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ABSTRACT: Degradation behaviors of both the unplasti-
cized and plasticized poly(vinyl chloride) (UPVC and
PPVC) under an artificial accelerating aging condition
were extensively studied. The dependence of mechanical
properties, average molecular weight (MW), and surface
morphology of the earlier PVC on aging time was investi-
gated by tensile tests, gel penetrate chromatogram (GPC),
and scanning electron microscope (SEM), respectively.
Fourier transform infrared and ultraviolet (UV)-visible
spectroscopy were used to evaluate the probable formation
of both the oxygen-containing groups and the conjugated
sequences during aging. The results reveal that UPVC is
much easier to be degraded than PPVC under the same
testing conditions. The irradiated surface is detected to
change from an even topology into a rough topology ini-
tially, and then follows the appearance of many voids
even cracks in the SEM morphology. During the aging

process, oxygen-containing groups and conjugation of
PVC molecular chains around the cracks are observed,
and noticeably increase with aging time. However, visible
difference of the corresponding MWs of PVC before and
after aging is not detected. Moreover, a novel degradation
mechanism nearly related to the formation of microvoids
and microcracks based on the cohesion energy of groups
along PVC molecular chains is developed and semiquanti-
tatively discussed. It is detected that the formation of
microvoids and microcracks is attributed to both the ther-
modynamic changes of PVC backbone during the aging
and the aggregation of oxygen-containing groups with rel-
atively large volumes. © 2011 Wiley Periodicals, Inc. ] Appl
Polym Sci 125: 291-299, 2012
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INTRODUCTION

Poly(vinyl chloride) (PVC) is one of the most widely
used commercial polymeric materials due to its low
cost, antierosion capacity, flame resistance, and long-
term stability.' It can be easily changed from a
thorough hard material into a flexible material by
adding amounts of plasticizer such as dioctyl phthal-
ate (DOP). Nevertheless, “permanence” may be
regarded as the most important aspect for a product,
whether this permanence relates to dimensional sta-
bility, mechanical properties or environment (resist-
ance to aging). In this regard, their comprehensive
stabilities, especially the change of color and me-
chanical property, related to outdoor conditions and
aging time need to be authenticated.

Many efforts have been done to simulate the de-
pendence of both the macrocosmic and microcosmic
structure of PVC molecular chains on aging condi-
tions in the accelerating aging process.* " It is con-
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vinced that the photo-dehydrochlorination of PVC is
dominated in the initial aging step. Subsequently,
double bonds even conjugated polyenes are formed,
which will directly lead to the discoloration of poly-
mer. After a long-term aging, ample surface defects
are detected and both the physical and mechanical
properties are found to evidently deteriorate, indi-
cating an apparent reduction of stability. Moreover,
both the conjugated polyenes and the oxygen-con-
taining molecular sequences can be crosslinked by
the elimination of corresponding free radicals, which
partially increases the molecular weight (MW) of
molecular sequences. Such crosslinking is also likely
to reduce the mechanical properties due to the
increase of incompatibility between crosslinked PVC
molecular chains and plasticizer molecules. How-
ever, the most important factor directly related to
the practical application of materials is the formation
of microcosmic voids and cracks in the initial stage,
because it is likely to result in reducing both the
physical and mechanical properties.

Recently, Ito and Nagai have reported that the for-
mation of surface defects is attributed to the elimina-
tion of inorganic filler and plasticizer, and to the
aggregation of molecular chains in interfacial layer.""
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TABLE 1

Recipe of UPVC and PPVC

UPVC (phr) PPVC (phr)
PVC powder 100 100
Stabilizer 4 4
DOP 0 60
However, microvoids and microcracks are also

detected in the specimen without inorganic fill-
ers.'>" Tt indicates that an internal factor on molecu-
lar level, which directly leads to the formation of
microvoids and microcracks during the aging pro-
cess, is unclear.

