁcant amount of plasticization was
observed for equilibrated samples because of water
absorption. PA66CNS specimens exhibited a ductile
behavior similar to PA66S samples as shown in
Figure 6. This further corroborates the eﬀect of plasticization induced by the imbibed moisture in
PA66CN specimens.
The eﬀect of water adsorption on the glass transition temperature of PA66 is signiﬁcant and was
reported earlier.10 The tensile strength and tensile
modulus dropped to about 50% and 20% respectively
in seawater equilibrated samples (SW) compared with
DAM samples (Figure 7(a) and (b)). Tensile modulus
increased signiﬁcantly with the addition of organoclay
for both DAM and SW samples. Tensile modulus
increased by 34% and 37% for DAM and SW
PA66CN1 samples, respectively, compared to their
pure counterparts. Further, DAM and SW samples
of PA66CN5 exhibited tensile modulus increments
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Figure 8. Stress relaxation curves of (a) DAM and (b) seawater equilibrated specimens at a constant strain of 0.03.

Figure 7. Tensile properties of DAM9 and seawater equilibrated test samples.
DAM: dry-as-molded; SW: seawater.

of 52% and 57%, respectively, compared to their
pure counterparts. This diﬀerence in increment in
tensile modulus in PA66CNS samples compared to
PA66CND samples is basically due to less moisture
absorption of PA66CNS samples. The percentage
elongation at break has been found to increase by 9
and 20 times for PA66CN1S and PA66CN5S, respectively, compared to the corresponding DAM samples
(Figure 7(c)). Although organoclay did not alter the
eﬀect of adsorbed water on tensile modulus and
strength, it increased the percentage elongation substantially for PA66CNS samples. These ﬁndings are
compatible with previous observations9,11 showing
that the signiﬁcant enhancement in ductility in nanocomposites is because of increased chain mobility of
the amorphous phase around the silicate layers.
The stress relaxation behavior of thermoplastics is
deﬁned by the stress relaxation modulus and the stress
relaxation time. The eﬀect of the marine environment

and organoclay on experimental and predicted stress
relaxation curves is shown in Figure 8(a) and (b).
A vertical shift of stress relaxation curves indicates
the modulus enhancement with increasing organoclay
content. The enhancement of modulus in the stress
relaxation test is similar to the tensile test.
The distinctive nature of the large-scale viscoelasticity of the material is described by the stress relaxation test. Each individual molecular rearrangement,
that is time dependent, contributes together to the
large scale viscoelasticity of the material. A single
Maxwell unit with a unique relaxation time can be
used for each contribution.23 A good agreement
was found between the stress relaxation curves of
the experiment and the GMn ¼ 4 model for both
PA66CND and PA66CNS. In each case, nanocomposite samples exhibited superior stress relaxation
moduli. The relaxation times did not undergo any
perceptible variation with the incorporation of organoclay in the polymer matrix. The movement of polymer chains is partially constrained by the organoclay
platelets. Therefore, PA66CND samples exhibited a
signiﬁcant increase in the residual elasticity, E1 and
instantaneous elasticity, E0 compared with that of
PA66D samples. The ductility is more when there is
a random distribution of silicate layers because polymer molecules tethered to the silicate layers are poorly
constrained than the intercalated tactoids. The randomly distributed silicate layers facilitate the eﬀective
transfer of external force from the polymer matrix to
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silicate layers.9 The random distribution of silicate
layers permits more interfacial interaction with the
polymer chains facilitating eﬀective transfer of the
force. Therefore, both nanocomposite samples exhibited a similar residual modulus increment per unit
weight of the clay.
The equilibrated polymer samples showed a reduction in both residual modulus and instantaneous
modulus by 82% due to water absorption. However,
the amount of drop in both moduli decreased by 4%
and 5% for PA66CN1 and PA66CN5, respectively.
The decrease in the amount of moduli drop for nanocomposites could be due to the reduction of the equilibrium amount of water. The 1 and scale values are
2.5 and 3.42 for DAM samples and 1.5 and 4.06 for
seawater equilibrated samples (Table 1). The stress
relaxation time of ﬁrst Maxwell element, 1 for
seawater equilibrated specimens got reduced by
40%, whereas the scaling factor scale got increased
by 20% compared with that of DAM samples.

