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ABSTRACT: Syndiotactic polypropylene (sPP) sheets of
various crystallinities were subjected to accelerated ultravi-
olet (UV) aging. The chemical modification of the polymer
was followed by FTIR spectroscopy measuring the carbonyl
index in transmittance (film) and diffuse reflectance (pow-
der) modes. Both the tensile stress and strain, suitable indi-
cators of the UV aging, changed linearly with the carbonyl
index in semilogarithmic representation. The essential work
of fracture (EWF) method proved to be less suitable for
characterization, as the UV irradiation resulted in surface

embrittlement of the polymer. This caused brittle fracture of
the notched specimens instead of the required ductile one.
On the other hand, the term of the specific work of fracture
related to yielding may adequately reflect the structural and
morphological changes of sPP caused by UV irradiation.
© 2004 Wiley Periodicals, Inc. ] Appl Polym Sci 91: 3462-3469, 2004
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INTRODUCTION

Polypropylene (PP) is very sensitive to ultraviolet
(UV) degradation, which strongly hampers its out-
door application. The studies of the UV aging of PPs
focus mainly on two objects: (a) to find more and more
efficient photo stabilizers, and (b) to predict the long-
term behavior (durability). The mechanism of pho-
tooxidation of PP is well understood, and very effec-
tive photostabilizers have been developed on the basis
of this knowledge.'™* A greathallenge is, however, the
assessment of the effects of UV irradiation on the
properties, and even more important is to find corre-
lation between indoor (artificial, accelerated) and out-
door weathering.”® It was established that the deteri-
oration of the tensile mechanical properties is a suit-
able indicator of UV aging. It is still of intensive
dispute, whether stress or strain data reflect the UV
aging more properly. Attention should be paid to the
fact that the residual mechanical properties strongly
depend on the preparation of the specimen (type and
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conditions of moulding) via severe changes in the
supermolecular structure.”” The fracture mechanics
may be a suitable alternative to the standardized ten-
sile (static or dynamic) tests. Note that the fracture
mechanics yield an inherent toughness value, which is
independent of the configuration of the specimen. Ac-
cording to the authors” knowledge, this approach has
not been adopted to study the susceptibility of poly-
olefins to UV irradiation. Therefore, the aim of this
work was the determination of the plane stress frac-
ture toughness of two syndiotactic PPs (sPP) of differ-
ent crystallinity as a function of accelerated UV aging.
The toughness was assessed by the essential work of
fracture (EWF) concept that belongs to the postyield
fracture mechanics. The working hypothesis was that
there is a correlation between the oxidation of the
polymer (e.g., carbonyl index) and the EWF character-
istics. A further aim of this study was: checking the
improvement in resistance to UV aging as an effect of
enhanced crystallinity. The selection of sPP as a model
material was reasoned by the fact that it is sensitive to
UV irradiation (although by a lesser extent than iso-
tactic PP?) and meets the requirements of the EWF
approach at the same time.’

EXPERIMENTAL
Materials and sample preparation

Two experimental sPP grades of Atofina (Belgium)
were involved in this study. Their average molecular
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Figure 1 Dimension of the DDEN-T specimen and a characteristic force vs elongation curve showing the energy partition-
ing.

masses were comparable; however, they differed in  respectively.”'” These values were derived by differ-
the stereoregularity and thus in crystallinity. The crys-  ential scanning calorimetry (DSC), using 207 ]J/g for
tallinity of sPP-1 and sPP-2 was about 14 and 18%, the fully crystalline sPP;'* 0.5 mm thick sheets were

sPP-2 500h T — 1 mm—

Figure 2 SEM pictures taken from the surface of (a) sPP-1 prior to UV aging; (b) sPP-1 after 300 h UV aging; (c) sPP-2 after
500 h UV aging.
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produced by hot pressing in a Collin (France) press.
The pressing conditions were: melting was at 170°C
for 10 min and holding at 80°C for 15 min before
cooling to room temperature.

UV aging and its assessment

Rectangular specimens (length: 140 mm, width: 45
mm) cut from the pressed sheets were subjected to UV
irradiation from both sides in a Xenotest Alpha LM
R138 device (Heraeus, Germany). UV aging was per-
formed up to 500 h. Based on the power of the xenon
discharge lamp and the calibrated wavelength range
(300-400 nm) the mean irradiation dose was about 27
MJ/m? for 100 h (i.e., 13.5 MJ/(m? X 100 h) on each
side of the specimen).