In this article, we have investigated the formation
and growth of microvoids and microcracks with
aging time by scanning electron microscope (SEM).
Then the change of both the intensity of oxygen-con-
taining groups and the conjugated polyenes around
microvoids and microcracks, and their relationships
are extensively evaluated. A new mechanism, which
can semiquantitatively interpret the formation diver-
sity of microvoids and microcracks between unplas-
ticized PVC (UPVC) and plasticized PVC (PPVC) is
developed and discussed.

EXPERIMENTAL
Materials

Commercial PVC (type: SG-3, K = 68) was supplied
by Tianyuan Co. (Yibing, China). DOP was industri-
ally pure, and purchased from Qilu Petrochemical
Co. (Shandong, China). Compound stabilizer Baero-
pan (type: SMS-318) was supplied by Bearlocher
Corp. (Lingen, Germany). All the other chemicals
used were analytically pure without further
purification.

Artificial accelerating aging test

Tables I and II showed the recipe and test conditions
of accelerating aging of both the PVC and UPVC,
respectively. For preparing the testing specimen,
PVC powder, plasticizer, and stabilizer were pre-
mixed in a high-speed mixing chamber at room tem-
perature for 5 min, and the mixing speed was 1500
rpm. The resulting mixture was dried at 70°C for a
given time (about 2 h), and then used for molding
by a calendar roll [type: SK-160B, size: 160 mm X
320 mm (diameter x length), Shanghai, China] at
170-180°C in the form of 0.5-mm-thick sheet. After
that, the sheet was again molded by compression
molding at 180°C to form the 1-mm-thick flake. The
dumbbell samples (30 mm x 3 mm x 0.5 mm)
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which were cut from the earlier flake were used for
the accelerating aging and other characterizations.

Characterization
SEM analysis

SEM micrographs of the surfaces of specimen with
aging time were studied by using a JEOLJSM-
5900LV SEM (Japan) set to an accelerated voltage of
20 kV. The SEM specimens were gold-sputtered
prior to observation.

Attenuated total reflection (ATR)-Fourier transform
infrared (FTIR) analysis

The intensity of oxygen-containing groups of the un-
aged specimen and the neighboring regions around
microcracks with different aging time was investi-
gated by using a Nicolet 560 FTIR spectrometer at a
resolution of 4 cm ™. The scanning range was altered
from 400 to 4000 cm ™.

Ultraviolet (UV)-visible measurement

UV-visible spectra of the specimen with different
aging time were collected by using an UV-2100
(Shimadzu Corp., Japan) UV-visible spectrometer,
and tetrahydrofuran (THF) was used as the solvent.

Gel penetrate chromatogram (GPC) measurement

The change of the MW of specimens with aging
time was measured with an Agilent 1100 GPC
(Agilent Technology Co.) at 30°C using the solvent
of THF. The flow speed of the solution was 1 ml/
min, and two polystyrene separators with individual
particle sizes of 10 A and 100 A were used.

Tensile tests

After different aging time, the specimens were used
for the tensile tests by using an Instron4302 set the
tensile rate of 50 and 100 mm/min for UPVC and
PPVC, respectively.

TABLE II
Accelerating Aging Conditions

Light source Gallium iodide lamp

Wavelength (nm) 320-450
Temperature (°C) 50
Irradiance (mJ/cm?) 46
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Figure 1 Surface morphology of the sample with different aging time: (a) 0 h, (b) 4 h, and (c) 8 h for UPVC; and (d) 0 h,

(e) 4 h, and (f) 8 h for PPVC.

