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Long term ageing of polyamide 6 and polyamide 6 reinforced
with 30% of glass fibers: physicochemical, mechanical
and morphological characterization

Imen Ksouri'? - Olivier De Almeida? - Nader Haddar'

Abstract Hygrothermal ageing of polyamide 6 (PA6) and
polyamide 6 reinforced with 30 wt% of glass fibers
(PA6GF30) was undertaken. Immersion was conducted in dis-
tilled water at 90 °C and 100% relative humidity (RH) for up to
80 days (1920 h). Results revealed a noteworthy decrease either
in glass transition temperature T, or in tensile properties, at
early stage of ageing, for both studied materials. This decline
was mainly caused by the plasticization effect of water and the
weakness of the interfacial interactions leading as a conse-
quence to a loss of adhesion between fiber and matrix.
Afterwards, physical and mechanical properties decrease
monotonically testifying the occurrence of exhaustive damages
and chemical reaction phenomena. Such phenomena were
yellowing and crazing formation which were observed for both
materials after 1920 h of conditioning. The former is caused by
the thermo- oxidation whereas the latter results from the release
of internal stresses induced by water sorption. These chemical
reactions were monitored by infrared spectroscopy. Thus, an
increase of the free N-H stretch and the carbonyl groups
(imides) was noted. Accordingly, it seems that long term im-
mersion in distilled water at high temperature induces chemical
reactions which indicate the severity of the damage.
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Introduction

The use of polyamide (PA) materials knows an astounding
climb in many engineering components and structures. In
particular PA-6 and PA6,6 are the most investigated poly-
amide materials. They show strong hydrogen bondings
(H-bonding) which are typical in their chemical structure.
Such characteristic ensures their particular mechanical
performance and increases their widespread use in auto-
motive industry. Hence, they are more often used for parts
located in engine compartments and interior equipment of
several car models [1-3]. However, these materials sus-
tain several loads and different types of environmental
conditions that attribute to their ageing in their particular
environment. According to the severity of these condi-
tions (high and/or low temperatures, water attack, UV
exposure, saline atmosphere), different mechanisms may
occur separately or simultaneously and decrease their per-
formance and durability.

Because the prediction of the durability of polyamide
materials is a very important issue for designers and users,
numerous researches have been devoted to study their
hygrothermal ageing [4-9]. According to the moisture-
related works on these materials, PA 6 and PA 6-6 are
sensitive to moisture. Thus, they absorb more than 8 wt%
in 100% relative humidity (RH) at room temperature [10]
due to the presence of polar functions and H-bonds [8, 11,
12]. Eventually, the sorption mechanism occurs preferen-
tially into the amorphous regions of the polymer [7, 13]
affecting as a consequence its physical, chemical and me-
chanical properties [14—16]. These effects arise through
different mechanisms such as plasticization, crazing, hy-
drolysis, and swelling. Plasticization and swelling are the
most important physical changes that may occur through
the interaction of the water molecules with the hydrogen
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bonds [17]. These interactions increase the chain mobility
inducing as a consequence a lowering of the glass transi-
tion temperature (T,) [14] of about 65-93 °C [10].

Placed in humid condition, water can interpenetrate be-
tween -NH and C = O groups of the polymer and break the
pre-existent bonds leading to a loss of its mechanical cohe-
sion [6, 14, 15]. Thus, the tensile properties of polyamides
have been further reduced when the samples are moisture
conditioned as reported by Refs [14, 15, 17]. Thereby, the
decrease of the stiffness in the presence of water is common
to all polyamides to a certain degree. Nonetheless, for com-
posite materials, the loss of mechanical properties is not
only related to the plasticization effect of water but also to
the degradation of the fiber-matrix interface. Thus, this re-
gion is extremely damaged after water absorption [6, 16,
18]. Afterwards, a severe degradation of the mechanical
properties takes place. Thence, the water absorption lowers
the interfacial stress transmissibility. It seems that the inter-
face fiber/matrix was considered as a privileged site for the
water molecules accumulation during the diffusion process
[19, 20]. Therefore, its efficiency is critical for both short
term properties and long term durability which limits its
structural performance [21].

