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Abstract :

Polyamide 6 films were immersed in two ageing environments inducing either only oxidation or only
hydrolysis of the polymer for up to two years. Ageing temperatures ranged from 80°C to 140°C. Samples
were characterized periodically in terms of both chemical structure at the macromolecular scale, using
SEC, DSC, SASX and WAXS, and mechanical behaviour through tensile tests. Both degradation
mechanisms lead to chain scission within the polymer, an increase in crystallinity ratio, a decrease in the
amorphous layer thickness and an embrittlement of the polymer. First a decrease in the strain at break is
observed while the maximal stress remains unchanged. Then a drop in maximal stress is identified. Using
these experimental results, both the origin of the embrittlement and the factors governing embrittlement
are discussed. The decrease in strain at break is attributed for the first time in polyamide to the decrease
in concentration of tie molecules determined through a theoretical approach. The loss in entanglements
is associated with the drop in maximal stress. Furthermore, it is shown that the crystallinity ratio does not
govern the embrittlement of polyamide. However, both the molar mass and the amorphous layer thickness
are faithful indicators of this embrittlement whatever the degradation mechanism.

Highlights

» Decrease in strain at break during polyamide ageing is due to decrease in tie molecule concentration
» Both molar mass and amorphous layer thickness can be used to describe embrittlement in polyamide
» Crystallinity ratio cannot be used to describe embrittlement in polyamide
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1.Introduction

Secondary microplastics are defined as small pieces of plastic (5 mm and less) originating
from macroplastics fragmentation in the oceans [1]. This fragmentation is due to polymer
embrittlement with time induced by chemical ageing of the material. The concern about
secondary microplastic formation has raised new scientific questions that have to be
answered in order to better understand the behaviour of these particles and their potential
impact on the environment [2, 3]. One of these questions is how chemical ageing leads to
brittle polymers and more especially what are the factors governing this embrittlement when
polymers are subjected to advanced degradation.

Polyamide materials are widely used by the automotive industry [4-6], in oil and gas
application, and also for wind turbine moorings [7]. Polyamide production has increased in
the last 20 years to reach 5.5 million tonnes in 2015 [8] so the long-term behaviour of these
polymers will become important in the future. The durability of polyamide 6 (PA6) has already
been largely studied in the past and one of its main features is that this polymer absorbs a
large amount of water when in contact with a humid environment, up to 10% when immersed
in sea water [9]. The presence of water within the polymer leads to a plasticization of the
material, i.e. a reversible increase in macromolecule mobility, that results in a large decrease
in glass transition temperature (T,) from 60°C (in the dry state) to -20°C (after immersion in
sea water, [10, 11]). Chemical degradation can also occur in PA6, according to two main
degradation processes: hydrolysis and oxidation [12-15]. These degradations mainly lead to
chain scissions in the polymer that becomes brittle as degradation occurs [16, 17]. Although
embrittlement in polyamide material has already been described in the past, the exact factors
governing this process remain unclear.