RESULTS AND DISCUSSION
SEM results

Surface morphologies of both the UPVC and PPVC
with different aging time are shown in Figure 1(a—f).
A relatively even and smooth topology is detected
for both them at the very beginning of aging [Fig.
1(a,d)]. With increasing the aging time to 4 h, in the
case of the UPVC, a large number of microvoids,
whose size ranges from 200 to 400 nm, are observed
evenly dispersed into the polymeric surface layer
[Fig. 1(b)]. In addition, a continuous microcrack is
also detected. On the contrary, almost no microvoids
resembling those in Figure 1(b) are detected for
PPVC [Fig. 1(e)] at the same aging time. However, its
surface layer shrinks evidently. With further increas-
ing the aging time to 8 h, apparently different mor-
phologies for UPVC and PPVC are seen. In the case
of the UPVC, the earlier microvoids disappear; mean-
while, many cracks (1-2.5 pm wide) appear [Fig.
1(c)]. For the PPVC, the shrinkage of the surface is in-
visible, and ample microvoids (100-300 nm) and a
few cracks are detected. By comparing Figure 1(a—)
with Figure 1(d—f), it is concluded that the aging pro-
cess of both the UPVC and PPVC experiences the
change of topology from a smooth state to a rough
state, and then follows a growth of defect from
microvoids to cracks. Moreover, it also evidently
shows that the aging rate of UPVC is relatively
higher than that of PPVC, taking account of the fact
that SEM micrographs clearly reveal that cracks of
the UPVC [Fig. 1(c)] have already extended from the

surface layer into deeper layers, whereas microvoids
of the PPVC are just of presence [Fig. 1(f)].

ATR-FTIR analysis

ATR-FTIR spectra of the UPVC and PPVC with dif-
ferent aging time are shown in Figures 2 and 3,
respectively. As illustrated in Figure 2(a), the charac-
teristic peaks at around 1710 and 1739 cm !,
assigned to carbonyl groups,'*'” is found to change
considerably with the aging time ranges from 0 to 8 h,
indicating that some oxygen-containing groups are
gradually formed with increasing the aging time.
Furthermore, the band at around 1388 and 1427
cm ™!, assigned to the —CH,— group, is also detected
to dramatically change with aging time [Fig. 2(b)],
implying the occurrence of dehydrochlorination dur-
ing the aging process. In the case of the PPVC
(Fig. 3), the characteristic peak at around 1720 cm ",
assigned to the carbonyl groups of phthalate, notice-
ably widens with aging time. Moreover, another
—C=0 asymmetric vibration at near 1750 cm ' is
observed, and its intensity slightly increases with
aging time. A similar tend of the —CH,— group
resembling that of UPVC is seen for PPVC as well.

However, such change is relatively slight.

UV-visible results

To further study the dependence of chemical struc-
ture of PVC polymeric chains on aging time, an UV-
visible spectrometer is used, and the corresponding

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 ATR-FTIR spectra of UPVC with different aging time.

results are shown in Figure 4 for UPVC and Figure  meric chains. However, some absorption peaks at
5 for PPVC, respectively. In Figure 4, there are only around 280, 450, 550, and 750 nm, originated from
two absorption peaks at around 280 and 331 nm in  conjugated groups or conjugated segments along the
the range of 400-800 nm for the un-aged sample,  polymeric chains are apparently observed. Espe-
revealing a low conjugation along the PVC poly-  cially, the bands at around 450, 550, and 750 nm,
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Figure 3 ATR-FTIR spectra of PPVC with different aging time.
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Figure 4 UV spectra of UPVC with different aging time.

derived from longer conjugated segments, are
detected to gradually increase with aging time rising
from 0 to 8 h, implying the occurrence of dehydro-
chlorination. In the case of PPVC (Fig. 5), absorption
peaks at near 360, 420, 550, and 760 nm are seen for
the neat sample. After a certain aging time, e.g., 4 h,
the earlier absorption peaks are almost unchanged,
revealing the absence of dehydrochlorination and
PPVC having a good antiaging capacity.

