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ABSTRACT: The effects of chemical structure and synthe-
sis method on the photodegradation behavior of polypro-
pylene (PP) were investigated in injection-molded samples
exposed to ultraviolet radiation (UV) at 60°C. For this pur-
pose, three PP samples with different chemical structures
were chosen: two homopolymerized PP samples (H,P, syn-
thesized by bulk polymerization; whereas H,P was synthe-
sized by Ziegler-Natta catalyst) and copolymerized PP sam-
ple (CP). The photodegradation was characterized by melt
flow rate and mechanical properties and Fourier transform
infrared spectroscopy, X-ray photoelectron spectroscopy,
and scanning electron microscopy. The results showed that
CP possesses the most superior resistance to UV-irradiation,
followed by H,P and then H,P, which indicates that copo-

lymerization with a small amount of ethylene monomer is
an effective approach to obtain high stability of PP to UV-
irradiation, and synthesis methods of PP play an important
role in the resistance to UV-irradiation. Moreover, the effect
of photodegradation on the thermal behaviors of H,P was
also investigated using X-ray diffraction, differential scan-
ning calorimetry, and dynamical mechanical thermal analy-
sis. © 2004 Wiley Periodicals, Inc. ] Appl Polym Sci 95: 270-279,
2005
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1. INTRODUCTION

It has been recognized that stabilization against differ-
ent modes of degradation is necessary if the use-life of
a polymer is to be extended sufficiently to meet design
requirements for long-term applications, especially for
outdoor use. Almost all polyolefins are subjected to
ultraviolet (UV)-induced degradation. In particular,
polypropylene (PP) is prone to be photodegraded due
to its structural characteristic, resulting in the deteri-
oration of mechanical properties. In recent years, at-
tention has been attracted to the oxidation of PP ini-
tiated photochemically, thermally, and radiochemi-
cally, and the mechanism by which oxidation occurs
can be considered fairly well understood.’ Nishimoto
and colleagues investigated the effect of morphology
of PP on its degradation due to y-ray irradiation.>
Rabello and White investigated the role of physical
structure and morphology in the photodegradation
behavior of PP*° and found that the initial physical
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structures of PP, which include the degree of crystal-
linity, crystal, and molecular orientation, as well as
crystal size, influence the photooxidation by affecting
the oxygen permeability and UV absorption charac-
teristics. Zhang et al. studied the wavelength sensitiv-
ity of photooxidation of PP.® Qiao and colleagues in-
vestigated the effect of isotacticity on the y-irradiation
resistance of PP.”® Yishii et al. found that copolypro-
pylene with 6% ethylene has better y-irradiation sta-
bility, and different irradiation methods exert different
influence on the oxidation behavior of PP.° However,
few studies have been carried out on the effect of
chemical structure, such as repeat unit and synthesis
methods of PP, on the UV-induced degradation of PP.
The aim of this paper is to discuss the effects of repeat
unit and synthesis methods of PP on its photodegra-
dation under high-intensity UV irradiation and the
consequent changes in the mechanical and thermal
properties.

EXPERIMENTAL
Materials

H,P is a homopolypropylene synthesized by bulk po-
lymerization with a wider molecular weight distribu-
tion. H,P is also a homopolypropylene synthesized by
Ziegler—Natta catalyst. Both were supplied by Yangzi
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TABLE 1
Characteristic Parameters of Different PP Samples
Ethylene  Melt flow
Sample  content rate Crystallinity?  Isotacticity®

code (mol %)  (g/10 min) (%) (%)
H,P — 6.0 27.4 95.62
H,P — 2.8 312 95.37
CP 5 1.3 15.4 90.17

2 Obtained from the DSC runs at 20°C/min from 60 to
200°C in a Perkin—Elmer DSC-2.

® Obtained from the IR ratio of Abs. (997 cm™')/Abs. (973
cm ™.