Embrittlement in amorphous polymers has been studied for several decades. Thus, several
structural parameters have been identified as potential indicators of the embrittlement. It has
been found that a critical molecular mass named M. can be defined [18,19]. When the
average number molecular mass (M,) of the polymer is below M’ the polymer exhibits a
brittle behaviour. It has been shown that the M. value is equal to 5 M. where M is the
entanglement molar mass [20]. When considering semi crystalline polymers, it becomes
much more complex because the crystalline part largely affects the mechanical behaviour of
the material. Most of the existing work has focussed on semi crystalline polymers with an
amorphous phase in the rubbery state at room temperature such as Polyethylene (PE) or
Polypropylene (PP) [21,22]. Usually, embrittlement of the polymer is related with more or less
success to the crystallinity ratio [23,24] or the molecular weight [25]. As for amorphous
polymers, a critical molecular mass has been observed in the literature [19,26]. However, the
value of M’. for semi-cristalline polymers is much higher (M’ = 50 M), which highlights the
role of the crystalline structure. Another parameter that seems to be particularly relevant to
describe embrittlement in semi crystalline polymers is the thickness of the amorphous layer
between two crystalline lamellae (considering a stacked model), named l,. Regarding PE, the
most studied polymer in the literature, it has been shown that L, can be used to describe
embrittlement of this polymer [27,28]. When L, is above 6 nm, the stress can be transferred
to crystallites by the amorphous phase, slipping of crystals can occur and a plastic
deformation exists; in this case, the sample exhibits a ductile behaviour. On the contrary
when |, is lower than 6 nm PE is brittle. For semi crystalline polymers with an amorphous
region in the glassy state, there is much less data available in the literature. In a recent paper
dealing with thermal oxidation of polyamide 11, it has been suggested that the embrittlement
process is not affected by the state of the amorphous phase and both M, and L, can be used
to describe the embrittlement [16]. Moreover, authors found that the critical value for L, is
about 6 nm and suggest that this value can be universal for all semi crystalline polymers.
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To study polymer embrittlement, the morphology of the polymer is usually changed by using
thermal treatments [28], modifying conditions such as testing temperature [29], or modifying
the polymer chemistry. In this study another approach, i.e a chemical ageing process, is
used. In order to understand factors governing the embrittlement, a polyamide 6 film has
been subjected to different ageing conditions in order to modify its structure. Two ageing
environments are considered here, water and air, with several ageing temperatures and
durations. By using this experimental design, samples with various properties were obtained
allowing the origin of the embrittlement to be investigated in detail. Overall, more than 50
conditions were studied considering both mechanical behaviour and the polymer properties
such as molecular weight, crystallinity ratio and nature of crystalline phases. First, all the
results will be presented and then the factors governing embrittlement in polyamide will be
discussed.
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2. Material and methods

2.1. Material

Two types of samples were used in this study; both are polyamide 6 films without stabilizers.
For ageing in water, samples were 250 um thick. The thickness was chosen to obtain a
homogenous degradation through thickness during hydrolysis and also to allow mechanical
characterization even when the polymer is brittle. For thermal oxidation, it was necessary to
decrease the sample thickness down to 75 pm to avoid heterogeneous degradation on
account of the Diffusion Limited Oxidation (DLO) phenomenon [30, 31]. However, the
mechanical characterization of such thin samples is quite difficult. The main characteristics of
the unaged samples are presented in Table 1. The films were produced by extrusion. The
tensile samples were systematically cut in the direction of the extrusion.

Table 1 — Main properties of the two polyamides used in this study, tested in dry conditions

Property in dry state PAG6 250 um PAG6 75 um

T, (°C) 52+1 572
Melting temperature (°C) 220+1 221 +1
Degree of crystallization (%) 201 261
Strain at break (%) 370+12 30+8
Yield Stress (MPa) 70+1 68+1
Mn (kg/mol) 53+1 36+1

2.2. Ageing

Two types of ageing experiment are considered in this study. One is performed in ovens
where only thermal oxidation occurs, the other one is carried out in water without oxygen
where only hydrolysis occurs.

Oxidative degradation was carried out by placing samples in ovens (type UN55, Memmert) at
temperatures ranging from 100°C to 140°C = 1°C. A continuous convection of air was
applied in order to ensure a homogeneous temperature in the oven.

Hydrolytic degradation was performed using pressure vessel tanks filled with deionised water
at temperatures ranging from 80°C to 140°C + 1°C. Nitrogen bubbling was performed in the
water prior to ageing using a nitrogen generator (Parker Dominik Hunter G2000E) for a
minimum duration of 3 hours. Samples were dried at 40°C in a desiccator at a relative
humidity of 0% until mass stabilization was reached prior to characterization. More details
are available in [32].