The macroscopic properties of most polyamides were
affected by hygrothermal ageing after few months, or
even weeks. No doubt, this tendency is considered as
the most serious limitations of these materials.
Numerous investigations are interested to study the effect
of early stage of conditioning on mechanical behavior of
such materials [4, 7-18], albeit poorly studied the long
term exposure. Commonly, they have revealed that the
degradation mechanism occurs at early stage of ageing
leading to a loss of the mechanical characteristics. But
what about the assessment of their performance after long
term of conditioning? Otherwise, do their properties fall
catastrophically or they keep a steady decrease? Are there
other phenomena that can occur and affect the structural
strength of polyamides such those found by Simar et al.
[22] and Mezghani et al. [23] for other materials? To
fulfill this requirement, this experimental investigation
was undertaken. Whence, this paper aims to focus on
the complete assessment of the performance of PA6 and
PA6GF30 as well as the discernible damages that may
appear under immersion in distilled water at 90 °C for
long period. Initially, a comparison between the neat poly-
mer’s behavior and its composite towards water during
the ageing process will be established. Afterwards, optical
and morphological observations were conducted to iden-
tify the surface damages of these materials under
hygrothermal ageing. Then, physicochemical, mechanical
and morphological properties were studied in order to
ascertain the impact of the detected damages on the bulk
properties of studied materials.

Experimental procedure
Materials

A commercial grade of polyamide 6 (PA6) ‘designed
ALYAMID C2122’ and its composite reinforced with
30 wt% of glass fibers (PA6GF30) ‘commercially designed
ALYAMID C2122 GF30’ supplied by POLYMERES SA,
were used in the current study. These materials were injection
molded in accordance with the ISO standard 527-2 type 1A.

Prior to testing, samples were dried at 70 °C for 24 h and
immediately stored in vacuum desiccators.

Conditioning

Accelerated ageing was carried out in distilled water at a set
temperature of 90 °C for 80 days in glass jar containers. The
temperature was chosen in order to accelerate the diffusion
process as well as to accentuate the materials degradation
mechanism. Samples were fully immersed and periodically
weighted using a digital balance of 0.001 g accuracy. Each
material was taken off twice for testing; at equilibrium state
and at the end of ageing. Thus, the former characterization was
after 69 h and 87 h for PA6 and PA6GF30, respectively. Then,
the second one was after 1920 h (80 days) for both materials.
The moisture uptake M (t) was measured through gravi-
metric method as following in Eq.1:
m;—mo

M (%) = %100 (1)

mo

Where mg and m; are respectively the dry weight and the
wet weight of the sample after any specific time t.

In order to measure the water uptake only in the composite
matrix (without taking into account the weight of the fiber),
Carrascal et al. [8] and Ledieu [24] have suggested Eq. 2,
where Wgr is the fiber weight fraction.

m—mo 1

M(%) = ——— % ——n (2)
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Methods of characterization
Dynamic-mechanical analysis (DMA):

DMA measurements were performed on 8000 Perkin
Elmer analyzer before and after ageing. Running a fre-
quency scan of 1 Hz, samples were tested at a heating rate
of 3 °C/min through a temperature range between —50 °C
and 180 °C. The glass transition temperature (T,) was set-
tled by the damping peak (tand). Samples dimensions were
51x10x4 mm’.



Infrared (IR) spectroscopy analysis

Tests are realized with Agilent Cary 630 FTIR spectrophotom-
eter at room temperature. The samples were scanned from
650 cm ' to 4000 cm .

Tensile tests

An universal testing machine model WDW-E with a capacity
of 10 kN was used to perform the tensile tests. Samples were
tested according to ISO 527 procedure at a constant crosshead
speed of 5 mm/min. Measurements were conducted at room
temperature using a longitudinal extensometer with a gauge
length of 50 mm.

Scanning electron microscopy (SEM)

After tensile tests, failure features of aged and unaged samples
were examined using a scanning electron microscope (VOVA
NANO SE 450/650) operating under an accelerating voltage
of 10 and 20 kV. Before testing, samples were coated with a
thin gold layer.

Results and discussion:
Water uptake

Fig. 1 shows the mass increase of PA6 and PA6GF30 condi-
tioned in distilled water at 90 °C for 80 days versus the square
root of time. The plotted curves exhibit the same trend involv-
ing two parts;

— A noteworthy rapid initial water uptake which increases
with the conditioning time. This linear part has been as-
sociated to the excess of water ingress within the amor-
phous regions of the polymer. The penetration of water
molecule remains until an equilibrium saturation level M
(o0) is reached.