As the UV irradiation can be followed well by Fou-
rier transform infrared spectroscopy (FTIR) based on
the change in the carbonyl band formed,1-6 this tech-
nique was used to trace the aging. Owing to the irra-
diation-induced surface roughening of the polymer
sheets the attenuated total reflection (ATR) method
was found less suitable. Therefore, thin sheets (ca. 100
pm) were pressed from the unaged and irradiated
material, then scanned in transmission mode in a
Mattson-Galaxy 3020 FTIR bench. Five parallel exper-
iments were run for each sample using 16 scans and a
resolution of 2 em™!. In addition, diffuse reflectance
FTIR (DRIFT) spectra were also taken from the sPP
samples ground in liquid nitrogen. In that case the
number of scans was 128.

EWF theory and mechanical tests

EWF postulates a difference between the essential
work required for fracture the polymer in its process
zone (W,) and the plastic work consumed by various
deformation mechanisms in the plastic zone (Wp). The
total work of fracture (Wy is composed of the two
above terms. As W, is surface-related, whereas Wp is
volume-related, Wy can be given by the corresponding
specific work terms (i.e., w, and w,, respectively):

W;=W,+ W, =w,Lt + Bw, L*t (1)
Wy
wf=a=we+[3pr (2)

where L is the ligament length, ¢ is the thickness of the
specimen, and f3 is a shape factor related to the form of
the plastic zone.'*'> The EWF method is widely used
to determine the toughness of ductile polymers, in-
cluding isotactic'* and syndiotactic’ PPs, especially in
film and sheet forms.

The EWF terms were determined by using double,
deeply edge-notched tensile (DDEN-T) specimens of
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the following dimensions: overall length: 70 mm,
width 30 mm, ligament length (L): varied between 5
and 21 mm (Fig. 1). The DDEN-T specimens were
notched by pressing a jig containing two razor blades
of variable distance. At every ligament length four
specimens were tested at a deformation rate of 1 mm/
min. Figure 1 depicts the DDEN-T and a characteristic
force vs elongation curve where the energy partition-
ing is indicated. The following basic equation was
used for the data reduction (Fig. 1):

wy=w, + pw, L =w,, +w,, + B'w,, L+ p"w,, L (3)

where subscriptions y and n correspond to yielding
and necking, respectively.
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Figure 3 FTIR spectra of sPP-1 before and after UV aging
for 300 h. (a) Measured in transmittance on films compres-
sion molded from sheets; (b) measured by DRIFT on powder
samples ground from sheets.
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TABLE 1
Dependence of the Carbonyl Index on the Type of sPP,
the Time of UV Aging, and the Measuring Technique

Carbonyl index

UV-aging
Sample (h) Film Powder

0 0.127 0.454
100 1.029 2.385
sPP-1 200 2.663 5.194
300 5.592 7.416
0 0.140 0.599
200 0.172 0.627

sPP-2 300 0.347 1.15
500 1.449 2.837

Note that the EWF terms related to the crack tip
blunting process were also assessed (cf. Fig. 1).

Tensile tests were performed on dumbbells (EN ISO
527, type: 1B) at a deformation rate of 1 mm/min. The
elastic modulus (E), the yield strength (o), and the
yield strain () were deduced. Note that no yielding
occurred after aging, and thus o and & represent the
related ultimate values.

Fractography

The failure mode of DDEN-T specimens was studied
in a scanning electron microscope (SEM; JEOL JSM
5400, Japan) after sputtering the fracture surface with
gold. The UV-induced surface cracking of the sPP
sheets was also inspected by SEM.

RESULTS AND DISCUSSIONS
FTIR response

As was described above, the chemical modification of
the polymer could not be followed by FTIR-ATR tech-
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nique due to roughening of the surface caused by the
UV-irradiation. The surface pattern resembling a
dried soil after aging is shown in Figure 2. One can
clearly recognize that the density of the surface fissure
is considerably higher in the less crystalline sPP-1 than
in the more crystalline sPP-2 irradiated for a longer
time. This is the first hint that the more crystalline
sPP-2 has higher stability against UV-aging than the
less crystalline sPP-1.

Figure 3 displays the FTIR spectra of sPP-1 before
and after UV aging for 300 h. In the latter case, the
carbonyl absorption band became obvious. Recall that
the carbonyl band is considered the most suitable
indicator for UV aging in polyolefins.