2.3. GPC (Gas Permeation Chromatography)

GPC measurements were performed according to the method described by Laun et al. [33].
Samples were dissolved in 1,1,1,3,3,3-hexafluoroisopropan-2-ol (HFiP) and then injected in a
Water 2695 chromatograph at a flow rate of 1 ml/min. A differential reactive index detector
was used to perform detection and data was processed with PSS WIinGPC unity v7.5 SEC
software. The calibration was based on poly(methyl methacrylate) standards supplied by
PSS GmbH Mainz, Germany, with molar mass ranging between 800 and 1,600,000 g mol ™,
and the calibration curve was adjusted with a 5th order polynomial.

2.4. DSC (Differential Scanning Calorimetry)

DSC measurements were performed using a Q200 device (TA instrument). Testing was
done under a nitrogen flow (50ml/min) at a rate of 10°C/min. 3 samples were tested per
condition. The crystallinity ratio was calculated using Eq. 1:
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AHf
Xc =
AH}’

100 (Eq. 1)

Where X is the crystallinity ratio in %, AHy is the measured melting enthalpy (J/g) and AH?is
the melting enthalpy of a fully crystalline PA6 and taken equal to 240 J/g [34,35].

2.5. X-Ray measurements

WAXS and SAXS measurements were performed on a Xeuss 2.0 apparatus (Xenocs)
equipped with a micro source using a Cu Ka radiation (A =1.54 A) and point collimation
(beam size: 300x300 uym?). The sample to detector distance, around 15 cm for WAXS and
1.5 m for SAXS, was calibrated using silver behenate as the standard. Through view 2D
diffraction patterns were recorded on a Pilatus 200k detector (Dectris). Integrated intensity
profiles were computed from the 2D patterns using the Foxtrot® software. The long period
was computed using Equation 2:

L, =

21

(Eq. 2)

dmax

Where L, is the long period (nm) and g4, (nm) the maximum of the correlation peak.

The amorphous layer thickness was defined by Equation 3 from the long period L,
(previously defined using Equation 2 with SAXS measurements) and the crystallinity ratio
(from DSC measurements), using Equation 4:

le = L, — L. (Eq. 3)

_ Lp Pa
lc = Xe Pc—Xc(Pc—Pa) (Eq 4)

Where [, and [, are respectively the amorphous and crystalline layer thicknesses (nm), L,

the long period (hm), y. the crystallinity ratio (%), p, and p. respectively amorphous and
crystalline phase density (g/cni®).

2.6. Tensile tests

Tensile tests were carried out under dry conditions using a 10 kN capacity tensile machine
(Instron™) with a 500 N load cell and a displacement rate of 1 mm/min. Samples were
dumbell shaped specimens, type 3 from ISO 37 [36] and the strain was measured using an
optical extensometer (type AVE2). At least 5 samples were characterized per condition.
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3. Results

This section is devoted to the changes occurring during both hydrolysis and thermo oxidation
in terms of physico-chemical and mechanical properties.

The average number of molecular mass (Mn) is plotted as a function of ageing time when
samples are immersed in water at temperatures ranging from 80°C to 140°C (Figure 1 a). A
clear decrease in Mn is observed when ageing duration increases; this is the result of chain
scission that occurs due to the hydrolysis of amide bonds [37—39]. Obviously when ageing
temperature increases, the decrease in Mn is faster. When ageing is performed in air for
temperatures ranging from 100 to 140°C, a decrease of Mn is also observed (Figure 1b) and
this is associated to chain scission in the polymer that is the major process during polyamide
oxidation. [40]. For all data points presented here there is no large change in the
polydispersity index, that is equal to 2.5 + 0.5.
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Figure 1 — Change in M, as function of ageing time when samples are immersed in water (a)
and placed in air (b)
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3.2. Crystallinity ratio

For all samples an increase in the crystallinity content in the polyamide 6 was observed
(Figures 2a and 2b). It is worth noting that during ageing in water two different processes are
involved. Initially a fast increase in crystallinity occurs, which then slows down withtime (from
20 to 40% in one day at 140°C in water). The first increase occurs within a few minutes when
samples are immersed in hot water (i.e. 140°C) and depends largely on ageing temperature;
this process will be described in more detail in the next section. The second process is
related to the well-known chemi-crystallization phenomenon [41]. It is caused when chain
scissions occur within the polymer, there is a change in the mobility of macromolecules that
can be incorporated into the crystalline phases, which leads to an increase in crystallinity; in
this case the increase in crystallinity ratio is directly proportional to chain scission
concentration [16]. In order to get a better characterization of the nature of the crystalline
lattice, X-Ray measurements have been performed, results are presented in the next section.