—  The equilibrium rapidly disappears and a tendency of
mass loss was noticed. This decrease may be ascribed to
the polymer degradation and the occurrence of hydrolysis
phenomenon [11, 25].

Moreover, it is interesting to note that the moisture
content, as derived from the absorption curves (Fig. 1),
differs according to the nature of tested material (PA6 or
PA6GF30). Under the same ageing conditions, PA6 ab-
sorbs more water than PA6GF30. The former’s water up-
take reached 8.55% while for the latter it attained only
5.26%. If we assume that only the polymer is the major
contributor to the sorption mechanism it seems reasonable
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|l Matrix 3
{ ---&--- PA6GF30 (Composite) |
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Change in Mass (%)
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Fig.1 Water absorption in PA6 and PA6GF30 fully immersed in distilled
water at 90 °C for 80 days

that PA6GF30 gets the lowest moisture uptake. Thus, the
decrease of polymer contribution induces a decrease of
the water uptake. This result is consistent with those re-
ported in previous experimental investigations related to
polyamide materials [6, 10, 11]. It has been established
that the equilibrium moisture content of nylon 6,6
reached 8 = 0.8%. Nevertheless, this content decreases
with increasing fiber volume fraction [6, 26]. This fact
is attributed to the decrease of the volume fraction of
the hygroscopic matrix [6].

Furthermore, it can be seen also that water ingress within
PA6 samples is faster than into PA6GF30 samples. Thus, the
equilibrium of composite material is reached after a while
(87 h) compared to the polymer (69 h). Therefore the glass
fibers hinder and decelerate the sorption mechanism.

Using Eq. 2, it is possible to examine the matrix mass change
during immersion time as shown in Fig. 1. It is obviously seen
that at short conditioning time (< 3 h of conditioning) the level
of water uptake between the matrix and the polymer are very
close. After that, the gap between the curves is slightly increased
until 80 days. All over the ageing process the PA6 absorbs more
water compared to the matrix. Accordingly, the presence of the
glass fibers reduces the ability of the polyamide matrix to absorb
the same water content that was absorbed by the polymer in the
same environment [27].

According to Fig.1, the water diffusion initially follows a
Fickian process. Therefore, the diffusion coefficient ‘D’ was
computed using the slope of the plotting (My/M.,) versus t,.

=2 (22 )

M(s) e\ n

Table 1  Diffusion coefficients and equilibrium moisture content of
PAG6 and PA6GF30 aged in distilled water for 80 days

M, (%) D (x107'2 m%s)
PA 8.55 48.15
PA6GF30 5.26 31.93




Fig. 2 Samples of PA6 (a) and
(b) PA6GF30 exposed to distilled
water at 90 °C at different times

Where e and M denote the thickness of tested sample and
the equilibrium saturation weight, respectively.

Results reveal that the lowest value was measured for
PA6GF30 samples (Table 1). The obtained values of diffusiv-
ity correlate well with those reported by Mohd Ishak and
Berry [5, 6] and Vlasveld et al. [14].

Surface damages

The first visual aspect change after hygrothermal ageing
was the color change (yellowing) of PA6 (Fig. 2a) and
PA6GF30 (Fig. 2b). Both materials reached a maximum
level of absorbed water after 69 h and 87 h, respective-
ly (Fig. 2a, b). However, the samples color remains as
received before conditioning. After 80 days of ageing
(1920 h), yellowness becomes more pronounced for
both materials. This phenomenon has been already re-
ported in studies dealing with thermo-oxidative degrada-
tion and photo-degradation [26, 28-31]. According to
literature data the yellowing of polyamide materials is
mainly caused by the formation of pyrrole derivates [26,
28] or conjugated enal or enone groups as reported in
Ref [31]. Due to the degradation process, tested samples
move from uncolored ones to yellow and finally turn to
black as reported by Rudzinski et al. [28]. According to
them, the thermal degradation of the polyamide 66 starts
at the sample surface and progresses continuously into
the core of the sample. Among thermo-oxidative ageing,
sequences of conjugated double bonds can be formed
due to the thermal degradation steps. It has been sug-
gested that these bonds gives rise to the chromophore

Fig. 3 Surface damages of PA6
observed by optical microscope
(a) and PA6GF30 observed by
scanning electron microscopy (b)
aged in distilled water at 90 °C for
80 days

oh |

which are responsible for the observed yellowing of
PA’s during oxidation [28, 30].

