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ABSTRACT: We investigated the changes in the molecular weight and also in the me-
chanical properties with the distance to the exposed surface of the irradiated stacked
poly(ethylene terephthalate) (PET) film samples. A relation between the molecular
weight and the mechanical properties of the irradiated PET was established. The rela-
tion demonstrates that the decrease in molecular weight is one of the main origins
causing the deterioration in the mechanical properties. The photodegradation process
developing in PET was quantitatively studied by investigating the degradation kinetics
of stacked PET film samples. Our results show that the strongest degradation takes
place at the exposed surface, and the degradation rate decreases with increasing the
distance. This further implies that the capability to bear a tensile stress in the area
near the exposed surface is much lower than that in bulk. Therefore, irradiated PET
may be fractured in a lower stress. These results indicate the surface nature of ultravio-
let deterioration in the physical properties of PET. © 1998 John Wiley & Sons, Inc. J Appl

Polym Sci 67: 705-714, 1998
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INTRODUCTION

The ultraviolet (UV) light deterioration in the
properties of polymers has been studied exten-
sively. The important literature coverage on pho-
todegradation, photooxidation, and photostabili-
zation of polymers can be found in Ranby and
Rabek® and Rabek.? Many studies on this subject
were motivated by the large number of outdoor
applications for polymers as films, bulk or molded
forms, and fibers, and also by the great effect of
UV radiation on their mechanical and other prop-
erties. Many studies for aromatic polyesters and
other polymers have indicated the deterioration
in the mechanical properties of polymers stem-
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ming primarily from the photodegradation of mac-
romolecules after irradiation.'~”

Most of the early experimental studies on pho-
todegradation kinetics of polymers were mainly
conducted within their dilute solution by de-
termining the change in molecular weight caused
by irradiation.®~'! The results are very consistent
with those predicted by some theories for photo-
degradation kinetics of polymers based on the as-
sumption that all macromolecules in a system
have the same probability of their undergoing
degradation caused by UV radiation.®™ It is, how-
ever, important to understand how the photodeg-
radation process develops in solid polymers and
to determine how the degradation in molecular
weight affects the properties, in particular, me-
chanical properties, of solid polymers. Some stud-
ies have dealt theoretically'*~** and experimen-
tally '*~2° with these issues by using film samples.
The results obtained from aromatic polyesters
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have shown the surface nature of the UV degrada-
tion and the strongest degradation occurring in
the area near the exposed surface.'*~2° Unfortu-
nately, these published results are not enough for
indicating how the photodegradation process de-
velops in solid polymers and, further, how it in-
fluences the properties of polymers because most
of the experiments were conducted with a single
polymer film.

The work described in this article is connected
with the investigations of the photodegradation
kinetics of poly(ethylene terephthalate) (PET)
film and of the influence of UV irradiation on its
mechanical properties. The radiation experiment
was conducted with stacked PET film samples.
The intrinsic viscosity of each layer was measured
after irradiated; and, hence, the relation between
the number-average molecular weight and the
distance to the exposed surface was obtained. Cor-
respondingly, the mechanical properties of each
layer were measured, and the relation between
the mechanical properties and the distance was
also obtained. On the basis of these data, the rela-
tionship between molecular weights and mechani-
cal properties of the PET samples was estab-
lished; and, further, the photodegradation kinet-
ics occurring in each PET layer of the stacked
samples were studied. These results indicate that
the photodegradation process developing in the
PET sample is of a surface nature; namely, the
strongest photodegradation takes place at the ex-
posed surface of the sample. The important origin,
which results in a rapid deterioration of mechani-
cal properties of irradiated PET products, is dis-
cussed in this article.

EXPERIMENTAL

Materials

The PET film used is a commercial film (TORAY
“LUMIRROR 4YC21”) with a thickness of 4.4 yum
and a density of 1.397 g/cm®. A few pieces of
films with a size of 200 X 150 mm were arranged
in stack, then this stacked film sample was bound
on the surface of a flexible paperboard with a
thickness of 0.5 mm and through which light pen-
etrates.

