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Abstract

In this paper, the thermal oxidation of polyamide 6,6 between 140 °C and 200 °C is
evaluated. The aim of this study is to correlate the modifications of the polymer properties on
scales ranging from molecular to macroscopic. Chemical structure changes are monitored by
infrared and UV-visible spectroscopies. The modifications of the microstructure are evaluated
using DSC while molar mass evolution is determined by SEC measurements. Vickers p-
hardness is used to assess the mechanical properties. Although the carbonyl index is
frequently used to measure the extent of oxidation, this article employs the overtone of the
amide I1 band (3080 cm™) as a more relevant criterion to quantify the oxidation of polyamide.
This criterion allows for an earlier detection of the thermo-oxidation of polyamides and is
well-correlated with modifications of the polymer properties. Direct correlations are observed
between changes in the chemical structure, modification of the microstructure and the
thermal/mechanical properties, regardless of the measurement scale. It is shown that the
variations in the intensity of this band fit well with the changes in the crystallinity, molar



mass, molecular mobility and micro hardness, validating the multiscale characterization

model.
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1) Introduction

Polyamides are one of the first and most important families of engineering plastics because of
their excellent properties, such as high resistance to mechanical stresses (tensile strength,
fatigue behaviour, stiffness) and chemical substances (e.g., oils, greases, solvents), and good
dielectric properties. These remarkable properties have led to the wide use of polyamides in
various industrial fields, such as automotive, textile, electrical distribution and offshore fields.
[1] Concerning the long-term applications of polyamides, their performance in ambient
atmosphere is a critical factor. It is therefore of technical and commercial importance to
predict the effective lifetime of the material for its applications. In circuit breakers, where
polyamide 6,6 is used as an electric insulation component, the service temperature is typically
within the range of 60 °C to 80 °C and may reach 110 °C in some harsh conditions. These
elevated temperatures combined with the presence of oxygen can cause a thermo-oxidative
ageing of the material which leads to the deterioration of its properties. Insulating materials
should maintain their properties over a long period of time during service life. Rapid and easy
test methods allowing for an early detection of material degradation are required to predict

their lifetime.

The thermo-oxidative ageing of polyamides involves several chemical and physical processes
followed by structural changes leading to a deterioration of the functional properties of the
material. There are several functional properties that can be impacted: electrical [2-4],
mechanical [5], optical, aesthetic etc. Because there is not a single origin for the deterioration
of the properties, clarifying the mechanism is of great significance both in theory and in
practice. It is then important to characterize the degradation of the material entirely, from the
molecular to the macroscopic scale. Many studies have been carried out focusing on
characterization of the thermal oxidation of polyamides. Several analytical techniques were
used, which have the capability to characterize the modifications of the material during the
successive stages of degradation. Chemical changes in the polyamide matrix have been
measured by infrared and UV/Vis spectroscopies [6,7], photoacoustic [8], luminescence [9-
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12] and gas chromatography [13]. The consequences of the chemical changes have been
investigated by tensile tests, rheology in the melting state, differential scanning calorimetry,
X-ray diffraction etc. However, there is still a lack of knowledge on the cross-correlations
between the various properties affected by thermo-oxidative ageing. The present article pays
particular attention to correlations between the chemical changes in the PA matrix and the

deterioration of its functional properties using relevant degradation indicators.

The present study has two main objectives: (1) to evaluate the impact of thermo-oxidation of
PA 6,6 on the modifications at the molecular level, the changes in the microstructure and
macromolecular architecture as well as the loss in functional properties. (2) to correlate
relevant chemical probes for measuring oxidation to the modification of the different
properties from the molecular to the macroscopic scale.

2) Experimental

2.1) Materials

The experimental raw material is commercial grade polyamide 6,6 supplied by Dupont”
(Zytel® 101L). The samples were injection-moulded directly onto plates (80 x 80 mm) with a
thickness of 1.5 mm and films with thicknesses ranging from 200 to 400 um were obtained.
After moulding, materials were kept in special containers in order to prevent any moisture

uptake before thermal ageing.

