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Effects of Radiation on the Structure of Polypropylene
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ABSTRACT: The effects of high-energy radiation on the physical arrangement of macromol-
ecules in atactic polypropylene (aPP) and radiation-amorphized isotactic polypropylene (iPP) were
examined using the differential radial distribution function (DRDF) technique. The resultant
DRDF curve for 0 Mrad aPP showed three intermolecular peaks at 6.6, 13.0, and 17.7 A and two
intramolecular peaks at 1.5 and 2.5 A. The appearance of the periodic intermolecular DRDF peaks
suggested the packing of parallel chains of ~ 18 A in the polymer. The 17.7A peak disappeared
when the aPP sample was irradiated to 115 Mrad, indicating the occurrence of structure
deterioration from 18A to 13A. As a result of severe deterioration of the intermolecular
organization, DRDF curves for 400 and 1300 Mrad iPP samples each showed only one
intermolecular peak at ~7 A. This deterioration was attributed to the crosslinking-induced increase
in lattice distortions. The results were compared with previous studies on irradiation of natural
rubber (NR) and polyethylene (PE). It appears that radiation was more effective in causing
deterioration of the intermolecular organization in polypropylene than in NR and PE. This was

explained by the different radiation chemistry of the polymers.
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It is known that polypropylene (PP) undergoes
both crosslinking and degradation in comparable
amounts under high-energy irradiation.! This
behavior is different from that of typical cross-
linking polymers such as natural rubber (NR) and
polyethylene (PE), in which radiation causes cross-
linking predominantly.>® Previous studies for de-
termining the amount of radiation-induced cross-
links and chain fractures in PP were reviewed by
Geymer.! It appears that the yield of degradation of
PP is high at low doses and decreases with increasing
irradiation. The temperature of irradiation is also
important. At room temperature gelation takes
place when the partially degraded PP is irradiated
sufficiently. A rapid decrease in the extent of
crosslinking is observed at irradiation temperatures
above 120°C.

* Present address: Polymers Department, General

Motors Research Laboratories, Warren, Michigan 48090,
US.A.

The effects of radiation-induced crosslinking on
the structure of NR and radiation-amorphized PE
have been examined recently at this laboratory.* ¢
The polymer structures were studied using the
differential radial distribution function (DRDF)
derived from wide-angle X-ray scattering (WAXS)
data. The results suggest that local structures exist-
ing in amorphous polymers deteriorate to various
degrees at relatively high irradiation doses. For NR,
local structures of ~15A were found in both
unirradiated and irradiated samples up to 550
Mrad. The radiation-induced deterioration occur-
red at doses higher than 300 Mrad as indicated by
the decrease in intermolecular DRDF peak areas.
For amorphous PE, deterioration was indicated by
radiation-induced size decrease in local structures.
The DRDF results showed that local structures of
~25A changed to 15A when PE was irradiated
from 400 Mrad to 1000 Mrad. This structure de-
terioration wasattributed to the crosslinking-induced
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increase in lattice distortions in highly irradiated
amorphous polymers.

Thus an examination was made on structure
changes brought about by crosslinking and accom-
panied by substantial degradation during irra-
diation of the polymers. The present paper describes
such a study which was carried out using un-
irradiated and irradiated atactic polypropylene
(aPP) and radiation-amorphized isotactic polypro-
pylene (iPP). Also, this study aims at bringing about
a better understanding of the physical arrangement
of macromolecules in amorphous polymers. DRDF
curves for PP samples were derived from WAXS
data using the same technique as reported pre-
viously.” The effects of radiation on the structure of
amorphous PP are then discussed in terms of a
comparison of resultant intermolecular DRDF
peaks.

EXPERIMENTAL AND ANALYSIS

In this study, samples were compression molded
from aPP (999 atactic, M,=2.0x 10> M, /M, =
1.3) and iPP (M,=5.5x10°> M, /M,=7.0) sup-
plied by Hercules. Two aPP samples, one unir-
radiated and one irradiated at room temperature
to 115 Mrad by %°Co source, were studied. The
irradiated aPP sample was sticky and difficult to
handle, causing the WAXS data for the 115 Mrad
sample less accurate than that of the others studied.