Irradiation

Figure 1 schematically shows the irradiator used
in this work. It consists of six fluorescent sun-
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Figure 1 Schematic representation of the irradiator
used in this work. It consists of six fluorescent sun-
lamps, a cylindrical sample support, and a metal drum
coated into white.

lamps, a cylindrical sample support, and a metal
drum coated in white. The diameters and lengths
of the drum and the sample support are 430 and
700 mm, and ¢100 and 350 mm, respectively. Six
fluorescent sunlamps (Toshiba FL20S-E) are
equally distributed in the drum. The sunlamp has
a spectral distribution of the radiation energy at
280—400 nm and a single maximum of the radia-
tion energy at about 313 nm. Since PET is sensi-
tive to the light at about 314 nm,'® an accelerated
testing of PET photodegradation was conducted
in this work. The length of the lamp is 595 mm
longer than the length of the sample. The stacked
samples bound on the paperboard were fixed on
the sample support, which rotated concentrically
during irradiation. Therefore, the light was well
distributed on the sample surface. The sample-to-
lamp distance used was 100 mm. Irradiation was
carried out at an operating temperature of 48—
56°C, which is lower than the glass transition
temperature of PET, with no control of the rela-
tive humidity. Only one surface of the stacked film
samples was irradiated in this work since the pa-
perboard was used.

Viscosity Measurements

Solution viscosities of the PET samples before and
after irradiation were measured at 25°C in o-chlo-
rophenol in an Ostward viscometer. The intrinsic
viscosities [ 7] of solutions were determined by ex-



UV DETERIORATION IN PROPERTIES OF SOLID PET 707

trapolation of ,,/c versus c plot to zero concentra-
tion. Number-average molecular weights were re-
lated to intrinsic viscosities by?*

[n] =38.0x107* x M}™. (1)

Measurements of Mechanical Properties

For determining the mechanical properties of
PET film samples before and after irradiation, the
original film was cut into the 160 X 10 mm strips
by using a razor. The strips as the first layer were
directly irradiated; but the strips following the
first were covered by the same PET films, of which
the size was larger than the strip, and then were
irradiated. The load and elongation values of orig-
inal and irradiated strips were measured by using
a Tensilon device (UCT-100) at 25°C. The separa-
tion of the crossheads was 100 mm, and the sepa-
rating speed of the crossheads was 500 mm/
min . In this work, five strip specimens were
used for the measurement, and the average value
was obtained after deleting the highest and lowest
points.

RESULTS AND DISCUSSION

Before we present the experimental results, we
indicate below that two factors, the light reflec-
tions at film—air interfaces in the stacked film
sample and the fluctuation of the operating tem-
perature used during irradiation, may affect the
experimental results more or less. The reflections
are approximately 5% at each interface, as
pointed out in Schultz and Leahy." In this work,
the operating temperature changed in the range
of 48—56°C but it was lower than the glass transi-
tion temperature of PET (~ 69°C for amorphous
PET). Therefore, this fluctuation will not strongly
affect the photodegradation of PET, as pointed out
in Dan and Guillet.'” Since the two factors have
no great influence, in this study, we neglect them
for the sake of convenience. However, neglecting
the light reflection will lead to an underestimation
of UV deterioration in the physical properties de-
veloped inside PET.

Change in Molecular Weight

Figure 2 shows a plot of the number-average mo-
lecular weight M, against the distance x to the
exposed surface for the stacked film samples irra-
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Figure 2 Plot of the number-average molecular
weight M, obtained from the irradiated film samples
in stack against the distance to the exposed surface x.
The irradiation times are indicated in the figure.

diated for 10, 30, and 50 h. Since the PET film
has the thickness of 4.4 ym, each point in Figure
2 shows the average value of M, obtained from
the film. This feature is shown by a 4.4 ym bar
in Figure 2. The figure shows that the value of M,
depends on the position of the layer in the stacked
film samples. M, determined from the first layer
is the smallest one and then it increases with x.
This simply implies that the strongest degrada-
tion of the macromolecules takes place in the first
layer of the stacked film samples.