Another finding was observed in water-exposed samples
after 1920 h which is the surface crazing (Fig. 3). Crazing
occurs homogeneously throughout the material for both
cases. This phenomenon occurs either due to the internal
stresses induced by the water absorption and/or due to ther-
mal effect 13, 26]. Thus, in related experiments, we tried to
separate the combined effect of water and temperature. In
this context a thermal ageing upon 90 °C over 1920 h were
performed. Here, samples showed only yellowing (almost
no crazing) (Fig. 4). Accordingly, water absorption is the
main responsible of craze initiation due to internal stresses
development. In this context, Pillay et al. [13] noted the
presence of cracks on the carbon/nylon 6 composite.
These cracks were expanded on the surface after exposure
to water at 100 °C for more than 100 h. Likewise, Chevali
et al. [26] noticed the presence of microcraking at the sur-
face of NY66 40 LFT exposed to boiling water for the same
period. According to them, the development of these cracks
may be caused by either the residual stresses from the pro-
cessing of the composite or other processing anomalies.
Moreover, Ledieu [24] showed the formation of a crack
network on the PA66GF30 and PA66 aged in water at
130 °C for 700 h.

Does these crazing, which are obviously seen at the
surface, extend to the sample’s core? Optical observations
were conducted on polished cross sections (Fig. 5). The
measurement performed on aged samples at different tem-
perature revealed that, the craze formation is deeper for
unreinforced polymer than for reinforced one (Fig. 6)
since the former absorbs more water than the latter.




Fig. 4 Yellowing and surface
observations of PA6 (a) and
PA6GF30 (b) after thermal ageing
for 80 days at 90 °C

Dynamic-mechanical analysis (DMA)

In order to evaluate the consequences of full immersion in
distilled water for 80 days on the glass transition temperature
Ty, DMA measurements were conducted. According to
Fig.7a, b, at dry state, the T, of PA6 and PA6GF30 are
52.5 °C and 50.8 °C, respectively. After ageing the glass tran-
sition temperature decreases monotonically with ageing time.
Atearly stage of conditioning, damping peak of both materials
shifted progressively towards lower temperatures. Thereby, it
shifts of approximately 43.1 °C and 42.9 °C for PA6 and
PA6GF30, respectively (Fig.7a, b). This reduction can be as-
cribed to the plasticization effect of water. Thus, under
hygrothermal ageing, water molecules are mainly absorbed
by the amorphous phase where they interfere with the hydro-
gen bonds and break the secondary bonds between the polar
groups. This induces an increase in their chain mobility and
decreases consequently the T,. This effect on PA6 and other
polyamides is widely reported in literature [14, 15].
Afterwards, T, reaches —2.4 °C for the neat polymer whereas
it attains —0.1 °C for the PA6GF30 after 1920 h of exposure.
This continuous decrease of T, with ageing time may assume
the occurrence of chemical reaction in tested materials as re-
ported by Simar et al. [22].

Moreover, it can be noticed that the relaxation o is divided in
two relaxations (Fig. 7a, b). According to Bergeret et al. [32],

Fig. 5 Optical observations of
cross sections of (a) PA6 and (b)
PA6GF30 after hygrothermal
ageing in distilled water at 90 °C
for 80 days

these relaxations were attributed to water diffusion respectively
within intra-spherulitic (strong linked water molecules) and
inter-spherulitic (weak linked water molecules) phases.

Similarly, the decrease of storage moduli for both materials
in the 0-50 °C temperature range with time testifies the oc-
currence of plasticization phenomenon (Fig.7a’b’). This phe-
nomenon is related to the material water uptake as previously
mentioned. Simultaneously, an increase in the moduli in the
sub-ambient temperature range is obviously noted in
Fig.7a’b’. This increase has been attributed to the ability of
water to form bonds between chain segments at low temper-
atures which are sufficiently stable to produce an increase in
modulus [33].