2.2) Oven ageing

Thermo-oxidative ageing was carried out in a forced air venting oven (Memmert UF30) at
temperatures between 140 °C and 200 °C. The samples were collected after different time
intervals up to 3000 h. A minimum of three samples were prepared and characterised per

ageing time to ensure reproducibility of the measurements.

Ageing was also performed in the absence of oxygen in a vacuum chamber. The oven was
coupled with a vacuum pump and a pressure of 10" mbar was applied. The experiments were

carried out in the same temperature range and time intervals as thermo-oxidative ageing.



2.3) Characterization techniques

2.3.a) FTIR spectroscopy

After thermal ageing, the samples were analysed by infrared spectroscopy in transmission
mode using a Nicolet 6700 spectrophotometer and in attenuated total reflection mode (ATR)
using a Nicolet 380 spectrophotometer equipped with a diamond crystal (refractive index =
2.5). Spectra were recorded with 64 scans at a resolution of 4 cm™. In the spectra obtained
with the ATR mode, the angle of incidence is specified at 45° and the refractive index of the
material is set at 1.5. In order to correct the wavelength-dependent penetration depth, we used
the Omnic software produced by ThermoScientific. Moreover, the CH, scissor band at 1463
cm™ was chosen as a reference band because of its insensitivity to the oxidation process. The
absorbances at the various maxima considered were corrected using the absorbance of the

reference band.

2.3.b) Differential scanning calorimetry

Differential scanning calorimetry was performed with a Mettler Toledo DSC 3+ device. The
samples were cut on plates and heated from 25 °C to 300 °C at a heating rate of 10 °C/min
under air flow. This analysis was carried out to determine changes in the semi-crystalline
morphology of PA 6,6. A standard heat of melting (AHz) of 196 J.g™* for 100% crystalline PA
6,6 was used to calculate the crystallinity, as defined by equation (1):

_ AH;

X. =
© AHP

2.3.c) Size exclusion chromatography

Size exclusion chromatography measurements were performed to follow the changes in

average molar mass M, and M,, during oxidative ageing. First, the samples were dissolved in

4



1,1,1,3,3,3-hexafluoroisopropanol (HFIP) at a concentration of approximately 2 g.L™. The
dissolution was carried out at room temperature for 24 h. Then, the samples were filtered
through a PTFE 0.2 mm membrane, and 50 puL was injected into the chromatograph equipped
with two columns of the same dimension 8 mm x 300 mm. The columns were packed with 10
um particles with 1000 A and 100 A pore sizes. Analyses were performed at 40 °C at a flow
rate of 1 ml/min with a mixture of HFIP/0.1 mol.L™ potassium trifluoroacetate the eluant. The
calibration was performed using poly(methylmethacrylate) standards.

2.3.d) DMTA

A TA Instruments Q800 dynamic mechanical analyzer was used to determine the dynamic
mechanical properties of unaged and aged PA 6,6. Rectangular samples of 40 x 10 x 1,5 mm
were tested in single cantilever mode in a temperature range from 25 °C to 200 °C at a heating

rate of 3 °C/min. The frequency was fixed at 1 Hz with an applied strain of 0,05%.

2.3.e) UV/Vis spectroscopy

The UV-Vis spectra of the polymer were recorded with a Shimadzu UV-2600 scanning
spectrophotometer equipped with an integrating sphere, working with UVProbe software.
Measurements were performed with polymer plates (1500 um). The spectra were recorded in
transmission mode by analysis the 1.5mm plates, which were transparent enough to obtain
absorbances in a convenient range (A<3). The degree of yellowing is determined by plotting
the absorbance at 450 nm.