In air, only chemi-crystallization occurs during ageing as already reported in previous studies
[42,43].
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Figure 2 — Change in crystallinity ratio as function of ageing time when samples are
immersed in water (a) and placed in air (b)
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3.3. Wide Angle X-ray Scattering WAXS

The change in crystalline structure was followed by X-Ray Diffraction. Wide Angle X-Ray
Scattering patterns after ageing at 120°C in water are presented in Figure 3.a. The evolution
of the volume fraction of the different phases with time is shown in Figure 3b.
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Figure 3 — Change in WAXS pattern (a) and in crystalline lattice (b) as function of
ageing time in water at 120°C without oxygen

Based on the patterns shown in Figure 3.a, three diiferent phases have to be considered
here: the pseudo hexagonal y phase (with peaks at 11°, 21.7° and 22.3°), the monoclinic a
phase (with peaks at 20.4° and 24.3°) and the amorphous phase [44]. From Figure 3b we
can clearly see a fast increase of the a phase content due to the transformation of the
amorphous phase that is thermally less stable [45]. This transformation corresponds to the
fast increase in crystallinity ratio observed by DSC in Figure 2.a. It is important to note that
this transformation occurs only when water is present within the polymer and depends on
temperature as shown in Figure 4. This behaviour has been explained by Gianchandani et al
who suggested that in the presence of water hydrogen bonding can be partially destroyed by
water molecules. This allows chain rearrangement needed to form the a phase [46]. This last
point explains the fact that the crystalline lattice is not affected by temperature (up to 140°C)
when samples are placed in a dry environment.
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For longer ageing duration (i.e. more than a day), a slow increase in the a phase is observed
(Figure 3.b). This corresponds to the increase in crystallinity ratio and is attributed to the
chemi-crystallization process as noted previously.

3.4. Small Angle X Ray Scattering.

Small Angle X Ray Scattering characterization was performed in order to assess the long
period (L) in the polymer as a function of ageing. Integrated intensity profiles are presented
in Figure 5.
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Figure 5 - SAXS integrated intensity profiles as function of ageing time at 120°C in water (a)
and 100°C in air (b)

When a correlation peak is clearly observed (up to 50 days) it is possible to determine L,
(Eq. 2) and therefore the thickness of the amorphous layer thanks to the crystallinity ratio
assessed by DSC (Eq. 4). For longer ageing durations, it is no longer possible to distinguish
a clear peak in intensity, probably due to a chaotic organization at the macromolecular scale.
When ageing is performed at 100°C in air, L, can be determined for all the ageing durations
considered here (Figure 5) . L, is roughly constant whatever the aging duration. Using these
results and the crystallinity ratio, amorphous layer thickness (I,) can be estimated with Eq 4.
as depicted in Figure 6.
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Figure 6 — Changes in the amorphous layer thickness as function of ageing time
when samples are immersed in water (a) and placed in air (b)
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3.5. Tensile Tests

The mechanical behaviour was characterized by tensile tests at a relatively low strain rate
(Figure 7). The unaged material exhibited a ductile behavior, characteristic of the plastic
deformation mechanism, i.e. the stress increases linearly with strain in the elastic region and
then a yield in stress can be observed. Regarding PABG, it seems that the exact structural
processes involved during plastic deformation are still not well understood , but at least we
know that both crystal shear and cavitation in the amorphous region are involved [47]. When
chain scissions take place in the polymer, a decrease in elongation at break occurs without
large changes in yield stress or modulus (from 1 to 28 days, Figure 8). For longer durations,
no plastic deformation occurs, the polymer exhibits a brittle behaviour and a decrease in
maximal stress is observed. This decrease in maximal stress and strain at break in time was
observed for all the ageing conditions considered here, as shown in Figure 8.
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Figure 8 — Change in elongation at break and maximal stress as function of ageing time
when samples are immersed in water (a, b) and placed in air (¢, d)