Table 1. Stress relaxation times of Maxwell elements for
DAM and seawater equilibrated specimens.
Material condition

 scale (s)

 1 (s)

 2 (s)

 3 (s)

 4 (s)

Dry-as-molded
(DAM)
Seawater (SW)

3.42

2.50

8.55

29.24

100.00

4.06

1.50

6.08

24.66

100.00

Table 2. Fractional modulus of Maxwell elements for DAM
and seawater equilibrated specimens.
Fractional modulus ( i)
Specimen material

g1

g2

g3

g4

PA66D
PA66CN1D
PA66CN5D
PA66S
PA66CN1S
PA66CN5S

0.335
0.305
0.306
0.419
0.398
0.399

0.126
0.154
0.106
0.187
0.169
0.170

0.104
0.153
0.104
0.189
0.180
0.180

0.435
0.388
0.484
0.206
0.254
0.251

Further, the fractional relaxation in modulus, i.e.
ðE0  E1 Þ=E0 is approximately one-ﬁfth for both
DAM samples and equilibrated samples (Table 2).
However, the fractional modulus of ﬁrst, second,
and third Maxwell units is approximately one-third
higher at DAM state compared with seawater equilibrated state while that of fourth Maxwell unit is about
half at seawater equilibrated state compared with
DAM state (Table 3). The mobility of linear molecular chains in amorphous regions of polyamide is
greatly enhanced due to the plasticizing action of
water molecules. Therefore, seawater equilibrated specimens exhibited a large amount of stress relaxation in
a short time with a signiﬁcant decrease in stress relaxation times irrespective of the organoclay content.

Flexural fatigue behavior
Figure 9 illustrates the evolution of peripheral temperature and bending stress amplitude on extreme
outer layer of DAM24 and seawater equilibrated specimens subjected to constant amplitude cyclic straining. A rise in the extent of the peripheral temperature
of the specimen is observed with increase in organoclay content for both cases till the origin of macroscopic failure (Figure 9(a)). However, the extent of
temperature rise exhibited by seawater equilibrated
specimens is minimal before attaining the cyclic
steady state as the imbibed moisture enhances the
mobility of polymer chains. The extent of cyclic
softening (reduction in bending stress amplitude
with continued strain cycling) prior to the cyclic
steady state is intense for DAM specimens and
minimal for seawater conditioned specimens
(Figure 9(b)). The similar behavior was observed by
the authors10 for the same material equilibrated in
distilled water and was attributed to variation in
glass transition temperature of the material.
As energy released per cycle remains constant
during the cyclic steady state, a perceptible variation
of neither temperature nor bending stress amplitude
was observed for DAM samples. As the seawater
equilibrated specimens are tested at room temperature
conditions (60  5% RH), an imbalance of imbibed
moisture of the specimen with that of moisture content in the laboratory environment results in partial

Table 3. Moduli and viscosities of Maxwell elements for DAM and seawater equilibrated specimens.
Material

E0 (MPa) E1 (MPa) E1 (MPa) E2 (MPa) E3 (MPa) E4 (MPa) Z1 (MPas) Z2 (MPas) Z3 (MPas) Z4 (MPas)

PA66D
1807.0
PA66CN1D 1898.5
PA66CN5D 2133.7
PA66S
324.9
PA66CN1S
401.6
PA66CN5S
488.6

1397.7
1528.9
1721.5
261.8
325.3
384.6

137.2
112.9
126.2
26.5
30.4
41.6

51.5
56.9
43.8
11.8
12.9
17.6

42.6
56.4
42.9
11.9
13.7
18.7

177.9
143.5
199.4
13.0
19.4
26.1

343.1
282.2
315.4
39.7
45.5
62.4

440.5
486.4
374.5
71.6
78.3
107.3

1245.8
1648.6
1254.4
293.5
339.1
461.4

17,789.1
14,346.1
19,934.9
1298.4
1935.8
2613.9
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Figure 10. Seawater equilibrated fatigue specimens after
failure.