Petrochemical Co. Ltd. (China). Copolypropylene (CP)
with an ethylene content of 5% was supplied by Yan-
shang Petrochemical Co. Ltd. (China). The main char-
acteristic parameters of three kinds of PP used in the
present work are summarized in Table L

Sample preparation

The samples were prepared by injection molding. The
dumbbell-shape bars with dimensions of approxi-
mately 75 mm long X2.5 mm thick and 4.0 mm wide
at the narrowest section were produced using a WK-
125 injection molding machine. The injection pressure
was 60 MPa, the barred temperature was 210°C (all
zones), and the nozzle temperature was 200°C.

Sample irradiation

The samples were irradiated in a UV-CURE device
constructed in this laboratory.'” The injection molded
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bars were irradiated by a medium pressure mercury
lamp (Philips HPM 15), operated at 2 kW, at a distance
of 10 cm from the surface of samples. The irradiation
power measured on the surface of the samples, by
means of a radiometer, was 4.0 X 1072 W/cm 2. The
exposure was carried out in air at a temperature of
about 60°C.

Measurements
Tensile properties

The tensile properties were measured using an Instron
universal tester (Model 1185) at 25 * 2°C with dumb-
bell-shape specimens at a crosshead speed of 25 mm/
min, with an initial gauge length of 25 mm. Tensile
strength (TS), tensile stress at break (TS,), tensile stress
at yield (TSy), modulus of elasticity (Ey), and elonga-
tion at break (E,) were recorded.

FTIR spectra

The FTIR spectra were recorded with a Nicolet MAG-
NA-IR 750 spectrometer. To minimize errors from
sample thickness, the peak at 2720 cm ™' was used as
an internal reference in this study. The relative absor-
bance intensity of C = O at 1723 cm™" was expressed
by the carbonyl index Abs. (1723 cm™ ')/ Abs. (2720
cm 1), where Abs. (1723 cm™ ') and Abs. (2720 cm ™ 1)
were the absorbency at 1723 and 2720 cam™ respec-
tively.

TABLE 1II
Tensile Properties and MFR of PP Samples Photodegraded for Different Times

Sample MER?* TS, E,

code (g/10 min) TS TS, (MPa) Eq (%)
H.P, 6.0 39.6 39.6 36.1 763 750
H,Ps, 7.5 37.3 37.3 35.6 686 630
HiPg 9.8 34.3 33.9 324 617 490
H,P,,0 13.6 304 304 29.3 525 240
H, P50 20.9 25.7 247 25.7 455 36
H,P,,, 28.7 20.1 19.0 20.1 367 2
H,P, 2.8 47.1 47.1 34.5 870 840
H,Ps, 34 45.6 449 34.4 709 790
H,P¢ 43 422 40.5 36.0 640 720
H,P, 50 59 40.8 407 35.6 523 630
H;Pg 75 38.0 36.6 36.9 487 150
H,P,,, 8.5 319 304 313 445 110
CP, 1.3 37.7 37.7 28.6 424 1100
CPs, 15 36.7 36.3 26.6 402 1020
CPgy 1.9 35.6 35.6 26.6 380 1000
CP,0 21 349 32.8 25.9 351 840
CPyg0 2.4 30.7 30.7 25.1 329 510
CP,,0 29 273 27.1 236 299 410

@ The melt flow rate (MFR) was determined at 230°C under a load of 2.16 kg according to ASTMD-1238 stardard.
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Figure 1 Evolution of mechanical properties of photode-
graded PP samples versus irradiation time: (a) TS; (b) E,,.

XPS spectra

The XPS spectra were recorded with a VG ESCALAB
MKII spectrometer, using Alke excitation radiation
(hv = 1253.6 eV).

Surface morphological analysis

The surface morphologies of photodegraded PP sam-
ples were observed by a scanning electron microscope
(SEM) (Hitachi X560 scanning electron microanalyzer,
Japan). Before observation, the surface was coated
with a conductive gold layer.

XRD

The wide angle X-ray diffractometer (WARD) pattern
was recorded at room temperature with a D/max-rA
rotating anode X-ray diffractometer (Riyaku Electrical
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Machine Co., Japan). The radiation from the Cu target
was reflected from a graphite monochromator to ob-
tain monochromatic CuKa radiation with a wave-
length of 0.1541 nm. The generator was operated at 40
kV and 50 mA. The diffractograms were determined
over a range of diffraction angle 26 from 10 to 40° at a
rate of 2°/min.