The carbonyl index values of the film samples [Fig.
3(a)] were determined by relating the integral absorp-
tion of the C=0 group [T(1850-1563)] to that of the
double absorption band of sPP between 998 and 940
cm ! [T(998-940)]. This band was selected as internal
standard because the bands of CH, at 15101410 cm !
and CH; at 1410-1320 cm ™' have too high intensities.
Therefore, they could not be used for quantitative
evaluation. The absorption at 998-940 cm ™' is less
intense, and T(998-940) changes linearly with the
samples thickness, independent of the history of the
material. The carbonyl index values calculated are
given in Table I. The nonirradiated polymer itself has
some small absorption at 1800-1600 cm ™', which can
be attributed to the effect of oxidation during process-
ing. The same internal standardization was used for
the DRIFT spectra [Fig. 3(b)], and the carbonyl index
values are listed also in Table I (“powder”). There is
good correlation between the carbonyl indices, mea-
sured in the transmittance mode (absorbance values),
and by DRIFT (Kubelka-Munk units), although the
relationship is not linear. Linear correlation can be
obtained by plotting the carbonyl indices in double
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Figure 4 Relationship between the carbonyl index values deduced from DRIFT (powder) and absorbance (film) spectra.
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Figure 5 Changes of the carbonyl index values with aging time.

logarithmic scale, as can be seen from Figure 4. Figure
5 shows the carbonyl index development with UV
aging for both sPPs studied. Figure 5 clearly demon-
strates that the less crystalline sPP-1 is markedly more
sensitive to UV-aging than the more crystalline sPP-2.
This finding is in harmony with expectation.

Tensile mechanical behavior

Table II lists the E-modulus (E), the yield strength (o),
and the yield strain (g) values for the two sPPs as a
function of UV aging. Note that brittle fracture took
place instead of yielding after irradiation, and thus the
related values represent ultimate ones. One can notice
that higher crystallinity is associated with higher stiff-
ness (E) and strength. On the other hand, & seems to be
less sensitive to crystallinity. The UV aging resulted in
a strong decrease of o and ¢ but in an increase of E.
Linear correlation was obtained by plotting o and ¢ as
a function of the carbonyl index in semilogarithmic
scales (Fig. 6). The beauty of this correlation is that the
full embrittlement of sPP can be assigned to a thresh-
old carbonyl index (interception of the related curves
with the x-axis). On the other hand, no unequivocal
correlation could be found between E and the car-
bonyl index. The above finding clearly supports that
the presently used tracing of UV aging via changes in
the static tensile properties (i.e., o, €) is correct. It is
worth noting that the scatter in the E modulus be-
comes quite large with advanced aging even when an
incremental extensometer is used.

EWF response

The EWF method proved to be adequate for the char-
acterization of unaged sPPs. As can be seen from

Figure 1, blunting (w,), yielding (w,), and necking (w,,)
could be easily separated. Furthermore, the shape of
the force vs elongation curves was “self-similar,”
which is the major criterion of the EWF application.
Higher crystallinity of sPP was reflected in an increase
of the essential work of fracture related to yielding
(w,,). The UV aging caused severe embrittlement, as
shown already by the tensile mechanical results. This
was also observed in the force vs elongation curves
monitored on the DDEN-T specimens (Fig. 7). With
increasing time of aging the necking stage disap-
peared first. This was followed by limitations in yield-
ing and blunting, then ended in fully brittle fracture.
Recall that the EWF method is not valid for brittle
fracture. Therefore, the traditional tensile mechanical
tests are more adequate for following the UV degra-
dation. The EWF parameters determined are listed in
Table III. These results prove that the UV aging is less
well characterized by EWF than by tensile testing
(Table II) because of the early onset of brittle fracture.

TABLE 11
Static Tensile Characteristics of sPPs of Various
Crystallinity as a Function of UV Aging

Static tensile characteristics

UV-aging E modulus o e
Sample (h) (MPa) (MPa) (%)
0 568 15.1 48
100 621 8.9 1.6
sPP-1 200 635 49 0.9
300 655 15 0.4
0 599 18.1 46
200 630 172 44
sPP-2 300 660 16.0 3.9
500 685 6.5 1.8
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Figure 6 Changes in the yield stress (o) and strain (&) of sPPs as a function of carbonyl index determined from transmittance

spectra.