Figure 9. Evolution of (a) peripheral temperature and (b)
bending stress amplitude on the extreme outer layer of DAM24
and seawater equilibrated specimens subjected to constant
amplitude cyclic straining.

desorption of the samples at the surface. In addition,
the ﬂexural loading results in maximum stress and
hysteresis heating at the surface. These factors result
in surface temperature rise. Seawater equilibrated
samples demonstrated a marginal weight loss as the
overall desorption of the sample is very less. The
bending stress amplitude remained nearly constant
as both desorption and temperature eﬀects produce
contradictory eﬀects. Desorption of moisture from
the sample surface increases the bending stress as a
result of an increase in stiﬀness, while the rise in
sample temperature decreases bending stress due to
its contribution to stiﬀness drop. A quick decline in
amplitude of bending stress beyond cyclic steady state
speciﬁes the ﬁnal fracture. The terminal fracture of
PA66CNS specimens exhibited a tensile rupture with
elongated ﬁbrils as shown in Figure 10.
Nanocomposite samples demonstrated enhanced
fatigue lives even with an increased temperature of
the specimen and amplitude of bending stress during
cyclic steady state (steady stress amplitude) compared
with PA66 samples (Figure 11). PA66CN5 exhibited
signiﬁcantly higher fatigue life even when the steady
stress amplitude is higher than PA66 due to change in
the failure mechanism resulted from the addition of

Figure 11. Fatigue life of DAM24 and seawater equilibrated
specimens subjected to constant amplitude cyclic straining.

layered silicates. However, the extent of enhancement
of fatigue life by organoclay is subject to its volume
fraction and structure in the polymer matrix.
Seawater equilibrated samples exhibited an enhanced
fatigue life due to a signiﬁcant amount of imbibed
moisture. Plasticizing eﬀect of imbibed moisture
reduces hysteretic energy dissipated per cycle and
inelastic strain amplitude for the samples subjected
to continued cyclic straining.10 Segmental mobility
and crack blunting increase due to imbibed moisture.

Fractography
The semicrystalline thermoplastics may fracture either
by the propagation of cracks that are originated from
the slip of molecular chains or through the initiation
and propagation of cracks at the weak boundaries of
spherulites. Further, cracks may also form in the
voids that are created during viscous ﬂow in amorphous domains. Deformation and fracture mechanisms
of organoclay reinforced thermoplastic composite
diﬀer from pure thermoplastic as it comprises diverse
structures. The extent of each type of structure in the
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composite is governed by the amount of organoclay,
nature, and quantity of surfactant used for organophilization. The deformation mechanism is primarily
driven by the distribution of silicate platelets and
agglomerates and their position. Typically plastic
deformation is initiated by the microvoids formed
around the exfoliated layered silicates and between
weekly bonded intercalated tactoids via microcavitation. Cyclic loading induces fatigue cracks in nanocomposite specimens by microvoid coalescence at
weak intercalated tactoids as randomly distributed
silicate layers conﬁne a substantial part of polymer
molecules.
Figure 12 reveals the signiﬁcant variations in the
macroscopic rupture of seawater equilibrated fatigue
specimen of PA66CN5 from crack initiation to terminal
fracture. The direction of crack propagation is shown
by arrows. As the maximum stress concentration occurs

at the corner of a rectangular section of the bending
specimen, macroscopic cracks had initiated closer to
the edges at the corners. The morphology of fracture
surface changes signiﬁcantly from crack initiation to
terminal fracture (Figures 13 to 15). The fracture surface displays macroscopically featureless surface in the
vicinity of crack initiation site and patchy structure with
void coalescence as the crack propagates from initiation
site (Figure 13(c)). Void coalescence orientation indicates the direction of crack propagation. Nature of
the patches resembles brittle fracture. However, patches
further demonstrate that crack propagation happened
through void coalescence in the direction of crack
propagation. Nondirectional patches (equiaxed dimples) further indicate a tensile mode of fracture and
no viscous ﬂow in the region.
Figure 14(a) shows a transition from a featureless
patchy structure to discontinuous growth bands (at a

Figure 12. Fatigue fracture surface of PA66CN5S sample (arrows indicate crack propagation direction at different regions).