The apparent dimensions of a crystallite L;,, along
the direction perpendicular to the crystal plane hkl can
be determined using the Scherrer equation,'!

KA
Ly = By cos 0/ (1)
where Ly, is the crystalline size along the direction
perpendicular to reflecion plane (hkl) (nm), 6 is the
Bragg angle, A is the wavelength of X-ray used (0.1541
nm), 3, is the width of diffraction beam used (rad), K
is the shape factor of a crystalline, being related to the
shape of a crystalline and definition of B8, when S is
defined as the half-height width of diffraction peaks, K
=0.9.
The relative content of B-form in PP were deter-
mined using the Turner-Jones equation'? on the basis
of a typical X-ray diffraction diagram,

- - )
B Hﬁl+(Hoc1 + Hoc2 + Hoc3),

k

where k is the amount of the p-form, Hg, is the height
of the strong single p-form (300), and H,, is the heights
of the three equatorial a-form peaks (110), (040), (130).

Crystallization and melting behaviors

A Perkin-Elmer DSC-2 instrument was used to inves-
tigate the crystallization and melting behavior of pho-
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Figure 2 Changes of carbonyl indices in various photode-

graded PP samples with irradiation times.
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todegraded H,P, programmed for a heat-fold-cool-
heat cycle. The heating/cooling rate was 20°C/min
and the temperature range was 60~200°C with a
5-min hold time. The crystallinity X_was calculated by
the relative ratio of the enthalpy of fusion per gram of
samples to the heat of fusion of PP crystal (209 J/g)."

Dynamic mechanical properties

The dynamic mechanical properties of photodegraded
H,P were evaluated using a dynamic mechanical ther-
mal analyzer-DMTA IV (Rheometric Scientific Co.
Ltd.). The compression molded sample size was 30
X 8 X 1 mm?. Testing was carried out in a temperature
range of —50 to 50°C at a constant frequency of 5 Hz
and a heating rate of 5°C/min. The temperature de-
pendence on the loss tangent (tand) and storage mod-
ulus (E') was recorded.

RESULTS AND DISCUSSION
Mechanical properties

The UV-irradiation resistance of polymeric materials
is best evaluated by measuring physical properties,
such as elongation at break and tensile strength. The
tensile properties of original and photodegraded PP
samples are summerized in Table II. As can be seen
from Table II, the melt flow rates (MFRs) of all pho-
todegraded PP samples increase with increasing UV-
irradiation times. For H,;P sample, the MFR increses
more than fourfold when the UV-irradiation time up
to 240 s, but for H,P and CP, the MFRs increase about
three times and twofold, respectively. MFR is a mea-
surement of molecular weight. The extent of decrease
in molecular weight, which is due to the chain scission
by photodegradation, is the largest for H;P, followed
by H,P, and then CP, indicating that CP possesses
higher UV-irradiation stability than H;P and H,P. The
mechanical properties, such as TS, E, and E,,, decrease
with increasing UV-irradiation times, which is the
main practial effect of chemical degradation in PP and
results from the reduction in molecular weight. Figure
1 shows the evolution of mechanical properties of
photodegraded PP sample as a function of UV-irradi-
ation times. The elongation retained is the ratio of the
elongation of irradiated sample against an unirradi-
ated one. As shown in Figure 1a, the TS of H,P and CP
reduces gradually with increasing UV-irradiation
time, whereas for H,P, TS decreases significantly. The
E, (Fig. 1b) after irradiation shows the same charac-
teristics as tensile strength as a function of irradiation
times. The irradiation times taken to 50% reduction of
elongation at break by degradation during irradiation
extend from 88 s for H,P and 145 s for H,P to more
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Figure 3 Cls XPS spectra of various PP samples photode-
graded for different times.



274

7000 - f HP, Cls

6000

5000

4000

3000

T

Intensity (a. u.)

2000

1000

Intensity (a. u.)

7000 1 1 1 ! 1

6000 |- HP_ Cis

5000 -
4000

3000

2000

Intensity (a. u.)

1000

Intensity (a. u.)

