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Abstract

The photo-oxidative stability of polyamide 6,6 (PA 6,6) doped with a hindered amine light stabilizer (HALS) and a mixture of cupric

chloride and potassium iodide was examined.

Several analytical techniques were employed, in order to evaluate the correlation between chemical modifications, morphology and
mechanical properties of PA 6,6 films irradiated at A>300 nm, 90 °C, and 50% relative humidity.

Infrared spectroscopy showed a build-up of carbonyl absorption in the range 1700-1780 cm ™' due to primary and secondary photo-
oxidation products. The increase in content of carbonyl groups was greatest in the case of the pure polymer, and it was also appreciable in the
case of PA 6,6 stabilized with copper/KI system. On the other hand, the use of the HALS additive brought about a substantial increase in the

amount of carboxylic acids formed.

The morphology of the samples was found to have an effect on the kinetics of the accumulation of carbonyls, and it was observed that at a
later stage of exposure the crystalline phase was also involved in the oxidation process.

Tensile tests on films revealed a large reduction in ductility as a result of ageing for both neat polymer and HALS-doped polymer. Only a
slight reduction in ductility was found for the polymer stabilized with the inorganic mixture.

This study evidenced that the mixture of CuCl, and KI has a far better long-term stabilizing efficiency in comparison with the HALS

stabilizer.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Synthetic polyamides (PA’s) are commonly used for
fibre production or as engineering resins. Owing to their
good barrier properties, PA’s have recently been used in
multi-layered films for food packaging. However, thermal
and photo-oxidative degradation can lead to the deterio-
ration of physical and mechanical properties. The activation
energy of the degradation reactions involved is often quite
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low and a deterioration of properties can occur even at low
temperatures.

It has been shown that degradation mechanisms of
thermal and photochemical oxidation are identical, except
for the initiation step of the oxidation reaction [1,2].

Polyamide thermal oxidation occurs predominantly
through the homolytic scission of carbon-hydrogen bonds
of the methylene groups close to the nitrogen of amide
group -CONH-CH,- [3.4].

In the case of photo-oxidation, radiation with wavelength
lower than 290 nm can initiate the oxidation of polyamides by
direct cleavage of the C—N bond, which is the weakest bond in
the polyamide chains [5,6]. In solar light, photochemical
oxidation occurs if the polymer contains chromophores able to
absorb radiation with wavelength longer than 290 nm.
Although solar radiation does not possess sufficient energy
to cause direct homolytic scission of the C—N bonds, the light
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absorption can favor homolytic scission of the carbon—
hydrogen bond, due to impurities, such as catalyst residues,
metal ions, and carbonyl or peroxide species formed during
high temperature processing [7,8]. The decomposition of
hydroperoxides formed during oxidation has a key role in
initiating branching reactions during prolonged oxidation
[9,10]. Very recently, it has been pointed out that Norrish I
and Norrish II chain-cleavage reactions could also take
place in the photo-oxidation process of nylon 6,6 [11].

In order to extend their longevity or to improve their
recyclability, polyamides have to be stabilised with
antioxidants that can withstand high processing tempera-
tures (above 250 °C). Such severe processing conditions,
however, may reduce the stabilizing efficiency of conven-
tional antioxidants, like sterically hindered phenols, due to
their thermal decomposition [12].

Secondary aromatic amines are efficient stabilizers against
the oxidation reactions in polyamides, but their use can lead to
discolorations with exposures to heat and oxygen [13].

Hindered amine light stabilizers (HALS) have opened new
possibilities in the field of stabilization against photo-
oxidation of synthetic polymers and polyamides as well.
Within polymer matrix, they are readily converted to nitroxyl
radicals that act as efficient scavengers of alkyl radicals [14].

Metal salts capable of forming coordination complexes
with amide groups can affect the thermal and thermo-
oxidative stability of polyamides [15—17]. Some studies on
thermo-oxidative behavior of polyamide 6,6 (PA 6,6)
containing different combinations of metal salts have
shown that copper salts Cu(I) and Cu(Il), especially when
combined with iodides, are able to stabilize PA 6,6 [18-21]
against thermal oxidation in a very efficient manner.

The main reaction pathways of the CuCl, activity on
polyamide consist of a reaction sequence in which polymer
and peroxy radicals are converted in non-reactive ionic
species. lodides can take part in the non-radical, reductive
decomposition of hydroperoxides [18,22,23].