2.3.f) Vickers micro-hardness

The hardness of a sample was determined by applying a pyramidal tip under load on the
surface of a PA 6,6 plate and measuring the penetration. The measurements were performed
using a Shimadzu HMV hardness tester and indentations were created at a load of 2 N with a

holding time of 10 s. The Vickers microhardness values were calculated by equation (2):

P
Hy =k x 10°x— Eq.2



where P is the load applied (N), d is the average diagonal of the Vickers indentation (mm) and

k is a geometrical factor equal to 1,854. [14]

3) Results and discussion

3.1) Modification of the chemical structure

3.1.a) FT-IR analysis

Infrared spectroscopy is one of the most common ways to investigate oxidative ageing,
notably the formation of carbonyl species. [15-17] IR spectroscopy was applied to identify the
characteristic bonds present in the chemical configuration of polyamide 6,6. The complete
band assignment of PA 6,6 was studied by several authors [18-24]. The spectrum of the
polymer before ageing and the frequencies of the bands with their proposed assignments are

shown in Fig.1.
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Fig.1 FTIR spectrum of PA 6,6 before ageing with frequencies and proposed assignments of the characteristic
bands

Exposing PA 6,6 to conditions causing its oxidative degradation led to a dramatic

modification of the chemical structure of the material. The ATR-IR spectra showed a



progressive increase in the absorbance between 1820 and 1680 cm™, and a notable shoulder
was formed with various absorption maxima. Fig.2a shows a magnified view of the carbonyl
species region (1900-1500 cm™) of the samples aged at 140 °C between 0 and 2000 h, and
Fig. 2b shows the region at 3150-3000 cm™.
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Fig.2 ATR-FTIR spectra of the carbonyl region (2a. left) and the 3150-3000 cm™ region (2b. right) of PA 6,6
thermo-oxidized at 140 °C

During the first period, the main observed band showed an absorption maximum at 1734 cm™,
and progressively the absorbance increased, and the maximum shifted to 1712 cm™. In
addition, the formation of a shoulder band at 1756 cm™ was observed. It should be noted that
these bands overlapped after long periods of time. It is worth mentioning that in mest many
papers [22,23,25,26], the absorbance at 1734 cm™ was chosen to quantify the extent of
oxidation. The absorption maximum at 1712 cm™ has not been often selected because the
extent of oxidation reached is too low. In the domain 3150 cm™ - 3000 cm™, the progressive
disappearance of the band at 3080 cm™ was observed, which was assigned to an overtone of
the amide 11 band [18-20] resulting from the combination of N-H bond deformation and C-N

bond stretching of amide group.

The oxidation of polyamides provoked by exposure to UV-light or by increasing the
temperature has been extensively studied in the past 50 years. The accepted mechanism is
largely based on the pioneering work of Sagar [27], who focused on the thermal oxidation of
N-alkyl amides in the liquid phase. Since then, the photooxidation and thermo-oxidation of
polyamides have received much attention in the literature, and mechanisms accounting for the
modification of the chemical structure have been proposed. [22,23,25,26] In the case of

thermo-oxidation, Okamba-Diogo et al. deconvoluted the broad carbonyl band and obtained



three peaks at 1756 cm™, 1734 cm™ and 1711 cm™ attributed to isolated carboxylic acids,
imides and carboxylic acids respectively. [28] Because of these studies, the absorption
maxima observed in Fig. 2a can be assigned to different products. (Table.1.)

Table.1. Band assignments and corresponding wavenumbers of the oxidative species in polyamides

Species Wavenumber (cm™)
“Free” carboxylic acids 1756
Imides 1734
“Bonded” carboxylic acids 1712

It is well-known that polyamide thermo-oxidation involves a radical chain mechanism with
high selectivity. The initial stage of polymer oxidation is the thermal decomposition of
hydroperoxide groups. [5] This decomposition can be unimolecular or bimolecular and leads
to the formation of some very reactive species (hydroxyl and alkoxyl radicals). The oxidative
attack is preferentially localized on the C-H bonds in the a position of nitrogen atoms (see
Fig.3). A radical is generated by removing the most labile hydrogen atom, which reacts and
forms hydroperoxides. From the generation of these radicals, several reactions exist leading to
the formation of oxidation products (the main routes of oxidation are illustrated by the

mechanism shown in Fig. 3):

(a) The rearrangement of an alkoxy radical by f-scission causes the cleavage of C-N
bonds. This B-scission results in the formation of primary amide and aldehyde.
[29]

(b) The abstraction of hydrogen induces B-scission leading to the production of a
macroradical and a formylamide.