8000 L i I L I

7000 }

HP Cils

1 240

6000

5000

4000

intensity (a. u.)

3000

2000

1000

i 1 L L

Binding energy (eV)

]
280 282 284 286 288 290 292

TANG ET AL.

8000 -
7000 F b
CpP,, Cis
6000 |-
5000 |-
4000 |-
3000 b

2000

1000 +

7000 Hj

c000 - CP,, Cis

u

o

Q

o]

S
T

w P

(=] Q

(=] Q

o o
T

2000

1000 +

7000

6000 CP., Cls

5000

a. u

= 4000 -

3000 |-

Intensity

2000

1000 |- C D

L L L I 1 s

280 282 284 286 288 290 292
Binding engery (eV)

Figure 3 (Continued from the previous page)

than 180 s for CP. The results show that CP is of the
highest UV-irradiation resistance.

Degree of oxidation

The carbonyl indices obtained from the FTIR spectra
are used to characterize the degrees of oxidation of PP
samples, as described in the experimental section. Fig-
ure 2 shows the changes in carbonyl indices of photo-
degraded PP samples with UV-irradiation times. The
carbonyl index of each photodegraded PP sample in-
creases apparently with increasing UV-irradiation
times. However, the carbonyl index of H;P is obvi-
ously higher than that of H,P, whereas CP displays
the least carbonyl index, manifesting that CP is the
most stable against UV-irradiation, followed by H,P
and H,P.

Surface photooxidation

It is well-known that XPS is effectively used to gather
information in the outmost few tens of angstroms of
the samples. In this paper, XPS was applied to study
surface photooxidation of PP. Figure 3 shows the Cls
XPS spectra of various PP samples photodegraded for
different times. The decomposition of the Cls peak

TABLE III
O/C Atom Ratios of Various PP Irradiated for
Different Times

O/C atom ratio  Unirradiated 30s 60s 120s 240s
F401 0 0.09 017 0.19 0.21
Co-PP — — 0.11 0.16 0.19
045-1 — — 0.18 0.20 0.23
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Figure 4 SEM micrographs of various PP samples photodegraded for different times.
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Figure 5 XRD diffractograms of H,P photodegraded for
different times.

was performed using literature data: CH, at 285.0 eV;
C-O at 286.5 eV; C = O at 288.0 eV, and ester or
carboxyl at about 289.2 eV.'* For all PP samples, the
strong peak at 285.0 eV is due to the C1s electron from
the C-C and C-H bonds of PP. The intensity of the
small peak appears at 286~290 eV in the Cls band and
increases with increasing UV-irradiation time, which
indicates the formation of surface photooxidation
products, such as -CH,-O, -C(= O)-, and -C(= O)-O-
groups. For H,P and CP, only when UV-irradiated for
up to 240 s, the fitter peak locating at 289.0 eV appears
(Fig. 3e and k), which is attributed to iC(= O)-O-
groups. However, for H,P, when UV-irradiated for
120 s, the fitter peak at 289.0 eV emerges (Fig. 3g).
Moreover, the area of the fitter peak at 286~290 eV of
CP is smaller than that of H,P and H,P. For CP, even
upon irradiation for 240 s, the fitter peak at 289.0 eV is
very small, indicating that the extent of photooxida-
tion of CP is the lowest, followed by H,P and H;P.
The stoichimetric O/C ratios obtained from the XPS
spectra are used to characterize the degree of surface
photooxidation. The O/C data of photodegraded PP
samples are listed in Table III. It can be seen that the
O/C atom ratios increase with increasing UV-irradia-
tion times. CP possesses the lowest O/C atom ratio
while H,P dispalys the highest O/C atom ratio, which
indicating that the degree of surface photooxidation of
H,P is the most severe, followed by H,P and CP.