Itis not known whether such a mechanism operates also for
the stabilization of PA’s against photo-oxidative degradation.

In this paper, we report the results of photo-oxidation
experiments performed in air on PA 6,6 containing a
mixture of copper chloride and potassium iodide in order to
determine whether metal salts are able to stabilize
polyamides against photo-oxidative degradation. The
study includes also a comparison of their relative efficien-
cies with respect to the case of HALS.

2. Experimental
2.1. Materials

Unstabilized polyamide 6,6 containing less than 0.5%
weight of residual oligomers (Radilon A), was kindly
supplied by Radicinovacips SpA (Italy). This polymer has

M, = 17,500 g/mol (as specified by the supplier), and the

concentrations of terminal amino and carboxyl groups are,
respectively, 46 and 75 meq/kg. The metal salts used to
prepare the stabilized polyamide included CuCl, (98%) and
KI (99%), purchased from Aldrich. The HALS was poly((6-
((1,1,3,3-tetramethylbutyl)amino)-s-triazine-2,4diyl)
((2,2,6,6-tetramethyl-4-piperidinyl)imino)hexamethylene
((2,2,6,6-tetramethyl-4-piperidinyl)imino)) (Lowilite 94®),
kindly supplied by Great Lakes Manufacturing Italy. All
materials were used as received.

2.2. Polyamide samples preparation

Doped polymer samples were prepared by manually
mixing polymer granules with a given amount of additive
dissolved in water (CuCl,/KI) or acetone (Lowilite 94®)
(e.g. 100 mg CuCl,+500 mg KI in 10 ml of solvent per
500 g of pure polymer). The solvent was then allowed to
evaporate and the resulting mixtures were vacuum dried
24 h at 100 °C. Polymer films were prepared by extruding
the mixtures in a counter-rotating, twin-screw extruder
Haake, model CTW 100 fitted with a rod die, with the
screws running at 40 rpm. The extruder temperature profile
was 260, 275, 265, and 255 °C. The extrudate was then chill
rolled at a temperature of 15 °C, in order to obtain films with
200 pm average thickness. Three different polyamide
formulations were prepared, respectively, neat PA 6,6, PA
6,6 doped with 1000 ppm of Lowilite 94®, PA 6,6 doped
with 200 ppm of CuCl, and 1000 ppm of KI [1,24-27].

2.3. Sample aging

Polymer films were subjected to photo-oxidative degra-
dation at 90 °C and 50% relative humidity (RH) up to 528 h
in a Angelantoni environmental chamber, model CH 250.
Samples were irradiated using a Xenon lamp filtered with a
borosilicate glass cutting off wavelengths lower than
300 nm. The irradiation power of the lamp was
800 Wm™ >,

Aged samples were collected at different periods of
exposure and subjected to chemical analysis and morpho-
logical examination, as well as being subjected to
mechanical tests.

2.4. Experimental techniques

2.4.1. Differential scanning calorimetry (DSC)

Calorimetric analysis was performed under nitrogen flow
using a DuPont DSC 2910, coupled with a thermal analyzer
TA 2100, at a heating rate of 10 °C min~'. The samples,
weighing 4.0 + 1 mg, were placed in crimped, non-hermetic
aluminium pans.

The melting temperature and enthalpy were determined
from the thermogram produced in the heating scan.

2.4.2. Wide angle X-ray diffraction (WAXD)
X-ray diffraction experiments were performed using a
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Philips PW 1710 diffractometer with a rotating anode
generator and a wide-angle power goniometer. The
radiation was Cu K, not filtered, with 40 kV voltage and
20 mA intensity. The scan rate was 1°min_ ', over a

diffraction angle 26 ranging between 5 and 60°.

2.4.3. Fourier transform infrared spectroscopy (ATR-FTIR)

A diamond crystal Avatar Durascope ATR apparatus
mounted on a Nicolet Nexus FTIR spectrometer was used.
Spectra were recorded as an average of 32 scans in the range
4000400 cm ™~ '. ATR corrections were performed using
the Nicolet Omnic 5.2 software. The carbonyl stretching
region (1800-1690 cm ™ ') was deconvoluted using the
Origin 6.1 software program, assuming Lorentzian
bandshapes.