(c) The formation of imides results from the disproportionation process of secondary
alkyl radicals. [13,30]

(d) Hydrogen abstraction by macroalkoxy radicals leads to the production of unstable
alcohols, which decompose into primary amides and aldehydes. Such aldehydes
can rapidly be converted into carboxylic acids in the presence of oxygen as a result

of prolonged ageing. [31]
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Fig.3 Mechanism of the thermo-oxidation of PA 6,6

Furthermore, the mechanism shown in Fig.3 indicates that hydroperoxides, identified as the
primary oxidation products, involve abstraction of the most labile hydrogen in the a position
of the C-N bond. Regardless of the predominant degradation mechanism, the C-N bond of the
amide group is then affected, which explains the progressive disappearance of the band at
3080 cm™.

The kinetic curves of oxidation can be plotted following the absorbance at 1734 cm™, which
reflects the formation of imides, mainly resulting from pathway (c) or 1712 cm™ for the
various temperatures of oxidation (Fig.4.a and b). One can also follow the variations in the
absorbance at 3080 cm™ (Fig. 4c).
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Fig.4 Absorbance variations at 1734 cm™ (a), 1712 cm™ (b) and 3080 cm™ (c) during thermal ageing of PA 6,6

In Figs.4 a to ¢, no induction period was observed. This has already been observed with other
polyamides and was attributed to the instability of hydroperoxides. [32,33]. Regarding Figs
4.a and b, the results reported for the four temperatures indicate that the absorbances at 1734

cm™ and 1712 cm™ increased with increasing ageing time. As expected, for the same time of

thermo-oxidation, the higher the ageing temperature was, the higher the oxidation product

quantity. Fig 4.c indicated a marked decrease in the absorbance at 3080 cm™ at an early stage

after exposure (loss of more than 50% of the absorbance after only 125h). The rate at which

the absorbance of amides decreases depends on the temperature. Since one expects a

correlation between the disappearance of amides and the formation of oxidation products, the

variations in Ai7asem VS Asogoem  and Aszizem ™ VS Asegoem Were plotted, as shown in Fig.5.
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and 200 °C

This graph indicates that the correlation between the oxidation bands and the amide band

depended on the temperature.

At the same extent of amide band intensity decrease resulting from oxidation, the same
quantity of imides/acids should be formed, independent of the temperature. Complementary
results obtained by TGA and thickness measurements (see supplementary information)
showed that the mass loss was approximately 4% at 140 °C and below 1% at 200 °C for the
same decrease in the absorbance at 3080 cm™. The cross-sectional microscopy images of
samples oxidized at various temperatures (see supplementary information) clearly indicate
that a non-negligible part of the sample has been lost in the case of the oxidation at 140 °C
(500 hours at 140°C) whereas no significant loss was observed in the case of oxidation at 200
°C (25 hours at 200°C), for the same decrease in the absorbance at 3080 cm™. As shown in
Fig. 5, at the same extent of amide band intensity reduction (3080 cm™), the amount of
oxidation products formed was lower at the lowest temperature. On the basis of the results
found in the literature, an explanation ean could be proposed, which involves the progressive
loss of volatile products containing imide and acid functions, the loss being more important at
140°C since the oxidation time is much more important. The formation of volatile products

has been reported by Groning et al. [13].

3.1.b) SEC measurements

Molar mass variation is expected to result from thermal oxidation as degradation leads to

crosslinking or chain scission. [31,34] It is then important to evaluate how the average
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molecular weight is impacted by the chemical changes of the matrix. The molecular weights
were determined by performing SEC measurements after the ageing experiments at 140 °C
and 180 °C. This technique is certainly the most appropriate, as rheometry and viscosity
measurements require the polymer to be in the molten state, which is thus further exposed to
heat. [27,35] Thin films were analysed to avoid the effects of oxygen diffusion. The obtained

M, values are presented in Table.2.