Morphology of photooxidized samples

SEM micrographs of various PP samples photode-
graded for different times are shown in Figure 4.
When H;P was UV-irradiated for 30 s, there are num-
bers of pores on the surface (Fig. 4a), which is the
consequence of chemicrystallization leading to con-
traction of the surface layer. However, for H,P and

Sample Loao B-Form crystal
code Li1o (nm) Liso content (%)

H,P, 14.30 16.86 13.40 30.9
H,P,, 14.55 17.61 13.44 29.3
H,P,, 14.85 17.86 13.59 26.7
H,P,,, 15.45 17.63 13.87 22.1
H,P5 15.45 15.90 13.40 0
H,P,,, 14.28 15.50 13.29 0

CP, their surfaces seem ralative smooth (Fig. 4e and i).
When H,P was UV-irradiated for up to 240 s, big
profound crackes appear (Fig. 4d); for H,P, there are
some big pores (Fig. 4h); but for CP, the photooxidized
surface seem to be dense, there are no big pores or
cracks allowing oxygen penetrating into the interior of
sample (Fig. 41). The appearance of microcracks would
provide a higher oxygen pressure inside the strip,
resulting in auto-oxidation.'” Therefore, for H,P, the
big profound cracks lead to severe oxidation inside the
strips, but for CP, the degree of oxidation was relative
low, followed by H,P.

Crystallization behavior

In Figure 5 the X-ray diffractograms of H,P photode-
graded for different times are compared. The impor-
tant peaks characteristic of the a phase can be found at
the scattering angles 26 of 14.0° (110), 17.0° (040), 18.5°
(130), 21.0° (111), and 22.0° (131 and 041), while the
phase can be detected by peak at 16° (300).'* It can also
be seen that, for unirradiated injection mouled H,P

Endotherm

80 100 120 140

Temperature (°C)

Figure 6 Crystallization behavior of H,P sample photode-
graded for different times.
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Figure 7 Melting behavior of H,P sample photodegraded
for different times.

sample, there are some B-form, which is usually found
in PP specimens that have been subjected to mechan-
ical deformation, e.g., in injection molded and ex-
truded products.'® The relative content of 8-form and
crystalline size are listed in Table IV. It can be seen
from Figure 5 and Table IV that the B-form content
decreases with increasing UV-irradiation time, and
even disappeared entirely when irrdiated for up to
240 s, indicating that UV-irradiation induces the trans-
formation of crystalline form, namely B-form chang-
ing into a-form. The transformation of the less stable
B-form into the a-form upon heating or annealing has
been since long known."”'® However, this phenome-
non has been not yet reported in literature. Its possible
explanation is that the molecular chains, which com-
pose B-form, compact relatively loose compared with
a-form and are prone to be photodegraded to shorter
molecular chains, which rearrange into relative stable
a-form. It is also interesting to note that the crystalline
size increases with increasing UV-irradiation time,
which is probably due to the shorter molecular chains
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of photodegraded samples possessing higher mobil-
ity, which gather into bigger crystallites. However,
further prolonging irradiation time leads to a decrease
of crystalline size, because a large number of chemical
defects (e.g., carbonyl groups) in the chains prevent
further crystallization. Moreover, the relative intensity
of diffraction peaks differed with UV-irradiation time.
When the irradiation time is beyond 60 s, the peak
(040) is the strongest among the diffraction peaks char-
acteristic of a-form, but when the iradiation time ex-
ceeded 60 s, peak (110) replaces the peak (040) as the
strongest one. Moreover, peak (111) and the overlap-
ping peak of (131) and (041) become stronger with
increasing UV-irradiation times. The mechanism of
the change of relative intensity for different peaks
resulting from UV-irradiation is not clear, which, to-
gether with the transformation of crystalline form in-
duced by UV-irradiation, is worthy of further investi-
gation.

Thermal properties

The crystallization and melting behaviors of photode-
graded H,P are shown in Figures 6 and 7, respectively,
and the corresponding thermal properties are pre-
sented in Table V. It can be seen from Figure 6 that the
crystallization temperature, taken as the position of
the maximum of exothermic peak, decreases with in-
creasing UV-irradiation time, presumbly due to the
progressively lower molecular weight and larger
number of chemical irregularities present in the mol-
ecules of photodegraded PP. It is well known that
shorter and defective molecules ctystallize more slow-
ly,'”? and this is likely to be sure for the case of
photodegraded PP, and consequently the photode-
graded PP has to crystallize at relatively lower tem-
perature. From Figure 7, it is evident that the melting
range is shifted to lower temperture with increasing
UV-irradiation times. The decrease in melting temper-
ature of photodegraded H,P is probably due to the
reduction in molecular weight’ and the increase in
stereoirregularities.” It is interesting to note that the