Figure 13. Fractographs of PA66CN5S specimen showing (a) transition from featureless surface to patchy structure, (b) flat fracture
surface with discontinuous growth bands at the edge and macroscopic void coalescence inside (c) secondary cracks and macroscopic
void coalescence in the direction of crack propagation, (d) lamellar ligaments at the terminal fracture.
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Figure 14. Fractographs of PA66CN5S specimen showing (a), (b) transition from featureless surface to patchy structure with mild
discontinuous growth bands at first crack initiation site (c), (d) flat fracture surface with discontinuous growth bands at the edge and
secondary crack along crack propagation direction (e), (f) discontinuous growth bands perpendicular to the direction of crack
propagation (g), (h) lamellar ligaments and fine discontinuous growth bands and macroscopic void coalescence inside.

right angle to the crack propagation direction). Crack
initially propagated along the bottom edge as it was
subjected to the maximum stress. Figure 14(b) to (d)
demonstrates shallow discontinuous growth bands
near the skin region with secondary cracks in the
crack propagation direction along this edge. Figure
13(d) identiﬁes a ﬂat fracture surface with shallow
discontinuous growth bands at the skin and an intense
void coalescence in the core region along the crack
propagation. Figure 14(e) and (f) recognizes a
change in the orientation of crack propagation i.e.
propagation of a crack along the edge, from the
nature of discontinuous growth bands. As crack further propagates along the depth, a change in fracture
mechanism was observed from tensile mode to tearing

mode with elongated dimples and secondary cracks
pointing towards fracture origin in the core region
and the other edge where the ﬁnal failure took place
(Figure 13(a)). A transition from stable crack propagation to ﬁnal fracture and elongated ﬁbrils can also
be observed in the ﬁnal fracture region. Fine discontinuous growth bands along with secondary cracks
are observed in the voids nearer to the side edge and
in the core (Figure 14(g) and (h)).
Figure 15(a) indicates a change in crack propagation direction at the corner through the direction of
discontinuous growth bands and secondary cracks.
Figure 13(b) reveals a second crack initiation at the
opposite corner to the ﬁrst crack initiation site. A ﬂat
surface at the skin, severe void coalescence in the core
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Figure 15. Fractographs of PA66CN5S specimen showing (a) cleave fracture inside, (b) second crack initiation (at top right corner)
surrounded by discontinuous growth bands, (c) discontinuous growth bands and secondary cracks in parallel and perpendicular to the
direction of crack propagation, (d) discontinuous growth bands and lamellar ligaments near the terminal fracture.

region and a region of joining of both ﬁrst and second
cracks were noted. Figure 15(b) shows a featureless
surface at crack initiation site and surrounding discontinuous growth bands. Figure 15(c) and (d)
shows the discontinuous growth bands of the ﬁrst
crack in the core region nearer to the joining area of
ﬁrst and second cracks and discontinuous growth
bands of the second crack at the skin of the other
end of the specimen. These ﬁndings are quite consistent with the observations of Wizgoski et al.25 and
Bretz et al.26 As reported by the authors elsewhere,10
alterations in micromechanisms of fracture do not
reveal signiﬁcant viscous ﬂow for water equilibrated
specimens because of the insigniﬁcant inﬂuence of
hysteretic heating.

manifested 20%increment, demonstrating the increase
in the rubbery nature with moisture absorption.
The increased energy dissipation per cycle for DAM
samples leads to an appreciable decline in fatigue life
due to signiﬁcant cyclic softening. Seawater equilibration improved the fatigue life of PA66CN samples by
nearly ﬁve times because of the insigniﬁcant inﬂuence
of hysteretic heating in displacement control mode.
Fracture surfaces of nanocomposite fatigue specimens
revealed a transition from signiﬁcant viscous ﬂow to
rubbery behavior due to seawater equilibration.

Conclusions

Declaration of conflicting interests

The current investigations revealed the signiﬁcant
inﬂuence of seawater on monotonic and cyclic bending behavior of PA66CN. Moisture absorption of
PA66CN decreased by 6% compared to PA66 when
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times of Maxwell elements for equilibrated samples
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