Infrared spectroscopy analysis

Infrared spectra of the PA6 and PA6GF30 samples before
and after immersion in distilled water at 90 °C for different
times are presented in Fig.8. Table 2 summarizes the as-
signment of IR bands for both materials before ageing.
According to Fig.8a, a’, the absorbance intensity related
to most bands evolved progressively after ageing. At early
stage of immersion, contrarily to PA6GF30, a clear in-
crease of the absorbance intensity of characteristic bands
was observed for the PA6 (Fig.8a). However, at long term
exposure it rises similarly for both materials. Furthermore,
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Fig. 6 Depth average for PA6 and PA6GF30 after immersion in distilled
water a 90 °C for 80 days

it can be noted that there are peaks which shifted either to
lower frequencies (such as amide I) or to higher frequen-
cies (as the bonded N-H stretch and the overtone of amide
II). Simultaneously, detectable peaks were obviously noted
after 1920 h of conditioning. For instance, the band asso-
ciated to the water-absorption increase when the time of
ageing increases overlapping the N-H stretching bands as
reported by Lim et al. [4] (Fig.8b, b’). Thus, a significant
increase in the absorbance of the free N-H stretch, as point-
ed by an arrow (<3490 cm_l), can be observed. Hence, the
intensity of this band rises with exposure time to reach the
highest value for samples aged for 80 days. Indeed, the
increase in the broad absorption bands in the range 1760—
1700 cm ™' resulted from the carbonyl groups accumulated
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17601700
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1533 @0
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928 @
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Hydrogen-bonded N-H stretch in the crystalline phase [34]

N-H stretching with the overtone of amide I+ C-N stretch [4, 9, 34]
Asymmetric CH, stretch [4, 34]

Symmetric CH, stretch [4, 34]

Carbonyl groups [9, 35-38]

Amide I, C = O,C-N stretch and C-C-N deformation [4, 39]

Amide II; N-H in plane bending, C-N, C-C stretch [4, 39]

Amide III [40]

C-CO stretch (crystalline band) [4, 9]

Amide V [40]




in the polymer chains due to the oxidation process (Fig.8c,
¢’) [34-38]. Two peaks are detectable after long term con-
ditioning which are located at 1735 c¢cm ' and
1716/1718 cm™ ' (Fig.8c, ¢’). The former has been related
to the formation of imide groups [9, 36, 37]. The latter has
been attributed to the formation of diametric acids [36, 37]
or ketones [35]. The appearance of these bands suggests
that the degradation of studied materials occurs due to im-
mersion in water. Thus, the detectable bands appear only as
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a weak shoulder at early stage of ageing (69 h and 87 h).
However, after long term ageing (1920 h), the absorbance
of the carbon groups increases as shown in Fig. 8c, ¢’
indicating the occurrence of material degradation. [9, 36].
The overall changes of the IR spectrum obviously seen
after long term conditioning were largely related to the
degradation of both materials. This degradation was previ-
ously pointed out by surface damages phenomena:
yellowing and crazing network.
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Fig. 8 Infrared spectra (a) of PA6 and PA6GF30 (a’) submerged in distilled water for different conditioning times, (b,b”) from 2600 to 3800 cm !and
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Mechanical tests

Monotonic tensile tests were conducted on PA6 and PA6GF30
samples before and after ageing. Fig. 9 shows the superposi-
tion of the stress—strain curves for PA6 and PA6GF30 at dif-
ferent distilled water conditioning times. In order to follow the
assessement of mechanical performance of studied materials
versus the ageing time two sections will be presented below.

At early stage of ageing

According to Fig. 9, it is obvious that the water absorption has
a crucial impact on the response stress-strain of both materials.
Thus, after a few hours of immersion in distilled water (69 h),
anoteworthy decrease in the Young’s modulus and the tensile
strength of the PA6 was noticed (Fig.10a). In fact, the reduc-
tion rate in both characteristics was recorded approximately
80% and 50%, respectively. This decrease is the result of the
water ingress into the polymer. Thus, water molecules are
small and polar which rises the probability to interfere with
the hydrogen bonds between the polymer chains. Thereby,
these bonds are partially destroyed by water absorption and
a loss of the stiffness and the strength are noted as reported by
[11, 12, 14, 16, 41]. The loss is not only noted for the neat
polymer but also for the composite one (Fig. 10b). Thus, a
similar decrease in tensile strength was measured. Such reduc-
tion can be an indication of a weak adhesion between the
fibers and the matrix polymer.