Table.2. Madification of the M, of the samples aged under air at 140 °C

Ageing time (h) M, 140 -c (kg.mol™) M., 180 -c (kg.mol™)
0 30 30
4 21
10 15
25 19 14
100 12
200 8

A decrease in M, was observed with exposure time suggesting that a chain scission
mechanism was predominant. As reported above in the case of the C-N-H bonds (Fig.4.c), the
rate was maximum at the beginning of exposure and decreased gradually with ageing time. In
fact, 37% of the total decrease in molar mass was reached at 25 h of exposure at 140 °C, this

decrease was more drastic with increasing temperature.

Furthermore, SEC measurements can provide access to the quantification of chain scission
and crosslinking processes. The number of chain scission (s) and crosslinking (x) events per
mass unit can be assessed according to the Saito relationship assuming random chain scission

and crosslinking processes:[36]
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S
— - = - —2x Eq.4

Fig.6 displays the numbers of chain scissions (s) and crosslinking (x) events as a function of
exposure time during oxidative ageing at 140 °C. This figure compares thin films (300
microns) with thick plates (1500 microns). In the case of thick plates, oxidation is limited to
the outer layers whereas in the case of the thin films, no oxidation profile is observed. One of
the consequences is an under evaluation of the modifications of molecular mass in the case of
thick plates, since SEC measurements take into account the whole thickness of the samples,

which means a large part of unoxidized polymer.
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Fig.6 Chain scission (s) and crosslinking (x) numbers as
a function of ageing time under air exposure at 140 °C (thin films vs thick plates)

The number of chain scission events increased until 1000 h of ageing and then reached a
plateau, while there was a slight increase in the number of crosslinking events, which also
achieved a plateau at 1000 h of ageing. Saito’s equations confirmed that chain scissions
events dominated over crosslinking; however, crosslinking still occurred to some extent. For
samples aged under a long period of time (>500 h), the oxidation process was heavily
advanced and led to the presence of insoluble parts in the material. These insoluble parts

suggest that crosslinking is occurring at a higher amount than calculated.

3.2) Modification of the macromolecular architecture

The morphological modifications, which occurred as a result of the thermo-oxidation process
in the PA 6,6 samples, were analysed by differential scanning calorimetry (DSC). DSC
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measurements were performed with PA 6,6 plates. Fig.7 shows the DSC thermograms of the

samples aged for 30 min at each temperature.
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Fig.7 DSC thermograms of PA 6,6 aged for 30 min at
each temperature (first heating step)

In each thermogram, one can observe an exothermic peak prior to the endothermic melting
peak at 265 °C. This peak, previously observed by Khanna in PA 6, PA 6,6 and PA 12, was
attributed to a new sub-melting temperature transition. [37] In the literature, the development
of this exotherm is attributed to the rapid cooling of polymers. [37-39] During processing,
polyamide melted at 320 °C and then moulded at 70 °C, which caused quenching of the
material. When the samples were aged at a temperature above the glass transition temperature

(Tq=65 °C), there was a release of the internal stresses induced by quenching.

Moreover, a smaller endothermic peak was recorded approximately 10-30 °C above the
ageing temperature (indicated by the arrows in Fig.7.). Some authors have attributed this peak
to the melting of microcrystals formed in the amorphous region. [40,41] The formation of
these microcrystallites can be attributed to a post-crystallisation effect, as the samples are
aged at a temperature above T,. Structural changes during post-crystallisation can occur as
chain rearrangements caused by hydrogen bond breaking, relaxation of tie-molecules and
increased chain motion. [42] According to Shu et al., mobile chains in the amorphous region
can combine with the crystallites as the chain motion increases, causing an increase in the

crystallinity. [43]