Change in Mechanical Properties

Figure 3 shows some typical load—elongation
curves of the irradiated strips at the first layer
after irradiated for different times. The irradia-
tion times are 0, 2, 5, 10, 20, 30, 40 h, respectively,
as indicated in the figure. All curves show that
the irradiated samples yielded at the same stress
(0¥ = 120 MPa) and strain (&” = 4%) but broke
at the different stresses and strains. The stress
(o*) and strain (£*) at break decrease with the
irradiation time ¢. For the original strip, o
~ 265 MPa and &; ~ 115% at break. The margin
of errors induced in preparation of the PET strips
and during measurement is estimated at about
5% for o* and 10% for e*, respectively. Figure 3
shows that o* and ¢* decrease with ¢. At ¢ = 30
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Figure 3 Load-elongation curves of irradiated PET
strips at the first layer. The irradiation times are indi-
cated in the figure.

h, o* and &% of this sample are very close to its
c” and &”. At t = 40 h, the irradiated strip broke
immediately after yielded at ¢” =~ 120 MPa and
e’ =~ 4%; thus, o* =~ ¢” and £* =~ &”. Obviously,
the original strip is an excellent tough material,
and the toughness of irradiated films worsens
with increasing the irradiation time. The strip
irradiated for 40 h becomes a typically brittle
material.

Figure 4 shows four load—elongation curves
measured from the four strips laid at the first (A),
second (B), third (C), and eighth (D) layers of
the stacked strip specimen after irradiated for 40
h. The change in shape of these load—elongation
curves and some others between the third and
eighth layers (not shown here) indicates a tough-
ness-to-brittleness variation with a decrease in
the ordinal number or the distance to the exposed
surface. Comparing curve A with curve B, we can
see that the shapes of the two load-elongation
curves are quite different from each other: Curve
A is a typical load—elongation one for brittle mate-
rials, while curve B is a typical load—elongation
one for tough materials. This indicates that tough-
ness-to-brittleness variation is very sensitive to
the change in distance from the exposed surface
to a depth smaller than 8.8 ym.

Figure 5 shows the distance dependence of ¢*
(a)and &* (b) for the stacked strip samples irradi-

ated for 10, 20, and 40 h. Each point in Figure 5
shows the average value of PET strips with the
thickness of 4.4 ym. As we did in Figure 2, this
feature is shown by the 4.4 ym bar in Figure 5.
From the two plots, we can see that ¢* and &*
drastically increase from the first point (the first
layer) to the second point (the second layer), a
distance dependence similar to that shown in Fig-
ure 2. Figure 6 shows the irradiation time depen-
dence of normalized stress (a) and strain (b) mea-
sured from the strips at the first (0—4.4 um), sec-
ond (4.4-8.8 um), third (8.8-13.2 um), and
fourth (13.2—17.6 um) layers. Figure 6 shows that
below the second layer (x > 8.8 um), the effect of
irradiation on the mechanical properties of PET
is weak in the time interval covered in this experi-
ment.

Relationship between Molecular Weight and
Mechanical Properties

In order to indicate that the decrease in the molec-
ular weight of irradiated PET is one of the main
origins causing the deterioration of mechanical
properties, o* and £* are plotted against M,,, re-
spectively, as shown by o* ~ M, plot in Figure
7(a) and by ¢ * ~ M, plot in Figure 7(b). For the
original strip, o ~ 265 MPa and e ~ 115%; and,
correspondingly, its M, = 18200. In Figure 7, the
points with the highest M, show the values of
o¢ and e of the original film. Only their errors

Load (N)

Elongation (%)

Figure 4 Load-—elongation curves of irradiated PET
strips located at the first (A), second (B), third (C),
and eighth (D) layers after irradiated for 40 h.
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Figure 5 Plots of the stress (a) and strain (b) at
break obtained from the irradiated film samples in
stack against the distance to the exposed surface x. The
irradiation times are indicated in the figure.

are shown in Flgure 7 for easily studying the rela-
tions between o* ~ M, and between &£* ~ M,.