It was shown that the most reliable EWF term is w,,,
as it can be considered an inherent toughness param-
eter (representing plane strain type fracture).'>'? W,
(and also the term related to blunting, w, ;) decreases
with increasing UV aging time in the case of sPP-1. It
goes through a maximum for sPP-2, which is quite
unexpected, as the tensile stress and strain values
decreased monotonically with aging (Table II). This
“reinforcing effect” can be attributed to some post-
crystallization of sPP-2 under the UV conditions. The
scission of the polymer chains caused by UV irradia-
tion may result in some post crystallization of sPP
above the glass transition temperature (T,). Recently,
the recrystallization of isotactic PP was proved under
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such conditions.’® This process is responsible for the
increase in toughness. At the same time the number of
tie molecules decreases (due to the processes chain
breaking and post crystallization), which leads to
toughness reduction and to brittle fracture. This mech-
anism proposed recently'” has to be checked for the
present systems.

Failure mode

The change in the failure behavior is demonstrated in
Figure 8 on the example of sPP-2. Figure 8(a) shows
that the unaged sPP-2 failed by ductile tearing. The
undulation in the fractured specimen is characteristic

sPP-2, DDEN-T,
RT, 1 mm/min
L=13 mm

1 N | T T T T N ¥
4 5 6 7 8
Elongation [mm}

Figure 7 Changes in the force vs elongation curves of DDEN-T specimens of sPP-2 at constant ligament length as an effect

of UV aging.
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TABLE III
Parameters of the Work of Fracture of sPPs as a Function of UV Aging
Nonessential
Essential work of fracture work of fracture
2 3
UV-aging (kJ/m”) (MJ/m”)
Sample (h) w, W, W, Bw,
0 27.1 4.1 3.6 3.7
sPP-1 100 brittle brittle
0 29.9 5.7 4.5 3.6
200 — 10.4 7.2 —
sPP-2 300 — 85 6.7 —
500 brittle brittle

The correlation coefficients of the linear regressions (egs. 1 and 3) were >0.96 except for

sPP-2 aged for 300 h (0.71).

for thermoplastic rubbers'® where sPP also belongs."
The driving force of the undulation pattern is the
resilience of the material. Because of that, the initial
fracture path becomes smaller and thus undulated.
The fracture surface of sPP-2 became brittle after
300 h UV aging except for the central zone, which
showed ductile tearing [Fig. 8(b)]. The flat fracture
surface already indicates the transition from plane
stress to plane strain condition. The plane strain

sPP2 Oh

sPP-2 300 h

toughness is believed to be represented by w,,. The
high magnification SEM picture [Fig. 8(c)] demon-
strates the surface embrittlement caused by UV aging.
One can also recognize that the depth of the surface
cracks shown in Figure 2 agrees fairly well with that of
the embrittled surface layer (arrows indicate). Figure
8(b) and (c) also highlights the basic difference be-
tween the tensile and fracture mechanical responses.
Residual tensile strength and strain values can be de-

— 300 pm —

200 ym —

Figure 8 SEM pictures taken from the fracture surface of DDEN-T specimens of sPP-2 tested before (a) and after 300 h UV

aging (b,c).
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termined on specimens that fail in mixed (brittle/
ductile) manner. On the other hand, the occurrence of
mixed failure limits the applicability of EWF. It should
be mentioned here that an attempt was made earlier to
use the EWF method for specimens that failed in
brittle/ductile manner.”® This approach could also be
adopted in this case, as the surface parts broken
brittlely and ductilely can be well distinguished from
one another.

CONCLUSIONS

In this work the aging of syndiotactic polypropylenes
(sPP) of various crystallinity caused by ultraviolet
(UV) irradiation was studied by different methods.
The chemical modification was followed by infrared
spectroscopy. The mechanical properties were charac-
terized by tensile tests and the essential work of frac-
ture (EWF) method. From the results the following
conclusions were drawn:

1. The progress of the UV aging is well reflected in
the change of the carbonyl index determined by
FTIR spectroscopy either in film (transmission)
or in powder (DRIFT).

2. The tensile strength and strain values are good
indicators of the UV aging. Both of them changed
linearly with the carbonyl index when plotted in
semilogarithmic scales.

3. The EWF parameters, even the ones related to
yielding, are less suitable than the tensile charac-
teristics, as the specimens embrittle on their sur-
face and fracture in a mixed manner (brittle/
ductile) after aging. Therefore the applicability of
the EWF approach is limited. On the other hand,
changes in the specific essential work of fracture

related to yielding may deliver useful informa-
tion on the molecular and morphological alter-
ations caused by aging.
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