Sauer and coworkers® showed that high-energy
radiation causes destruction of crystallinity of iPP.
The irradiation was accompanied by density chan-
ges in the polymers.®° In this study the molded iPP
samples were irradiated at the University of
Michigan reactor at an ambient temperature of
approximately 70°C. The measured densities of iPP
samples are shown in Figure 1 as a function of
irradiation dose. The density decreases at low ir-
radiation doses but increases after the polymer
becomes entirely amorphous, as is consistent
with the results in the literature.®® For the
DRDF analysis, amorphous iPP samples of 400 and
1300 Mrad were used. The samples covered a
considerably wide range of irradiation for iPP, as is
evident from the density data given in Figure 1.

The procedures employed for the WAXS data
collection and analysis are described in detail else-
where.” The X-ray scattering measurements were
made on a Philips Norelco diffractometer, using

742

(%] cm3

o87r 7/
/
’
y
0 L] 10 2 15
DOSE x10 yMrad
Figure 1. Influence of the dose of reactor radiation on

the density of isotactic polypropylene.

Cu-Ku radiation. The radiation was monochroma-
tized by a curved graphite monochromator in the
diffraction position. The WAXS intensity for each
sample was recorded by a step scanning procedure
in the range of 6 to 145 degrees 20. Intensities for
the lower scattering angles, i.e., 20 <6°, were ob-
tained by extrapolating the experimental curve
smoothly to zero scattering angle.

The raw intensity data were corrected for exper-
imental factors, including background air scatter-
ing, absorption, polarization, and multiple scatter-
ing, according to standard procedures.!®~!? The
corrected intensity data were normalized using the
conservation of energy method,!''!? and the in-
coherent Compton scattering was then subtracted.
Moreover, PP was treated as a monatomic system.
A hypothetical scatterer, CH,, was defined by
taking 1/3 of the chemical structural unit of PP.

The resultant DRDF, 47r? pH(r), for each sample
was calculated from the X-ray data by Fourier
Transformation,

4nr?pH(r)= 2{— J i si(s)sin sr ds 1)
0
i(s)=ljj‘;“—1 @)

where p is the average atomic density, s=
(4n/A) sin 0, I, is the experimental coherent
intensity in electron units per scatterer, and f'is the
scattering factor. The upper bound of the inte-
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gration s, was 16A~!. In addition, a final
smoothing beyond the second peak of the re-
sultant DRDF was made by multiplying a damping
factor, exp (—0.04s?), by the interference func-
tion i(s). Possible errors in the available scattering
factors were eliminated by adjusting the DRDF
curve below ~1A to a straight line whose theo-
retically expected slope was —4np.

RESULTS

The corrected and normalized WAXS patterns
for aPP samples are shown in Figure 2. As most
amorphous polymers, three diffuse peaks are pres-
ent at ~ 16, 42, and 75 degrees 20 in each pattern.
An 18% decrease in intensity of the principal peak
(16°) is seen in the WAXS pattern of 115 Mrad aPP,
compared with that of the 0 Mrad sample. The 19,
stereo-regular component in the unirradiated atac-
tic sample may have caused a trace of crystallinity
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Figure 2. Corrected and normalized experimental
WAXS data for (a) 0 Mrad and (b) 115 Mrad atactic
polypropylene. The intensity data were normalized by
the conservation of energy method.
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which was too low to be detected by X-rays.

Similarly obtained WAXS patterns for 400 and
1300 Mrad iPP samples are shown in Figure 3. Three
intensity peaks are seen at ~ 16, 41, and 75 degrees
20 in each pattern. Compared with the WAXS
pattern of 0 Mrad aPP, the scattering intensities of
the principal peaks for the 400 and 1300 Mrad iPP
samples are lower by about 179 and 259, re-
spectively. However, the peak positions are virtually
unchanged in all WAXS patterns for the four
samples.

The resultant DRDF curves for the aPP and iPP
samples are shown in Figures 4 and 5, respectively.
The DRDF for 0 Mrad sample consists of two
intramolecular peaks at ~1.5 and 2.5A and three
intermolecular peaks at 6.6, 13.0, and 17.7A (see
APPENDIX). In addition to the two intramolecular
peaks, the DRDF curve shows only two apparent
intermolecular peaks at ~7 and 13 A when aPP is
irradiated to 115 Mrad. Because of the error in-
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Figure 3. Corrected and normalized experimental
WAXS data for (a) 400 Mrad and (b) 1300 Mrad
isotactic polypropylene. The intensity data were nor-
malized by the conservation of energy method.
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Figure 4. DRDF curves for atactic polypropylene: (a)
0 Mrad and (b) 115 Mrad.
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Figure 5. DRDF curves for radiation-amorphized
isotactic polypropylene: (a) 400 Mrad and (b) 1300
Mrad.