2.4.4. Mechanical properties

Tensile tests were performed using an Instron model
4204 dynamometer equipped with a 1 kN load cell. The
results were evaluated by using the Instron Series IX
software. The tests were performed at 2342 °C, 45+ 5%
RH with a 10 mm min ' clamp separation rate.
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Fig. 1. Effects of photo-oxidation on (a) melting temperature and (b)
melting enthalpy of neat and doped PA 6,6.

The test specimens were prepared according to ASTM D
882-02 standard test method, and they were conditioned
prior to testing at 50% RH for at least 4 days in a desiccator
containing a saturated CaNO; solution. Five specimens
were used for each formulation.

2.4.5. Scanning electron microscopy (SEM)

Fracture surfaces of samples subjected to tensile tests
were observed by a Leica S 440 scanning electron
microscope. Samples were metallized before the obser-
vation with a gold—platinum mixture by means of a SC 500
emiscope.

3. Results and discussion
3.1. Differential scanning calorimetry (DSC) analysis

The effect of the irradiation of the different samples on
the thermal properties is shown in Fig. 1 in terms of change
in (a) melting temperature (7},) and (b) melting enthalpy
(AH) with ageing time. The data refer to the first heating
run. The second heating cycle always results in a double
peak in the melting region, due to re-crystallization
processes in the DSC [28,29].

In the case of the pristine polymer and the HALS-doped
polymer, prolonged exposure times cause a decrease of the
melting temperature (Fig. 1(a)) and an increase of the
melting enthalpy (Fig. 1(b)). Changes of melting tempera-
ture and enthalpy are difficult to predict, as they result from
the occurrence of different simultaneous processes.

Short irradiation periods (up to 144 h) cause an increase
in the melting temperature, which is more pronounced in the
case of pristine and HALS-doped polymer.

At short irradiation times, a small increase in the melting
enthalpy was observed for the HALS-doped polymer.

Long irradiation times, on the other hand, cause a
significant reduction in melting temperature, accompanied
by an increase of melting enthalpy, both for pure and
HALS-doped PA 6,6. Under the same conditions, only
minor changes of melting point and enthalpy are observed
for the CuCl,/KI-doped polymer.

The initial increase in T,,, and melting enthalpy may be
related to thermal annealing of the polymer, which improves
the degree of perfection of the crystals and favors crystalline
phase aggregation [30,31].

Chain scission results from the oxidation reactions as
prolonged irradiation is carried out in the presence of
oxygen. Photo-oxidation preferentially occurs in the
amorphous region since this phase has higher oxygen
permeability. The entangled tie-molecules are released as a
result of chain scission and their rearrangement increases
the overall crystallinity, as detected by DSC for both neat
and HALS-doped PA 6,6.

However, the observed decrease in melting temperature
peak indicates that the degradation affects also the
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crystalline region [32]. In other words, the oxidative
degradation can spread out to the tie molecules connecting
the crystallites and the chain folds at crystal surfaces,
causing cleavage of chains from the crystal surface [33,34].
The formation of less-ordered crystallites with an increased
surface energy [35] results in a decrease of melting
temperature.

The presence of CuCl, and KI brings about a slow-down
in the rate of oxidative chain scission, as is confirmed by the
observation of insignificant changes in melting temperature
and enthalpy. Unchanged values of melting temperature
also indicate that the crystalline phase of the polymer is not
affected by any oxidative degradation reactions even after
500 h of exposure.

The presence of the HALS stabilizer, on the other hand,
does not seem to provide an appreciable stabilization, since
the changes of melting temperature and enthalpy are very
similar to those observed for pure polymer. This may be
related to the chemical structure of the stabilizer, which
contains both piperidine and triazine moieties. The
mechanism of triazine stabilization consists of the absorp-
tion of UV radiation and its dissipation as a radiation of a
different wavelength. Besides having a very high absorption
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Fig. 2. Effect of photo-oxidation on X-ray diffraction patterns of (a) neat
and (b) HALS-doped PA 6,6.

capacity, these compounds must be intrinsically very light
stable, in order to avoid their photo-degradation [36,37].