Based on the data presented inthis section, the factors governing embrittlement in polyamide
will be discussed below.
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4. Discussion

This section aims to understand the factors governing the change from a ductile to a brittle
behaviour in PA6 induced by ageing. Three different structural parameters will be considered
here, the crystallinity ratio, the molecular mass and the thickness of the amorphous layer.
These parameters will be discussed with regards to both maximal stress and strain at break
because these two parameters are usually used for life time prediction in polymers [48-50].

4.1. Factors governing embrittlement

4.1.1. Crystallinity ratio

During both hydrolysis and oxidation processes, the crystallinity ratio increases in PA6. In
order to understand the role of crystallinity ratio on embrittlement, the strain at break and
maximal stress are plotted as a function of crystallinity ratio in Figure 9. No clear relationship
is apparent between the crystallinity ratio and the elongation at break, indicating that it is not
possible to directly link the elongation at break with the amount of crystallinity in PA6 (Figure
9a). In Figure 9.b, during the hydrolysis process, it appears that for a crystallinity ratio below
45% the maximal stress remains constant, meaning that the polymer exhibits a ductile
behaviour. For a crystallinity ratio above 45% a drop in maximal stress is observed due to
embrittlement of the polymer. Thus, based on results obtained only during hydrolysis it
appears that a critical value of crystallinity ratio can be defined. However, when considering
results from thermal oxidation, a drop in maximal stress is observed even for crystallinity
ratios below 45%. This indicates that this criterion cannot be considered as a generic way to
describe embrittlement in polyamide.
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Figure 9 — Strain at break (a) and Maximal stress (b) as function of crystalinity ratio for all
ageing conditions considered in this study

To conclude on crystallinity ratio, it appears that it is not possible to define a general
relationship between the mechanical behaviour of polyamide and the crystallinity ratio. This
means that embrittlement during ageing is not directly governed by the change in amount of
crystallites
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4.1.2. Molar mass

The molecular mass is also used to describe the transition between a ductile and a brittle
behaviour for many polymers undergoing degradation processes such as hydrolysis [51,52],
radiolysis [53,54] or oxidation [55,56]. Here, both strain at break and maximal stress
measured during tensile characterization are plotted as a function of the M, value (Figure 10)
The decrease in strain at break can be related to the molar mass using an empirical
relationship as shown in Figure 10.a. Figure 10.b shows a plot of the maximal stress as a
function of M, for results obtained in the present work (for both hydrolysis and oxidation)
together with published data. Two types of behaviour can be highlighted: the polymer is
ductile with a constant maximal stress whereas when M, > 15 kg/mol; the polymer becomes
brittle and the maximal stress decreases sharply with the decrease in Mn when M,<15
kg/mol A critical molar mass value can be defined here equal to 15 kg/mol. To our
knowledge, this is the first time that M’c has been determined for PA6.
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Figure 10 — Strain at break (a) and Maximum stress (b) as a function of Mn for all ageing
conditions considered in this study together with data available in the literature
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4.1.3. Thickness of the amorphous layer

The thickness of the amorphous layer is also considered in the literature to describe
embrittlement in semi crystalline polymers [16,27,57]. It has been proposed by Robbelin-
Souffaché and Rault considering PE that |, is directly related to the molar mass - [58]
according to Equation 5.