Table I. DRDF peak locations and areas for polypropylene
0 Mrad aPP 115 Mrad aPP 400 Mrad iPP 1300 Mrad iPP
Sample

peak Location Area Location Area Location Area Location Area
1 1.31— 1.83A 1.19 0.97— 1.51 1.07 1.23—1.81 1.09 1.23—1.77 1.52
2 2.26— 2.83 1.21 2.36— 292 1.30 2.26—2.87 1.07 2.23—-2.74 1.83
3 471— 776 3.42 4.76— 7.67  2.63 4.67—7.69 2.36 4.72—17.71 1.72
4 11.06—13.95  1.89 11.55—14.23  1.13 — — — —
5 16.87—18.78  0.72 — — — — — —

troduced in collecting the WAXS data, more ripples DISCUSSION

are present in this DRDF curve.

For the radiation-amorphized iPP samples, pro-
nounced effects of radiation on the intermolecular
DRDF peaks can be seen. The DRDF curves for
400 and 1300 Mrad iPP samples each show only one
prominent intermolecular peak at ~7 A in addition
to the two commonly observed intramolecular
peaks at 1.5 and 2.5A.

The results are summarized in Table I, which
shows the location and area for all DRDF peaks.
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For the 0 Mrad aPP sample, the DRDF curve
showed an approximately constant peaking interval
of 6 A for the intermolecular peaks at 6.6, 13.0, and
17.7A. Since the DRDF peaks represent deviation
in atomic concentration from- perfect homogenity,
the apperarance of these periodic intermolecular
peaks suggests the presence of more-or-less aligned
parallel chains. A short-range structure having-a
size of ~ 18 A therefore existed in the unirradiated
amorphous aPP. The 6 A periodicity may result
from the average chain-to-chain distance between
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Figure 6. Effects of crosslinking and crosslinking combined with degradation on amorphous polymer

structures.

such parallel molecules, as suggested by a recent
analysis of the DRDF curve using Hosemann’s
paracrystalline lattice theory.!? Preliminary results
of the analysis showed that the packing of chain
‘segments in amorphous aPP was described rea-
sonably well by a highly distorted hexagonal para-
crystalline lattice.

The high-energy radiation causes a significant
decrease in the intensity of intermolecular WAXS
peaks (~ 16° 26), as shown in Figures 2 and 3. The
significance of these changes can better be under-
stood by examining the intermolecular peaks of the
resultant DRDF curves. As seen from Table I, the
‘high-energy irradiation resulted in a decrease in the
area of the intermolecular DRDF peaks, indicating
that deterioration of intermolecular organization oc-
curred in the irradiated polymers. This decrease in
the area of DRDF peaks results in the elimination
of higher ordered intermolecular peaks, or in the
diminution of local structure size. For 115 Mrad
aPP, a local structure of ~ 13 A was found owing to
the existence of two intermolecular DRDF peaks
remaining after radiation-induced deterioration.
Similarly, severe deterioration of the intermolec-
ular organization occurred in the amorphous PP
samples as suggested by the single intermolec-
ular peaks in the DRDF curves for 400 and 1300
Mrad iPP. It should be pointed out that DRDF
curves consisting of only one intermolecular peak
have not been commonly observed in amorphous
polymers.

Furthermore, it is noted that high-energy ra-
diation seems to cause structure deterioration more
effectively in PP than in NR and PE. For aPP, as
mentioned above, the third intermolecular DRDF
peak at 17.7 A disappeared as a result of 115 Mrad

Polymer J., Vol. 13, No. 8, 1981

irradiation. Under the same irradiation conditions,
structure deterioration of NR was not observed
until the doses were higher than 300 Mrad. Also,
the deterioration caused no size decrease in the local
structure up to 550 Mrad.* A similar comparison
can be made for reactor irradiated iPP and PE. In
contrast to the single intermolecular DRDF peak
observed for 400 Mrad iPP sample, five periodic
peaks were seen up to 20 A for PE irradiated to the
same dose.’ This different behavior may be attrib-
uted to the different radiation chemistry of the
polymers, i.e., a combination of crosslinking and
degradation in PP works different from crosslinking
in NR and PE on deterioration of the local structure,
asshown in Figuer 6. The schematic representation of
theunirradiated amorphous polymersisshown onthe
left based on the structural model proposed by Yeh.!
For NR and PE, the existence of parallel chain
segments is shown along with the radiation-induced
crosslinks in the upper right of the figure. The local
structure is no longer present in the irradiated PP as
shown in the lower right of the figure.