3.2. Wide angle X-ray diffraction (WAXD) analysis

The morphological changes resulting from aging for the
different formulation samples were analyzed by wide-angle
X-ray diffraction (WAXD). The X-ray diffraction patterns
of both neat and HALS-doped polymers during irradiation
are shown in Fig. 2(a) and (b), respectively. Two peaks are
present at 260 =20.5° and 26 =23°, respectively, due to 100
and 010 reflexes of the PA 6,6 o crystalline form. Their
positions do not change with the time of exposure, whereas
their intensities are markedly affected.

The diffraction intensity of the unaged HALS-doped PA
6,6 is considerably lower than that of the unaged neat
polymer. This suggests that there is a lower level of surface
crystallinity for the HALS-doped polymer. Furthermore, the
diffraction spectra of PA 6,6 show a constant buildup of the
diffraction intensity over the entire irradiation period, whilst
the HALS-stabilized polymer shows that the intensity
increases up to a maximum which occurs at 216 h of
exposure.

WAXD data confirm the results obtained by DSC,
however, it is worth noting that DSC measures the overall
level of crystallinity (bulk polymer), whereas X-ray
diffraction probes only the sample surface. Thus, for neat
PA 6,6, the DSC analysis shows only a slight increase of
crystallinity occurring in between 216 and 528 h, whereas
over the same period, the XRD characterization indicates
that there has been an appreciable surface crystallization.
This is due to the direct oxidation of amorphous phase on
the surface. The scission of the tie-molecules in the
amorphous phase is able to cause the recrystallization of
hindered chain segments [38].

The diffraction intensity values of the stabilized PA 6,6
are markedly lower than those of neat polymer at each aging
time, which suggest that the presence of the organic
stabilizer inhibits post-crystallization caused by thermal
annealing and reorganization of the cleaved chains. This
leads to higher oxygen permeability, and to a greater
consumption of the organic stabilizer through oxidative
degradation.

The X-ray diffraction patterns of CuCl,/KI-doped
polymer show only very small intensity changes over the
aging period and, therefore, are not shown.

3.3. FTIR analysis of the photo-oxidized films

3.3.1. FTIR spectra of pure and doped PA 6,6

Infrared spectra of the PA 6,6 samples subjected to
photo-oxidation at 90 °C show an increase of absorption
intensity in the range 1780-1700 cm ' during the exposure.
These changes are due to the formation of carbonyl groups,
which are accumulated in the polymer chains. Fig. 3 shows
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the ATR-FTIR spectra of PA 6,6 in the carbonyl range at
different times of exposure.

Some absorption bands, due to different species formed
during aging, can be observed at 1760, 1735, 1725,
1710 cm ™',

The peak at 1735 cm ™' is also detectable in the untreated
polymer pellet prior to the preparation of samples. This
absorption has been related to the presence of cyclopenta-
none derivatives by Soto-Valdez et al. [39]. They have
observed the formation of cyclopentanone and 2-ethyl-
cyclopentanone during thermal degradation of polyamide
6,6 under inert atmosphere. The aging conditions used were
very similar to those found during polymerization and
processing of polyamides. Furthermore, Groning et al.
confirmed that these species are formed during the
preparation of the samples, and their content tends to
decrease during thermo-oxidation processes [40,41]. Fig. 3
shows that the 1735 cm ™ ! absorption markedly increases up
to 96 h aging, and it remains practically constant thereafter
up to 408 h.

This experimental evidence can be rationalized by taking
into account the overall oxidation process of polyamides
according to the scheme proposed by Tang et al. [42]
(Scheme 1).

The initiation reactions are associated with the presence
of impurities or defects within polymer chains. The
oxidation attack in the polyamide chains occurs at the
methylene groups close to the nitrogen of amido group —
CONH-CH,—, and it leads to the formation of hydroper-
oxides. The latter are unstable at temperatures above 60 °C.
Their decomposition may cause the formation of alkoxy
radicals, which may further accelerate the propagation
reactions by branching the oxidation chain and imide
groups, which are both unstable. This finally leads to the
formation of more stable secondary oxidation products,
such as aldehydes and carboxylic acids, especially after
prolonged exposure. Imides present a characteristic absorp-
tion peak at 1735 cm ', The associated kinetics is complex,
but it is reasonable to assume that imides can reach a steady
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Fig. 3. Evolution of the carbonyl groups in the infrared spectra of PA 6,6
during photo-oxidation.

state concentration within the polymer matrix. Conse-
quently, the peak observed at 1735 cm™ ' could result by
the overlapping contributions from both cyclic ketones,
whose content decreases over aging, and imides, which
remain constant after some time.