Two curves having the shape of the letter S were
drawn in the two ﬁgures to demonstrate the rela-
tions between o* ~ M, and between &* ~ M,.

Only the values of o* for the strips at the first
and second layers irradiated for 50 h are obvi-
ously departed from the S-shaped curves. The de-
parture for the strip at the first layer may be be-
cause it is difficult to measure correctly the value
of o* of this very brittle strip. At the movement,

we do not know how to explain the departure of
the data measured from the strip at the second
layer. The data of o* and £* are scattered at M,
> 14000, especially for £*. However, they are
within the error ranges shown in two figures. The
errors were induced in preparation of the strips
and also during measurement of mechanical prop-
erties.

According to the relations between o* ~ M,
and between e¢* ~ M,, we can approximately di-
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Figure 6 Irradiation time dependence of the normal-
ized stress (a) and strain (b) obtained from the strips
at the first (0-4.4 um), second (4.4-8.8 ym), third
(8.8-13.2 ym), and fourth (13.2—17.6 um) layers of the
stacked film samples.
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Figure 7 Plots of the stress (a) and strain (b) at
break against the number-average molecular weight
M, . The irradiation times are indicated in the figures.

vide them into three molecular weight regimes I
to III, as indicated in Figure 7. In regime I, M,
< 11000, o* = o7, and &* < 20% close to &”,
indicating that the fracture behavior of irradiated
strips is similar to that of the brittle materials,
as mentioned before. Regime Il is in the molecular
weight range between M, = 11000 and M,
= 17000. The most of the measured values of o*
and &* are in regime II. When M, > 11000, o*
and &* become to be larger than ¢” and ¢”, indicat-
ing that, in this case, the fracture behavior of irra-

diated strips possesses the feature of tough mate-
rials. When M, of irradiated films increases in
regime II, the values of their o* and ¢* will rap-
idly approach the values of the original film. When
M, > 17000, the values of o* and £* no longer or
slowly increase with the increase of M, ; a plateau
regime is reached. Here, we define the regime of
M, > 17000 as regime III for this PET film.

A-B Model to Describe Fracture Feature of
Irradiated Polymers

At first, it is worthy to note that the surface struc-
ture of PET observed by transmission electron mi-
croscopy has shown no difference before and after
irradiation,'® indicating that UV irradiation can-
not directly cause formation of surface cracks. Fig-
ures 5(a) and (b) show the relations between the
stress and strain at break and the distance to the
exposed surface for the stacked film samples after
irradiated for 10, 20, and 40 h. The relations
may be approximately considered to reflect the
changes in the mechanical properties in an irradi-
ated thick PET sample. In this sense, it indicates
that the capability to bear a tensile stress for the
degraded PET near the exposed surface is much
lower than that in bulk. This should be an im-
portant origin, which results in a rapid decrease
of the mechanical properties of irradiated PET
products. In this study a simple A—B model, as
shown in Figure 8, is suggested to explain the
fracture process and mechanism of irradiated
PET samples. The components A and B are com-
posed of the same material but have different me-
chanical properties, and there is no interface be-
tween two. As shown in Figure 8(a), we assumed
ok > o}, eX > e}, and ¢, > ¢Pp. P, and ¢ are
the fraction of the components A and B, respec-
tively, and ¢, = 1 — ¢5.