Local structure deterioration resulted from the
radiation-induced increase in the lattice distor-
tion.*® Nagasawa and Kobayashi'® suggest that
radiation-induced crosslinks shift adjacent chains in
crystalline PE. This shift affects the molecular seg-
ments at a certain distance from the crosslinks
resulting in lattice distortions. In consideration of
this, lattice distortion in NR and amorphous PE
should not be expected to increase very much, at
least at the early stage of irradiation. The influence
of the crosslinking-induced molecular shift on the
originally highly distorted lattice in amorphous
state is relatively insignificant compared to the
crystalline lattice. For PP, the situation is different
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since the irradiated polymer undergoes substantial
degradation in addition to crosslinking. The
crosslinking-induced molecular shift is aided by
degradation which cuts molecules into smaller seg-
ments. The lattice distortion therefore increases
rapidly, destroying the intermolecular organization.

CONCLUSION

The DRDF study shows the existence of a local
structure of ~ 18 A in unirradiated aPP. The struc-
ture is deteriorated to ~ 13 A when aPP is irradiated
to 115 Mrad and is extremely limited in radiation-
amorphized iPP due to the occurrence of severe
structure deterioration. The deterioration is attrib-
uted to the crosslinking-induced lattice distortion.

Also, radiation seems to deteriorate the intermo-
lecular organization more effectively in PP than in
NR and PE. This is explained by the fact that
irradiated PP undergoes substantial degradation in
addition to crosslinking.

APPENDIX

It is known that DRDF peaks originate from two
types of atomic regularities, i.e., the intramolecular
and intermolecular distances. The former regularity
depends on the repeat unit along the polymer chain,
and the latter may consist of atomic distances due to
the molecular organization. The contribution of
each of these distances can therefore be estimated
using the conformational analysis of the polymer
chain as described in detail elsewhere.’

Table 1II.

In Table II, the results of such a conformational
analysis for the 0 Mrad aPP are given. Due to the
practical difficulty in formulating a general aPP
chain conformation, crystalline chain conformation
of both iPP!® and syndiotactic polypropylene
(sPP)!7 were employed to calculate the theoretical
contribution of intramolecular distances to the ra-
dial distribution function (RDF), 4rr?p[H(r) +1].

As shown in Table II, the first two peaks at 1.58
and 2.51 A primarily originate from the intramo-
lecular C;—-C, and C,-C; distances, respectively.
Agreement i matching the positions of these two
peaks is within 39/, The tacticity of the polymer is
not expected to affect the calculated results for these
two intramolecular distances.

By averaging all the possible intramolecular dis-
tances between 4.7 and 7.8A, intramolecular
contributions of 169 and 229, to the third peak
at 6.55A are found from the conformation of iPP
and sPP, respectively. For an actual aPP chain,
the intramolecular contribution in this distance
range is not expected to be much higher than about
209;, based on the atomic density consideration.
The peak is therefore mainly intermolecular in
origin. For the higher ordered peaks at 13.0 and
17.7 A, the contribution of intermolecular distances
must be even higher since, as the radius increases,
the experimental peak areas increase much faster
than those of the calculated intramolecular
contributions.

In addition, Table II shows that the prediction of
the position of the third peak is more accurate by
using the conformation of sPP (3.7%) than that of

Comparison of experimental &nd calculated intramolecular

RDF peak areas for unirradiated atactic polypropylene

Experimental

Calculated intramolecular

Calculated intramolecular

RDF peaks peaks from iPP peaks from sPP
r/A Area/ rJA Area/ Ratio® roA Area/ Ratio®
atom atom atom
1.58 1.89 1.54° 2.00 1.06 1.54* 2.00 1.06
2.51 3.08 2.56° 2.67 0.87 2.52° 2.67 0.87
6.55 59.27 6.15¢ 9.33 0.16 6.31¢ 13.00 0.22

2 Average of all possible intramolecular C,—C, distances.
® Average of all possible intramolecular C,~C, distances.

¢ Average of all possible intramolecular C,—~C, to C,~C, distances in 4.7 <r<7.8 A.

d

¢ Ratio= (Areacalcd)/(Areaexpll)'
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Average of all possible intramolecular C,~C; to C,~C,, distances in 4.7 <r<7.8A.
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iPP (6.19%). This perhaps suggests that the sPP
molecular conformation can better describe the true
situation of aPP chains. It is noted that the confor-
mation of atactic polystyrene and its p-halogen
derivative can also be represented by their respective
syndiotactic molecules according to a previous dif-
fraction study by Katada.'8
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