As the greatest water uptake was found for the neat poly-
mer, the PA6GF30 exhibits the lowest reduction in the
Young’s modulus (= 67%). Thus, it was commonly assumed
that sorption mechanism of water molecules is impeded by the
presence of glass fibers. Water molecules diffuse into the ma-
terial through voids and cohesion defects that may appear at
the interfaces due to the industrial process. Consequently, a
dramatic decrease in both strength and stiffness are noticed as
reported by Refs [6, 7, 13, 16].

Concerning the elongation at break two trends are ob-
served; i) The first was a slight decrease (=<20%) for the PA6
while ii) the second was a rise noticed for the PA6GF30

a
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(from 3.4% to 5.1%). Moisture merely acts as a plasticizer
in the polymer and subsequently leads to an increase of the
elongation at break. It appears that the absorbed moisture,
at early stage of immersion, has significantly changed the
mode of fracture of the composite from being more or less
brittle to a ductile fracture [ 16, 17]. Nevertheless, the reduc-
tion noted in neat polymer at equilibrium state may be due
to the initiation of polymer damage. Thus, the entanglement
network is partially affected at early stage of immersion.
This network allows the unwinding and drawing of chain
segments located in the amorphous phase and connecting
crystalline lamellae [10]. Therefore, the plasticizer effect is
no longer physical in nature and the hydrolysis of the poly-
mer may probably occur [41, 42].

Consequently, it has been well established that
hygrothermal ageing leads to a significant decrease of
mechanical properties of materials since the first hours
of conditioning.

After long term of ageing

After 1920 h of conditioning, the decline remains steady and
no longer detectable especially for the elastic modulus for both
materials (Fig. 10). On the other hand, the tensile strength still
decreases slowly to reach 55% and 65% for PA6 and
PA6GF30, respectively. Meanwhile, the elongation at break
is markedly decreased after 80 days of ageing. It reaches ap-
proximately 93% for PA6. The plastic plateau (Figs. 9a and
10a) disappears and samples failure occurs without neither
necking nor stretching. After ageing, there is no entanglement
network and the Van der Waals interactions are the only inter-
molecular forces present in the polymer. Therefore, the frac-
ture properties of semi-crystalline polymers fall catastrophi-
cally when the entanglement network is deeply damaged [10].
Furthermore, a dramatic decrease in the elongation at break of
the PA6GF30 was observed (from 5.1% to 1.7%) (Figs. 9b,
and 10b). This indicates that either i) the chemical scission of
the polymer chains is accelerated or ii) the interface was deep-
ly attacked and destroyed by rising the immersion time.
Accordingly, it is believed that the decrease in mechanical
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Fig. 9 Engineering stress-strain curves of (a) PA6 and (b) PA6GF30 at different conditioning times in distilled water at 90 °C
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Fig. 10 Mechanical properties of (a) PA6 and (b) PA6GF30 after immersion in distilled water at 90 °C at different times

properties at long term ageing is mainly caused by hydrolysis
process as reported by [11, 24].

Accordingly, the long term ageing has deeply affected the
mechanical properties of PA6 and PA6GF30.

The interface role of PA6GF30 composite

It is well known that composite materials are characterized by
the capacity to transfer loads from the matrix to the fiber
across the interface. Thus, the enhancement of mechanical
properties was attributed to the level of interfacial adhesion
which can be measured by the interfacial shear strength
(IFSS). Such parameter is usually considered as a good indi-
cator for the interfacial adhesion for fiber reinforced polymer
(FRP) composites [43].