1
la = lay+a *x M2 (EQ. 5)

Where |, is the amorphous layer thickness in nm, la, a constant that depends on the polymer
in nm, a a material constant in (mol/kg)*? and M,, the molar mass in weight in kg/mol. Figure
11 rnew-shows the amorphous layer thickness as a function of the square root of molar mass
by weight.
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Figure 11 — Change in the amorphous layer thickness as a function of the square root of
weight average molecular weight in polyamide 6

This equation is verified here for the first time for polyamide PA6; moreover, it is possible to
directly link the amorphous thickness layer to M,, with a value of |,, equal to 3.45 nm and a
equal to 0.26 (mol/kg)*. One interesting point is that this relationship can be applied even if
the crystallinity ratio changes during ageing. As the polydispersity index (IP) is constant
during ageing, it implies that M,, and M, are proportional and so |, is directly related to the M,
value. We can also link the ultimate tensile properties to the amorphous layer thickness (see
Figure 12) with the same conclusions as for M,,. To sum up:

- An empirical relationship exists between maximal strain at break and I, for all the
samples considered in this study;
- A critical amorphous layer thickness has been identified and is equal to 5 nm.
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Figure 12 — Strain at break (a) and Maximal stress (b) as function of |, for all ageing
conditions considered in this study and data availbale in litterature

As a conclusion, it clearly appears that both the molecular mass and the amorphous layer
thickness can be used to describe embrittlement in polyamide. On the contrary, the
crystallinity ratio is not an appropriate indicator to characterize embrittlement in this material.
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4.2. Origin of the embrittlement in polyamide

4.2.1. Role of tie molecules in the decrease in strain at break

The mechanical properties of semi-crystalline polymers depend on the cohesive energy of
the polymer but also on the ability of the polymer to transfer stresses between phases. The
transmission of stresses is ensured by the so-called tie molecules which connect the
amorphous phase and the crystalline phase. During chemical degradation, chain scission
occurs randomly within the amorphous phase and can therefore affect these tie molecules.
The experimental quantification of tie molecules cannot be directly determined, the
estimation is quite complex. A theoretical approach is therefore preferred here. One first
guestion is raised. Can the tie molecules exist for all the samples considered here? For a
chain to be a tie molecule, its gyration radius (Rg) must be greater than the amorphous layer
thickness (l.), i.e. l.> Ry [59]. The radius of gyration represents the distance between each
end of a chain and can be calculated from Equation 6 (Figure 13). We can observe that for
all the samples considered here, Ry is much larger than L, meaning that, in theory, tie

molecules can exist.
R; = a** M (Eq 6)

Where Ry is the radius of gyration, a2 is the Kuhn length and equal to 8,53 nm2.mol/kg for
PAG6 [60], and M the molar mass of the polymer
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Figure 13 — Gyration radius calculated from Equation 6 as a function of amorphous layer
thickness

Now that the potential existence of tie molecules has been demonstrated, let us focus on the
probability of appearance of such molecules using theoretical considerations. This probability
has been defined by Huang and Brown [61] and improved by Seguela [62], and can be
calculated using the following equation (Equation 7):
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(Eq. 7)

Where P is the probability of a molecule to be a tie molecule, Ry the radius of gyration (nm) and L
is given by the Equation 8:

L =2l + ;5 (Eq. 8)
Where |, and |, are respectively the thickness of crystalline and amorphous layer (nm).

The probability of one molecule to be a tie molecule for PA6 hydrolysed at 100°C, has been
plotted as a function of the molar mass in Figure 14. In the unaged sample, the probability of
the presence of tie molecules is about 0.15. This decreases for ageing up to 250 days. For
longer durations, the computed probability is close to 0. Those results have been compared
to the strain at break and the maximum stress in Figure 14.a and Figure 14.b respectively.
Two major points are highlighted here, first the decrease in strain at break occurs at the
same time as the decrease in tie molecules probability. Second, in spite of the very small
number of tie molecules, the maximal stress remains unchanged.
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Figure 14 — Probability of tie molecule (Pry) as a function of M, during ageing in water at
100°C compared with strain at break value (a) and maximal stress (b)