This mechanism can be also used to explain the
1760 cm ™" absorption peak, which results from species
formed in the polymer just after the sample preparation, and
increases only slightly during aging. This behavior is
associated with the presence of highly stable secondary
oxidation product. Philippart et al. [43] have attributed the
absorption at 1755cm™' in polypropylene to isolated
carboxylic acids, whose concentration remained constant
even after photolysis reactions. It is possible that carboxylic
acids formed within polymer bulk can exist as isolated
species in equilibrium with dimeric acids (which absorb at
1710 cm ') due to their low mobility.

While the broad band ranging between 1730 and
1700 cm ~ ! increases overall during degradation, a steady
absorption is observed between 144 and 408 h of exposure.
This band is also due to the overlap of single species
absorption, such as saturated aldehydes (at 1725 cm_l),
dimeric carboxylic acids (at 1710 cm 1), and o, B-unsatured
carbonyls (at 1700 cmfl) [44,45]. The kinetics of the
formation and accumulation of each species are different.
Acids are formed as stable products, mainly in hydrogen-
bonded associated form. Their concentration steadily
increases due to the oxidation of intermediate oxidation
products (aldehydes, imines), and to the hydrolysis of amide
groups (Fig. 3 and Scheme 1). Aldehydes are produced
during thermal and photolytic cleavage of the amide bonds
[46], and as decomposition products of imides. However,
they can be converted into carboxylic acids and o,B-
unsaturated carbonyls [6,47,48].

Figs. 4 and 5 show the infrared spectra carbonyl region of
the PA 6,6 containing HALS and the CuCl,/KI mixture,
respectively.

Fig. 4 shows that the presence of HALS inhibits the
formation of isolated carboxylic acids at 1760 cm ™" up to
96 h. Thereafter, the absorbance intensity is comparable to
that for the pure polymer. For the CuCl,/KI-doped polymer,
on the other hand, the absorption intensity is markedly lower
even at long exposure, confirming the efficient level of
stabilization conferred to PA 6,6 (Fig. 5).

According to Cerruti et al. [18], the main reaction
pathways of the CuClL/KI effect on polyamide PH may
consist of the following redox mechanism:

Cu*’t +P->Cut +P"

Cut + PO, — Cu*" 4+ PO;

KI participates in the non-radical decomposition of hydro-
peroxides. Iodide anions will react with hydroperoxides in a
non-radical way as follows:

2POOH +2I" +2H" — I, + 2POH + 2H,0
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Scheme 1. Hydroperoxide decomposition mechanism for PA 6,6 photo-oxidation.

while elementary iodine may enter the reaction with Cu™
ions:

Cu® +1, + 2H,0 — Cu(OH), + 21~ +2H"

According to the above reactions, the CuCl,/KI mixture
may catalyze the non-radical decomposition of peroxides
and hydroperoxides, inhibiting the propagation stages of the
kinetic oxidative chain. This results ultimately in polymer
stabilization. Furthermore, strong interactions between
polymer amide groups and electron-attracting metal cations
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Fig. 4. Evolution of the carbonyl groups in the infrared spectra of HALS-

doped PA 6,6 during photo-oxidation.

(which causes an electron displacement toward the metal
center) reduce the reactivity of methylene groups adjacent
to the amidic nitrogen. This leads to a retardation in
hydroperoxide formation, as already observed in the case of
polyamides and poly(ethylene oxide) [49,50].

Further insights about the physico—chemical processes
related to the oxidative degradation of PA 6,6 can be
obtained from the plots showing the increase of the overall
carbonyls in the range 1695-1800 cm ™' (Fig. 6).

Both pure polyamide and the polymer doped with
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Fig. 5. Evolution of the carbonyl groups in the infrared spectra of CuCl,/KI
doped PA 6,6 during photo-oxidation.
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CuCl,/KI mixture show three kinetic stages of the carbonyl
evolution. First, the increase in absorption intensity is
observed up to approximately, 200 h, then a constant level
of carbonyls is observed in the next 200 h, and finally the
absorption intensity rises again in the final stage. The
HALS-doped polymer, on the other hand, shows a constant
increase in carbonyl absorption. In this case, the trend is
similar to that already reported in the literature for the
photo-oxidation of polyamides [32,45].