To discriminate between the post-crystallisation effect and thermo-oxidation, some samples

were aged in the absence of oxygen (i.e. experimental part). The DSC first heating curves of
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the thermo-oxidized samples (straight lines) and the aged samples without oxygen (dotted
lines) at different ageing times at 160 °C were then compared and are shown in Fig.8. The

crystallinity evolution calculated from the thermograms is presented in Fig.9.
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Fig.8 DSC thermograms of PA 6,6 aged at 160 °C in Fig.9 Crystallinity evolution during an
an oven with or without O, oven ageing at 160 °C with or without O,

In the early stage of exposure, corresponding to the first 48 h at 160 °C, the significant
increase in the crystallinity can be attributed to the post-crystallisation process, as the DSC
curves and the crystallinity values are similar between the samples aged in the presence or
absence of oxygen. We can assume that until 48 h of exposure at 160 °C, the post-
crystallisation effect is predominant over oxidation (although the oxidation process cannot be
excluded). Then, as shown in Fig.9, the crystallinity ratio of samples aged without oxygen
reached a plateau at 35% while the crystallinity ratio of thermo-oxidized samples still
increased. This finding led us to assume that the end of the post-crystallisation process was

reached after 48 h of exposure at 160 °C.

After 48 h, the melting endotherms of the thermo-oxidized samples contained a large melting
peak at the lower temperatures, indicating a broad distribution in the crystal thickness, while
the sub-melting temperature peak disappeared. With increasing ageing time, one can observe
a new peak at 170 °C close to the main melting peak at 265 °C, suggesting a modification of
the crystalline morphology. During thermo-oxidative ageing, chain scissions occur
exclusively in the amorphous phase since crystalline fractions remain impermeable to oxygen.
[43,44] The literature indicates that chain scission can result in an increase in crystallinity, as
chain fragments released by chain scissions in the amorphous phase can integrate into the

crystalline phase if their mobility is high enough, which is known as chemi-crystallization
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[34,45-47]. However, since DSC heating curves show a wide crystal distribution at lower
temperatures, it is noteworthy to consider the formation of new crystals arising from the
reorganization of chain fragments. These crystals are smaller than those formed by lamellar
thickening, and thus melt at lower temperatures, as already demonstrated by Thanki et al. in
their study of PA 6,6 photooxidation. [48]

3.3) Deterioration of the functional properties

3.3.a) Yellowing

The discolouration of the PA 6,6 plates of 1500 um thickness with ageing time was examined
by UV-VIS spectroscopy. Spectra were recorded for samples aged at 140 °C at various times
of exposure. A large shoulder between 280 nm and 480 nm appeared in conditions of thermal-
oxidation, which increased in intensity during exposure. The samples became progressively
yellow. Monitoring the absorbance at 450 nm allowed for a good perception of the
colorimetric evolution of the material. [49] The kinetic curve of the changes in the absorbance
at 450 nm of oxidized PA 6,6 at 140 °C is shown in Fig.10.
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Fig.10 Changes in absorbance at 450 nm of the samples vs.
oxidation time at 140 °C

As shown in Fig.10, the absorbance at 450 nm showed the same trend as AAsogoem
crystallinity and chain scissions curves, namely a higher rate during the first stage of thermo-
oxidation without an induction period. Photographs of the plates after 0, 48 h, 98 h and 500 h
of exposure are presented on the right-hand side of the figure. The modification of the colour

was rapid, which gradually darkened until blackening for samples aged for more than 500 h.
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According to the literature, the products responsible for yellowing of PA and their formation

mechanisms are not fully understood and still subject of extensive researches. [50-53]

3.3.b) Microhardness

Microhardness is a convenient way to determine the mechanical properties on the surface of a
polymer. The method consists of applying a sharp indenter with a given load onto a material
surface and measuring the local deformation produced. Microhardness tests were performed
on the surface of blank samples and samples aged at temperatures between 140 °C and 200
°C. The shapes of the diamond marks left by the indenter on the PA 6,6 surfaces are shown in
the supporting information. The modification of micro-hardness as a function of ageing time

is shown in Fig.11.
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Fig.11 Vickers p-hardness variations vs ageing time
(from 140 °C to 200 °C in the presence of oxygen)