In order to confirm that the interfacial region is preferen-
tially damaged during hygrothermal ageing, a comparison be-
tween the IFSS values obtained after immersion and those
after thermal ageing at 90 °C at the same durations remains
important. The calculation of the interfacial shear stress was
conducted using the mathematical model Kelly-Tyson that has
been fully described elsewhere [43]. Results illustrate the det-
rimental water effect on the interface (Fig.11a). This effect
rises proportionally to the ageing time. The first decrease
was noted after 87 h of immersion (from T, ;, = 67 MPa to

Tg7 1, = 48 MPa). After 1920 h (80 days) of immersion the
IFSS decreases linearly to reach 32 MPa. However, after ther-
mal ageing (Fig.11b), a slight decrease in the IFSS was noted
after 80 days (from Ty , = 67 MPa to Ti959 , = 56 MPa).
Consequently, the interfacial interactions between the fiber
and the matrix are extremely weakened after immersion com-
pared to exposure to high temperature. Certainly, the interfa-
cial region is preferentially attacked by water leading to a
significant decrease of the IFSS [43]. Previous studies have
shown that this region is the most damaged after immersion
[13, 16, 17, 43]. It has been established that water is the major
contributor to the loss of adhesion between the fibers and the
matrix [44, 45] which has a decisive effect on the mechanical
behavior of composite materials [46].

Consequently, the interfacial bonds are weakened with wa-
ter uptake. This weakness causes the reduction of the mechan-
ical properties of the composite at early stage of ageing.
However, this effect remains till 80 days of immersion.

Scanning electron microscopy analysis

SEM observations of the fracture surface of PA6 and
PA6GF30 samples before and after ageing in distilled water
are shown in Fig. 12. Before conditioning, the failure feature
of the unaged PA6 samples exhibits a rough fracture surface
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Fig. 12 SEM images of PA6
(a,b,c¢) and PA6GF30(a’,b’,¢’)
before and after hygrothermal
ageing in distilled water at 90 °C
at different times

with some fibrils (Figs. 12a). These fibrils are indicative of a
ductile fracture mechanism [42]. At early stage of ageing a
considerable stretching of the polymer fibrils still observed
(Figs. 12b). After 80 days of conditioning in distilled water,
the feature shows a dramatic change in the fracture topogra-
phy. The fibrils are absent as shown in Fig. 12c. It seems that
ageing under high temperature for long period may hydrolyze
the polymer. Whence, a loss of the material integrity with a
noteworthy embrittlement will be noted [47].

Meanwhile, as it was expected, the morphology of the
moisture absorbed composite samples is different to that of
unaged ones particularly fibers adhesion. Before ageing
fibers surfaces are well coated with the matrix (Fig.
12a’). This micrograph shows that there is a good adhesion
between the fiber and the matrix. Nevertheless, this adhe-
sion is progressively weakened due to hygrothermal ageing
(Fig. 12b’, ¢’). Most of glass fibers are smooth and not
coated with the polymer matrix either after 87 h or
1920 h of ageing. This denotes that, after few hours after
immersion, the interfacial region has primordially attacked.
This attack reduces its effectiveness leading to a drop down
of the mechanical properties as previously presented. In
this context, Mohd Ishak et al. [48] found that the fibers
pull out and uncoated fibers are the predominant results of
hygrothermal ageing of PBT composite. This confirms
again that the major contributors of the stiffness loss are
the interface degradation and the plasticization of the ma-
trix [13, 15, 16]. Moreover, Athijayamani et al. [44] and
Ray [45] showed that the cleaner fibers and the interfacial
debonding are prevalent in fractured surface of aged com-
posites. Initially the water acts as a plasticizer. Afterwards,
the effect becomes chemical in nature.

Consequently, these SEM observations are in agreement
with results previously founded.

—— —
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Conclusions

This paper pointed out the effect of long term ageing on
PA6 and PA6GF30 properties. Findings reveal that, the
sorption mechanism is extremely affected by the pres-
ence of glass fibers. Thus, under the same ageing condi-
tions, PA6 absorbs more water than PA6GF30. Moreover,
yellowing and crazing formation were noted after 80 days
(1920 h) of immersion for both materials due to thermal-
oxidation and the release of internal stresses, respective-
ly. The overall phenomena were monitored by IR spec-
troscopy. Thus, the appearance of new bands was clearly
observed (free N-H stretching and carbonyl groups) tes-
tifying the occurrence of chemical reactions.

Furthermore, mechanical properties are deeply altered by
hygrothermal ageing due to the plasticizer effect of water as
well as the loss of adhesion between fiber and matrix.
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