The different behavior of the HALS-doped polymer
relative to the pure polyamide can be explained by taking
into account the morphology of the samples. It is known that
the morphology can play a key role in determining the rate
of oxidation of polyamides [51]. Gijsman compared the
thermo-oxidative degradation of PA 4,6 and PA 6,6.
Although from chemical structure considerations PA 4,6
was expected to be less stable than PA 6,6, its half-life
tensile strength was found to be double that observed with
PA 6,6 [52]. This was explained in terms of inhibited
diffusion of oxygen into the polymer matrix, due to higher
crystallinity and density of the amorphous phase of PA 4,6.
This observation can also help to explain the kinetic curve
of the carbonyl groups in the case of the PA containing the
HALS stabilizer. Oxidative degradation can only take place
in the less-ordered domains of the polymer, because of the
impermeability of the crystalline phase to the oxygen. As
already observed in the WAXD experiments (Section 3.2),
the surface crystallinity is lowest for the PA containing the
organic stabilizer (HALS). It can be deduced, therefore, that
the increased oxidizable fraction accounts for the linear
build-up of carbonyls. Crystallinity differences can also
explain the three-stage kinetic curves observed for neat and
CuCl,/KI-doped polyamide. In the first stage, the amor-
phous phase undergoes oxidation due to the fast diffusion of
oxygen, as it is witnessed by the increase of carbonyl
absorption and crystallinity. In a second stage, the photo-
oxidation process is slowed down due to the large reduction
in the fraction of amorphous phase present. In the final
stage, even the crystalline phase can be degraded [53,54], as
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Fig. 6. Increase of the carbonyl area from infrared spectra of neat, HALS-
doped and CuCl,/KI-doped PA 6,6 over the photo-aging period.

it is confirmed by the increase of the carbonyl absorption
after long exposure, and by the invariant melting enthalpies,
which are directly related to the reduction in the extent of
crystallization resulting from the cleaved chains.

3.3.2. Deconvolution of the FTIR spectra

In order to monitor the evolution of the various carbonyl
compounds during the photo-oxidative degradation, decon-
volution of the carbonyl envelope between 1800 and
1690 cm ™' was carried out, using six peaks. The analytical
procedure was performed by using Microcal Origin 6.0
software. The number and the absorption values of the peaks
were set using second derivative of the spectra. The
identification of each peak is shown in Table 1 [31,43].

The peaks were fitted by Lorentzian functions. A
backwards procedure was followed. First, the most
structured spectra (corresponding to the longest times of
exposure) were fitted, leaving free all the parameters (peak
center wavenumber and half-height width). Subsequently,
the fitting procedure was improved by setting parameter
constraints. Then, spectra related to shorter times of
exposure were deconvoluted, by using the refined
parameters.

Fig. 7 shows the results of peak deconvolution in the case
of PA 6,6 after 528 h of exposure. The correspondence
between the experimental spectrum and the curve calculated
as a sum of single peaks is satisfactory.

Changes of the area of single peaks during the aging of
PA 6,6 and PA 6,6 doped with the HALS are shown in Fig.
8(a) and (b), respectively.

The deconvolution procedure of CuCl,/KI-doped PA 6,6
is not shown, as the small carbonyl area did not give very
reliable results.

Both figures show that, with the exception of the peak at
1735 cm ™', the amount of all carbonyl species increases
upon aging. As previously pointed out for the polymer
control, this absorption is due to cyclic ketones and imides.
The increase in peak area occurring in the early oxidation
stages is due to the rapid formation of imides, whilst the
subsequent decrease could be explained taking into account
the decomposition of ketones during the photo-oxidation.

In the case of the HALS-stabilized polymer this band
shows a more intense absorption, which could be due to
products formed by the reaction between the polymer and
the stabilizer itself. Low molecular weight hydroxylamines

Table 1
Assignment of the carbonyl absorptions used to perform the deconvolution
procedure

Wavenumbers (cm ™ ') Species

1635 Amides

1700 Conjugated carbonyls

1710 Associated carboxylic acids
1725 Aldehydes

1735 Imides and cyclic ketones
1760 Isolated carboxylic acids
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Fig. 7. Deconvolution of infrared spectra for carbonyl groups for a PA 6,6
sample subjected to 528 h photo-oxidation.

and nitroso-containing macroradicals, which absorb at
1735 cmfl, can be produced on the basis of the HALS
stabilization mechanism [55].