Fig.11 shows a marked increase in the sample hardness during the first 100 h of exposure (see
insert). This large variation was observed for all ageing temperature. At temperature below
200 °C, the Vickers microhardness seemed to reach a plateau for long-term exposure. In the
case of thermo-oxidative ageing at 140 °C, the hardness increase levelled off after 750 h of

ageing.

These findings can be explained considering the increase in crystallinity resulting from
oxidation. Lorenzo et al. previously found a linear relationship between micro-hardness and
crystallinity for PP and PE [54]. The mechanical properties of semicrystalline polymers

depend on the degree of crystallinity as crystals are stiffer and tougher than amorphous
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regions. It would therefore be expected that crystallinity and hardness evolve similarly under

thermal ageing. [55]

In addition, PA 66 forms different crystal polymorphs whose development depends on the
moulding conditions. The more stable a-phase is developed upon slow cooling and the chains
are organized in a triclinic unit cell. A pseudohexagonal y-mesophase is formed upon
quenching the melt and is only metastable at lower temperatures. [56] Upon heating, this y-
mesophase converts irreversibly into the a-phase. [57] It has been previously shown that
micro-indentation hardness values can be used to distinguish changes in the crystalline lattice
of a polymer. [58,59] The initial steep increase in the microhardness with ageing time can also
be associated with the transformation of the y-phase into the a-phase, the latter having a larger
hardness value. These variations in the hardness values between the two phases can be due to

a difference in the densities of crystal nucleation. [60]

4) Multiscale correlations

The aim was to establish correlations between the chemistry of thermo-oxidation and the
deterioration of the functional properties. It is particularly important to determine relevant
probes to quantify the oxidation of PA 6,6 and reflect changes in the macromolecular
properties. The carbonyl index is commonly used to monitor chemical changes induced by
ageing and is often considered to be well-connected with the mechanical properties. [61]
However, its reliability is questioned in certain cases, for instance, in the case of
polypropylene photooxidation, where degradation induces the formation of volatile oxidation
products, which are not detected by infrared analysis of the solid polymeric matrix. [62] In
semicrystalline polymers, the complex morphology and chain scissions largely impact the
mechanical properties such as elongation at break, affecting the correlations between both
properties. [63] As discussed in the previous section, the degradation of PA 6,6 during
thermo-oxidation arises from a chain radical mechanism, which leads to the disappearance of

an amide function at 3080 cm™ in addition to the following:

- Formation of oxidation products, mainly imides and carboxylic acids
- Chains scission responsible for the formation of carbonyl compounds

- Crystallinity and p-hardness increase
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On the basis of our experimental results, some comparisons can be made to gain a better
understanding of the relationship between the modifications of various properties of
polyamide 6,6 oxidized at a relatively high temperature (140 °C - 200 °C). The aim was to
determine whether the loss of functional properties was correlated with the chemical changes,
which were monitored by measuring the absorbance at 3080 cm™ (“overtone” amide I1 band).
In Fig.12, the absorbance of amides is plotted as a function of ageing time (left scale).
Simultaneously, the changes in the molar mass are plotted (right scale) for the same

conditions of ageing.
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Fig.12 A Aspgo cm-1 and molar mass as a function of thermal ageing time at 140 °C

This figure indicated that the two curves followed the same trend implying a good correlation
between the chemical changes and the molar mass modifications.

To evaluate the interconnection between macromolecular architecture and microstructure, we
plotted the variations in the crystallinity (left scale) and molar mass (right scale) with ageing
time in Fig.13-left. We also plotted the variation of crystallinity with molar mass (Fig. 13-
right).
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Predictably, the crystallinity increased when the molecular weight decreased. In both curves,
the changes in the kinetic rate took place simultaneously. The decrease in the molecular
weight indicated that the predominance of the chain scission process was caused by the
increase in the crystallinity. Fig 13- right also indicates that the crystallinity varies linearly

with the molar mass.