In order to explain the decrease in strain at break during chain scissions within polyamide,
this value is plotted as a function of tie molecules probability for all the samples considered in
this study in Figure 15. Even if there is some scattering due to the difficulty in the
measurement of strain at break for aged films, a general trend is observed between the tie
molecule probability and the maximal strain that can be applied to a PA6 before breakage.
As the number of tie molecules decreases, the strain at break drops. This means that during
chemical degradation that involves chain scissions, the decrease in elongation at break can
be explained by the reduction of tie molecules concentration. For the maximum stress no
correlation has been observed.
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4.2.2. Entanglement to explain the drop in maximal stress

During the chain scission process the maximal stress remains unchanged as long as the
molecular mass is above a critical value (here 15 kg/mol) and the amorphous layer thickness
above 5 nm. Then when these values are reached a drop in maximal stress occurs. It is
worth noting that we have shown that the maximal stress is not affected by the decrease in
tie molecules. So we will focus on entanglements in order to explain this behaviour. To do so,
the average number of entanglements per chain is calculated using Equation 9:

q =1 (Eq.9)

Where q is the number of entanglements within the polymer, M, the molar mass of the
polymer (kg/mol) and M, the molar mass between entanglements (equal to 2.2 kg/mol for
PAG [35]).

Figure 16 presents the maximal stress as a function of the number of entanglements within
the polyamide for all samples from this study and also data from the literature [63-66]. A
general behaviour can be identified: when the entanglement number is superior to 5 then the
maximal stress is unchanged; on the contrary when the number of entanglements is inferior
to 5 then the polyamide is brittle. These results clearly show that the drop in maximum stress
is directly related to the entanglements number of the polymer. Moreover, this critical value is
in accordance with previous published studies for semi crystalline polymers with an
amorphous phase in the glassy state, for which the critical number of entanglements is equal
to 5 [16,25].
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Figure 16: Maximum stress as a function of number of entanglements

To conclude on the origin of the embrittlement in PA during a chain scission process, first a
decrease in the strain at break is observed whereas the maximum stress remains
unchanged. This decrease in strain at break can be attributed to the decline in tie molecule
concentration. This decrease is explained by the chain scission process that reduces the
length of macromolecules. However, the drop off in maximum stress is not related to tie
molecules but to the number of entanglements within the polymer. When the macromolecular
length is not long enough to ensure a minimum of entanglements and that a stress is applied,
then macromolecules can slide and so the polyamide exhibits a brittle behaviour.
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5. Conclusion

Polyamide 6 samples were aged in both water without oxygen and air at several
temperatures from 80°C to 140°C, with a maximal ageing duration of 24 months. Then both
the polymer structure and the mechanical properties were characterized. In the two cases
(i.e. oxidation and hydrolysis), the degradation process leads to chain scissions in the
amorphous phase of PA6 and induces an increase in the macromolecular mobility and then a
chemi-crystallization phenomenon. The latter results in a growth of crystallinity ratio. The
tensile behaviour is also largely affected by these degradations. First a decrease in strain at
break is observed while the maximal stress remains unchanged. Then, for high degradation
levels a drop off in maximal stress occurs.

Using these experimental results, relationships between the polymer structure and its
mechanical behaviour were considered. The objective was to understand the origin of the
embrittlement in polyamide as well as establishing the factors governing the change in
mechanical behaviour.

The decrease in strain at break during chemical degradation is attributed to the decrease in
tie molecules within the polymer. During a chain scission process, tie molecules are cut off
and decrease in number with ageing. It results that the stress transfer from amorphous layer
to crystalline layer is no longer maintained. However, even if the number of tie molecules is
very low, the stress at break remains unchanged. For extended degradation, a drop in
maximal stress finally occurs. It has been demonstrated that this is related to the lack of
entanglements within the polymer, which allows the macromolecules to slip when loading is
applied.

From a practical point of view, it appears that crystallinity ratio cannot be used to describe
embrittlement in polyamide. However, both the molar mass and the amorphous layer
thickness are structural parameters that can be used to describe faithfully the mechanical
behaviour changes during chemical degradation processes.
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