TABLE V
Crystallization and Melting Behaviors of Photodegraded H,P

C

Sample T. Heat of fusion Crystallinity
code Tconset (OC) Trnc Tm (AH)/ J/g (0/0)
H,P, 117.1 110.6 156.1 167.4 —65.3 31.2
H,P3, 115.6 109.4 154.5 166.9 —74.0 35.4
H,P,, 114.1 109.0 153.7 165.7 ~76.5 36.6
H,P,00 113.6 108.5 153.3 164.2 —65.4 313
H,P, g 113.0 107.9 152.0 163.5 —-62.7 30.0
Paso 1122 106.9 151.5 162.6 —61.2 293

T onser Crystallization onset temperature; T, crystallization peak temperature; T,,,., melting onset temperature; T,,,, melting

peak temperature.
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at 5 Hz for H,P samples photodegraded for different times.

crystallinity of photodegraded H,P increases with in-
creasingUV-irradiation times up to 60 s, further pro-
longing irradiation time, the crystallinity begin to de-
crease. During the UV-irradiation, the scission of en-
tangled molecules in the amphous phase is followed
by the rearranglement of released segments, giving an
increase in the melting enthalpy and consequent crys-
tallinity. But when the UV-irradiation time exceeds
over 60 s, the generation of impurity groups like car-
bonyls, limits the secondary crystallization by reduc-
ing the molecular regularity. At short-term exposures
the chain scission effect dominates over irregularities
and the crystallinity increases. When UV-irradiation
time exceeds over 60 s, the large number of chemical
defects in the chain prevent further crystallization,
resulting in the decrease of crystallinity.*

Dynamic mechanical properties

The effect of photodegradation of H,P on its dynamic
mechanical properties are shown in Figures 8 and 9.
The T,’s of original and photodegraded H,P samples
are listed in Table VI. From Figure 8, it is appearent
that T, taken as the position of maximum of the loss
tangent (tand) peak, decreases with increasing UV-
irradiation time (see Table VI). The decrease of T
amounts to 6°C when UV-irradiated for 240 s. Accord-
ing to Flory’s free volume theory, the end groups have
higher mobility than other parts in molecular chains.
After photodegradation, the proportion of end groups
increases, and consequently some chain units can
move at relatively lower temperature, resulting in the
decrease of T, of PP. It can be seen from Figure 9 that
the storage modulus decreases with increasing UV-
irradiation time, which is due to the decrease of mo-
lecular weight resulting from photodegradation.
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Therefore, photodegradation results in the loss of ri-
gidity of PP, which correlates well with the mechani-
cal properties described in the former section.

The reason for CP, although possessing lower crys-
tallinity and isotacticity, having better UV-irradiation
stability than H,P and H;P is possibly due to that, in
comparison with ethylene units, propylene units are
by far the most photooxidizable [1, b]. Therefore, a
certain amount of ethylene units in the chains can
improve the photostability of PP. In comparison with
H,P, H,P possesses the equivalent crystallinity and
isotacticity, only differs in synthesis methods. How-
ever, the photostability of H;P is worse than that of
H,P. For H,P, its molecular weight distribution is
wider, and consequently the proportion of molecules
with lower molecular weight is relatively larger,
which results in poorer radiation stability.*’

CONCLUSION

The results from the measurements of MFR, mechan-
ical properties, FTIR spectra, SEM, and XPS spectra
have shown that CP has the highest UV-irradiation
stability, followed by H,P, and then H,P, due to con-
taining ethylene units. The synthesis method of PP
palys an important role in the resistance to UV-irradi-
ation. UV-irradiation induces the transformation of
B-form to a-form of PP and the change in relative
intensity of diffraction peaks.

TABLE VI
T, of H,P Photodegraded for Different Times
Irradiation time (s) 0 30 60 120 240
T, (°C) 128 115 98 8.3 6.7
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