To evaluate the modifications of the macromolecular architecture, the thermo-oxidative
degradation was characterized by DSC and SEC, shown above, and by DMA analysis to
determine tan 5. The complete results of the DMA analysis are presented in the supporting
information. We observed a decrease in the tan 6 peak maximum, which indicated a loss in
molecular mobility. [64] The variations in the crystallinity and maximum of tan 6 peak with
thermal ageing at 140 °C are shown in Fig.14-left and the variation of crystallinity in function

of maximum of tan & peak is shown in Fig 14-right.
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Fig.14 Crystallinity and maximum of tan J peak as a function of thermal ageing time at 140 °C (left) and
variation of crystallinity in function of maximum of tan ¢ peak (right)

As expected, the decrease in the molecular mobility represented by the maximum of tan 6 was
strongly related to the increase in crystallinity. As the crystallinity modification was strongly
interconnected with both molar mass and molecular mobility, one can conclude that the
microstructure and the macromolecular architecture of PA 6,6 were closely correlated and
thus impacted in the same manner by thermal degradation. Fig 14- right indicates that the

crystallinity varies linearly with the maximum of tan & peak.

The microhardness is directly related to the morphological and structural changes in a

semicrystalline polymer. [65-68]

H= 9H, +(1-9)H, Eq.5

where H is the theoretical hardness, v is the volume fraction of crystallized spherulites and H.
and H, are the hardness of the crystalline and amorphous phases. The hardness of the
crystalline and amorphous phases of PA 6,6 are equal to 463 MPa and 65 MPa respectively.
[69]

In Fig.15, the crystallinity (X;) and Vickers micro-hardness (H,) are plotted as a function of
ageing time at 200 °C and compared to the theoretical hardness H calculated from Eq.6. The

inset shows the linear increase in the crystallinity with Vickers p-hardness.
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The data in Fig.15 indicate that the crystallinity increase was closely correlated to that of the
microhardness. It is also important to note that the calculated hardness values are in complete
agreement with the experimental hardness data. This result shows a pseudo-quantitative
correlation between these two measurement scales and between the physical properties and
the macromolecular architecture. On this basis, we can establish a relationship between the
crystallinity and the corresponding local mechanical properties measured through the micro-
hardness. The relation was determined after exposure of the PA 6,6 samples at 200 °C and can

be written as follows:
AX. = 0,27 X AH, Eq.6

Direct correlations were drawn between changes in the chemical structure, modification of the
microstructure and thermal/mechanical properties and this whatever the measurement scales,
ranged from the molecular to the macroscopic scale. The same correlations (chemical
structure- macromolecular properties) were found for all the studied temperatures and the

results are presented in the supporting information.

5) Conclusion

The decrease in absorbance of the overtone of the amide Il band at 3080 cm™ was shown to
be the best probe for oxidative degradation. At the molecular level, chain scissions
predominated largely over crosslinking, regardless of the exposure conditions. At the
macromolecular scale, the post-crystallisation process predominated at first, and then
oxidation dominated. Both processes led to an increase in crystallinity. At scales
corresponding to the functional properties, the oxidation caused yellowing, as shown by the
increase in the absorbance at 450nm, and an increase in the Vickers microhardness. The
modification of the overtone of the amide Il band was correlated with the change in the
molecular weight, which was directly connected to the increase in the crystallinity. This last
parameter was also reflected by the microhardness. All of these PA 6,6 properties were
proven to be reliable criteria for the multiscale characterization of the thermo-oxidative
degradation of polyamides. The multiscale approach shows good correlations between the

various scales under study and the exposure conditions (see supporting information).
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In a next communication, the influence of oxygen diffusion on the thermo-oxidation of

polyamides will be investigated in a multiscale approach.
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