When subjected to a tensile stress o, there is
a corresponding strain &;. If ¢ > &, = ¢}, the
component B will break at first [Fig. 8(b)]. Since
da > ¢p, the break of the component B leads to
formation of some small cracks. When the tensile
stress increases to o3, a large stress (or) concen-
trates in the tapered part of the crack, and o
> o %. Thus, the cracks rapidly propagate into the
component A since there is no interface between
two components [Fig. 8(c¢c)]. At o3 and &3, which
are still smaller than o} and X, the component
A breaks [Fig. 8(d)]. Although this A—B model
is a parallel one, o3 may be smaller than a fracture
stress oz calculated according to the parallel
model (0% = 0% da + 0} Ppp) because the break
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Figure 8 Suggested A—B model to explain the fracture process of irradiated PET

and other polymers.

of the component B initiates formation of the
cracks; the cracks rapidly propagate into the com-
ponent A and consequently cause the fracture of
the component A.

Rate of Bond Rupture Determined from Stacked
Film Samples

Because we have indicated that the decrease in
the molecular weight is one of the main origins
causing the deterioration in the mechanical prop-
erties, in this subsection, we will quantitatively
study the photodegradation process developing in
a solid PET by studying the photodegradation pro-
cess of stacked film samples. At first, we shortly
discuss the method suitable to analyzing the deg-
radation kinetics based on the experimental data
obtained from the stacked film sample. Here, we
assume that the decay in the intensity of light
irradiation in a polymer along the irradiation di-
rection obeys the Lambert—Beer relation I
= Iye ™ **. a is the polymer’s absorption coefficient
(cm™'), and I, the intensity of incident irradiation
(photon cm ™2 s71). At x depth, there is

N N
_ = = 1 povlae 2
Mnt(x) MnO d) phoce ( )

where ¢ is the irradiation time (s), ¢, is the quan-
tum yield of chain scissions per absorbed photon,
v is the specific volume (cm® g~ ') of the polymer,
and N is Avogadro’s number.'*'® The molecular
weight M,,(x) of the irradiated polymer is a func-
tion of the distance (x) to the exposed surface of
irradiated samples at an irradiation time ¢. Here,
we define the rate of bond rupture k(x) = ¢.vl,.
ae”“*/N, which clearly depends on the distance
and has a maximum at x = 0 (on the exposed
surface).

In this work, the sample composed of stacked
films with the same thickness / was irradiated for
different times; and, further, M, of each layer
was determined. In this case, the average value,
M,,(i), of the number-average molecular weight
for ith layer is

N N 1—e ™

_ R (T Rl e + (3
Mnt(l) MnO d)*U o¢ l ( )

which is obtained by integration '*!3
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Figure 9 Change in reciprocal number-average mo-
lecular weight as a function of irradiation time for the
PET films from the first to the fifth layers in the stacked
film samples.
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(4)

The average rate of bond rupture for ith layer is

_ ,—al
R (i) = duplye i D! lTi (5)

which clearly depends on the thickness [ and the
position (i — 1) of the film at the stacked film
samples.

Figure 9 shows a plot of (1/M,.(i) — 1/M,,)
~ t for the irradiated PET films laid in the first
to the fifth layers (i = 1 to 5). The experimental
points show scatter to a certain extent but can
best be represented by straight lines, which was
obtained by the method of least squares. The aver-
age rate of bond rupture k(i) for each layer, de-
rived from the slopes of the straight lines in Fig-
ure 9, are logarithmically plotted against (i — 1)
in Figure 10. The slope of the straight line, which
was obtained according to the least squares
method, in Figure 10 is 0.11 um ™', corresponding
to the absorption coefficient « of PET. Its intercept
corresponds to the logarithmic value of the term
bVl (1 — e *))/NI. From them, we obtain the
relation of the rate of bond rupture to the distance
to the exposed surface, as follows:

E(x) =117 X 10 6 01~ (6)

with a unit of h ! for the irradiator and the condi-
tions used in this study. Unfortunately, in this
work, we cannot determine the quantum yield be-
cause it is difficult to determine the intensity of
incident irradiation I, of this irradiator. It is wor-
thy to note that the relation shown by eq. (6)
may be underestimated due to neglecting the light
reflection at film—air interfaces.