In the case of neat polyamide, the aldehyde groups show
the largest changes. In the first stage (up to 144 h),
aldehydes are quickly formed during the oxidation of the

1.2
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Fig. 8. Area changes of the deconvoluted carbonyl peaks of (a) neat and (b)
HALS-doped PA 6,6 as a function of aging time.

amorphous phase, becoming the prevailing species. Sub-
sequently (up to 408 h), their concentration remains
constant, because of depletion of the amorphous phase
caused by thermal annealing and recrystallization of the
oxidized chains. Aldehydes are also transformed into
carboxylic acids and a,B-unsatured compounds [8,44,47,
48]. Finally, an increase in aldehyde groups takes place
again, due to oxidation of the crystalline phase.

Although the HALS-doped polymer displays a greater
amount of oxidizable phase (as evidenced by DSC and
WAXD analysis) the aldehyde concentration in this system
is lower than that observed for the neat PA 6,6 (Fig. 8(b)).

Furthermore, in the case of the HALS-doped polymer,
carboxylic acids show the greatest rates of formation, and
they are more abundant with respect to aldehydes.

According to the generally accepted interpretation of the
stabilization mechanism of HALS, this experimental result
can be rationalized if the formation of acyl radicals is
assumed to play an important role in the initiation reaction
of the PA 6,6 photo-oxidation process.

Accordingly, the oxidation of acyl radicals would lead to
acylperoxy radicals that are converted very efficiently to
carboxylic acid by reacting with hindered amines or with
aminoethers formed in the reaction between polymer
radicals and nitroxyl radicals (Scheme 2) [56,57].

Acyl radicals can be formed through Norrish I type
reactions, involving the cleavage of the C—C bond formed
between carbonyl and methylene groups [11].

Another source of acyl radicals is the photolysis of the
C-N bonds. In fact, the triazine groups present in the
structure of the organic additive could also act as a
photosensitizer for PA 6,6, facilitating the cleavage of the
C-N link [11].

Finally, it is noteworthy that the formation of conjugate
compounds (at 1700 cm ') shows an appreciable induction
period in the case of the HALS-stabilized polymer, and their
content increases only after extensive oxidation, even
though their amount seems to be lower than that of
aldehydes and acids.

3.4. Tensile tests and scanning electron microscopy (SEM)
observation

Tensile tests performed on neat and HALS-doped PA 6,6
are reported in Fig. 9. The curves refer to unaged and 528 h
aged samples.

For both formulations a great reduction in ductility is
observed after aging. The polymer stabilized with the
mixture CuCl,/KI (Fig. 10) shows only a slight reduction in
the strain at break, while the tensile strength remains almost
constant. This is a manifestation of the efficient stabilization
achieved against photo-oxidation.

The decrease of the molecular weight of the polyamide
due to oxidation and hydrolysis of the amide bond, and the
post-crystallization of amorphous phase and cleaved chains,
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Scheme 2. Carboxylic acids formation through the reaction between acylperoxy radicals and HALS aminoethers.

are the main factors causing the observed changes in tensile
properties.

Although hydrolysis causes a reduction of molecular
weight, Tsvankina et al. have shown that the molecular
weight of PA 6,10 aged 20 days in air at 90 °C and 75%
relative humidity, decreases only 10% more than that of the
same polymer subjected to the equivalent ageing procedure
in a dry atmosphere [58]. Furthermore, given the low
additive concentrations we have used in the present study, it
can be concluded that all the samples should have the same
susceptibility to hydrolysis.

It is noted that aging brings about a change in fracture
mechanism from ductile to brittle. This behavior is observed
for the case of the 528 h aged neat and HALS-doped
polymers.

The above conclusion is also supported by the SEM
analysis of the fracture surfaces of samples subjected to
tensile tests (Fig. 11). Before aging, polymer fibrils are
formed as a result of a ductile fracture mechanism for all the
formulations.