Figure 11 shows the calculated rate of bond
rupture k£ (x) as a function of x for the PET sample.
At the same time, k(i) is also plotted against x in
the figure when x =1/2 + [-(i — 1) and Il = 4.4
pm. From an outward perspective, & (i) coincides
well with k(x). This is because a thin PET film
was used in this work and also because of a rela-
tively small value of « = 0.11 um . In these cases,
(1 —e )/l ~ a so that k(i) ~ k(x). Figure 11
clearly shows that the largest rate of bond rupture
occurs on the exposed surface. Figure 12 shows
the calculated molecular weights as a function of
x for the PET sample with M,,, = 18000 at ¢ = 10,
30, and 50 h. Meanwhile, the calculated results
(solid lines) are compared with the experimental
data (symbols) determined from the stacked film
samples in the same conditions when x = [/2
+1-(i —1)and ! = 4.4 ym. From Figure 12, we

-13-
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Figure 10 Plot of Ink(i) against (i — 1){, as shown
with an open circle. The experimental data were fitted
according to a linear equation, and a corresponding
straight line was drawn in the figure. Its slope is 0.11
um™!, corresponding to the absorption coefficient of the
PET sample.
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Figure 11 Calculated rate of bond rupture k(x) as a
function of the distance to the exposed surface. At the
same time, the rate of bond rupture Z(i) determined
from the stacked film samples is also plotted against x
in the figure whenx =1/2 + [-(i — 1) and [ = 4.4 ym.

can see that the photodegradation of PET takes
place mainly at a layer of about 15 ym in the
conditions used in this work.

Before we conclude this article, we want to indi-
cate that if we consider the relationships between
o* and M, and between &* and M, in Figure 7,
and, further, if we simply assume that ¢* and ¢*
are approximately proportional to M, , at least in
regime II, we can understand why the distance—
dependence of o* or £* in Figure 5 is similar to
the distance—dependence of M, in Figure 2. Cor-
respondingly, the mechanical properties will dras-
tically vary with the distance in the same thick-
ness of about 15 um, as shown in Figure 5.

CONCLUSIONS

Investigation on the changes in the molecular
weight and in the mechanical properties with the
distance to the exposed surface for the irradiated
stacked PET film samples has elucidated the sur-
face nature of UV deterioration. The relations be-
tween the molecular weight and the mechanical
properties of the irradiated PET films used were
established. The result shows that the decrease
in molecular weight is one of the main origins
causing the deterioration in the mechanical prop-

erties. The photodegradation process developing
in PET was quantitatively studied by investigat-
ing the degradation kinetics of stacked PET film
samples. We obtain the relation between the rate
of bond rupture and the distance as k(x) = 1.17
X 1076 e %1% (h™!) for the PET sample in the
conditions used. It quantitatively demonstrates
the surface nature of photodegradation, as fol-
lows: The strongest degradation takes place at the
exposed surface, and the degradation rate de-
creases with increasing the distance. Our results
further indicate that the degradation of PET mac-
romolecules and the corresponding decrease in
the mechanical properties take place mainly in a
thin layer of about 15 um. Therefore, the capabil-
ity of the degraded thin layer to bear a tensile
stress is much lower than that of bulk for irradi-
ated PET. Consequently, irradiated PET may be
fractured in a lower stress because the crack can
easily form in the thin surface layer when sub-
jected to a tensile stress. The surface nature of
the UV photodegradation suggests that to im-
prove the ability of polymers within a thin surface
layer to resist UV irradiation is the key factor to
protect polymer products. In other words, the UV
stabilizers should be primarily distributed in this

20—
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Figure 12 Calculated molecular weights (solid lines)
as a function of the distance for PET with M,, = 18000
at t = 10, 30, and 50 h. At the same time, the experi-
mental data (symbols) determined from the stacked
film samples in the same conditions are also plotted
against x in the figure when x = 1/2 + [-(i — 1) and [
=44 pym.
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