The occurrence of degradation has a marked effect on the
fracture surfaces. The unstabilized aged polymer shows
(Fig. 11(b)) a smooth surface, in which clear fracture planes
are observed. A similar behavior is observed in the case of
HALS-doped polyamide (Fig. 11(c) and (d)).

In the case of CuCl,/KI-doped PA6,6, on the other hand,

0.12
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0.04

0.02+

0.00 4 . : , T : ; . T
0.0 0.2 0.4 0.6 0.8 1.0
Strain, mm/mm

Fig. 10. Stress—strain curves for CuCl,/KI-doped PA 6,6 before and after
528 h photo-oxidation.

even after 528 h aging a considerable stretching of the
polymer fibrils can be still observed (Fig. 11(f)), especially
in the inner part of the sample. This behavior confirms that
the presence of the inorganic phase leads to an effective
stabilization, due to the reduction in the rate of photo-
oxidation.

Changes of strain at break and tensile strength over the
aging period are reported in Fig. 12(a) and (b), respectively.

According to these data, for short-time exposure the
decrease in overall fracture energy (area under the curve) of
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Fig. 9. Stress—strain curves of neat and HALS-doped PA 6,6 before and after 528 h photo-oxidation (figure inset).
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the samples containing the HALS and the inorganic
stabilizers is mainly due to the reduction of the elongation
at break (Fig. 12(a)), as these samples do not show any
appreciable reduction in tensile strength during the first
100 h of exposure (Fig. 12(b)). A reduction of both
elongation at break and tensile strength is observed, on
the other hand, in the case of the neat polyamide. Harding
and McNulty showed that the tensile strength of non-
reinforced polymers drastically drops when a critical value

of the molecular weight of the polymer at the surface is
reached [59].

From the results of our study it can be hypothesized that,
for short-time exposure, in the case of the stabilized samples
the effects of post-crystallization of the amorphous phase,
due to thermal annealing, prevail over the molecular weight
reduction due to oxidative degradation.

As for the neat polymer, thermal annealing is also
accompanied by an appreciable reduction in molecular
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weight due to thermal oxidation, as confirmed by the
observed decrease in tensile strength [60].

At longer times, both the neat and the HALS-doped PA
6,6 show a dramatic drop in elongation at break and
strength, as a result of oxidative degradation.

In particular, a marked decrease in tensile strength takes
place even before 100 h of exposure for the case of the neat
polymer, whereas the HALS is able to stabilize the polymer
for up to 300 h. The constant tensile strength evidenced by
CuCl,/KI-doped polymer even at after 500 h aging suggests
that there are only slight changes of molecular weight over
the entire irradiation period.

4. Conclusions

In this paper, the stabilization against photo-oxidation
provided by a HALS stabilizer and a CuCl,/KI mixture in
polyamide 6,6 films was studied.

DSC and X-ray diffraction results have shown that the
photo-oxidative degradation of neat and HALS-doped PA
6,6 causes an increase in melting enthalpy and a decrease in
melting temperature. This is due to both thermal annealing

effects and reduction in molecular weight of polymer caused
by the scission reactions in the amorphous phase. The
presence of the HALS slows down crystallization of the
polymer and increases the amount of the oxidizable
amorphous phase, leading to a reduction in the efficiency
of the organic stabilizer.

There is a good correlation between the results of tensile
tests and FTIR spectroscopy data, which showed a build-up
of carbonyl species in the range 1700-1780 cm ™.

The kinetic profile of the carbonyl accumulation is
markedly affected by the morphology of the samples,
showing three distinct stages of carbonyl increase in the
case of the neat polymer. This also confirms that at a later
stage of exposure the crystalline phase can also be oxidized.

The deconvolution of the infrared spectra has shown that
the presence of the HALS also leads to an increase in
relative amounts of carboxylic acids formed. This indicates
that besides hydroperoxide decomposition, Norrish I type
reactions are involved in the initiation of the oxidation
reaction. In fact, increased amounts of carboxylic acids are
formed in presence of hindered amines through the
oxidation of acylperoxy radicals produced by reaction of
the atmospheric oxygen with acyl radicals.

The change observed indicate that copper/KI system
have a far better long-term stabilizing efficiency in
comparison with the HALS stabilizer. This is attributed to
the non-radical decomposition of the polymer peroxides,
favored by the CuCl,/KI mixture, which prevents the
occurrence of the oxidative propagation reactions during the
aging process.
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