GPC results

Table III demonstrates the change of average MW of
sample with aging time. It clearly shows that MW of
both the UPVC and PPVC does not alter significantly
with increasing the aging time. A slight increase of
MW from 9.52 x 10* to 9.98 x 10* is detected for
UPVC as the aging time reaches 4 h, namely, about a
4.8% increment of MW. It can be accounted for the
fact that UPVC degradation is initiated by the scis-
sion of C—ClI bond, and then the crosslinking reaction
between two macromolecular free radicals, derived

280
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Figure 5 UV spectra of PPVC with different aging time.
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TABLE III
Effect of Aging Time on the Average Molecular Weight
urvC PPVC
Aging time (h) 0 4 8 0 4 8
M, x 10* (g/mol) 952 998 743 1030 987 844

from the dehydrochlorination reaction, is likely to
occur,16 which directly lead to the increase of MW.
However, MW sharply reduces by about 22% when
the aging time increases to 8 h. In the case of PPVC,
its MW steadily decreases by about 4% at the aging
time of 4 h, and then reduces again by about 14% at
the aging time of 8 h. Combining the trend MW
changing with the corresponding morphologies, it
evidently reveals that an accelerating aging process is
prone to occur once microvoids or microcracks are
formed in the surface layer, namely the formation of
a relatively rough topology.

Tensile tests

Tensile strength and elongation at break of the sam-
ple with aging time are shown in Figures 6 and 7
for UPVC and PPVC, respectively. It reveals in Fig-
ure 6 that the tensile strength gradually enhances
from 55.2 MPa to a maximum of 55.8 MPa at the
aging time range of 0—4 h, and then slightly reduces
from the maximum to 50.8 MPa as the aging time
alters from 4 to 8 h, and that the elongation at break
steeply decreases from 35% to 21% at the beginning
of aging time range (0-2 h), and from 21% to 12.5%
within the following 6 h. The corresponding reduc-
tion of the tensile strength at 4 and 8 h approaches
—1% and 8%, respectively. Although the decrements
of the elongation at break at earlier aging time
achieve 42% and 67%, respectively. In the case of
PPVC (Fig. 7), the tensile strength of the specimen
only reduces from 16.2 to 15.6 MPa at the aging time
range of 0—4 h, and then almost keeps in a constant
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Figure 6 Tensile strength and elongation at break of
UPVC with different aging time.
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Figure 7 Tensile strength and elongation at break of
PPVC with different aging time.

at the aging time range of 4-8 h. Subsequently, it
sharply decreases to 13 MPa with further increasing
the aging time from 8 to 16 h. Correspondingly, the
value of the elongation at break of the sample at the
aging time range of 0-8 h is almost equal to that at
the aging time of 0 h, namely the un-aged PPVC. It
steeply reduces from 304% to 210% when the aging
time further increases from 8 to 16 h, showing a sim-
ilar variety tendency with the tensile strength plot.
Especially, it is apparent that at the same aging
time, for instance, 8 h, UPVC is more likely to be
degraded than PPVC because the conservation
capacity of the comprehensive properties of PPVC is
evidently higher than that of UPVC.

By comparing the earlier tensile properties with
GPC results, it is presumably concluded that both
the increment of the tensile strength and the reduc-
tion of the elongation at break of UPVC before the
aging time of 6 h is attributed to the enhancement of
MW, deriving form the crosslinking reactions
between different segmental free radicals. In the case
of PPVC, the change of tensile strength and elonga-
tion at break is also due to MW change with the
aging process.

Formation mechanism of microvoids and
microcracks

It is convinced that the formation of surface defects
during aging is mainly originated from the elimina-
tion of inorganic fillers, processing additives, and
plasticizers, and from the aggregation of molecular
chains in the interfacial layer.'”?° Unfortunately,
such viewpoint seems unfeasible for the systems
without the earlier mentioned materials, e.g., neat
PVC. Therefore, a deeper investigation regarding the
formation mechanism of microvoids and micro-
cracks accompanying the aging process is indispen-
sable. In this article, for further understanding the
formation mechanism of microvoids and micro-
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cracks of both the UPVC and PPVC, the nearly adja-
cent regions of microcracks have been primarily
characterized. Moreover, the thermodynamic reason
corresponding to the formation of microvoids and
microcracks are extensively evaluated as follows.

From the thermodynamic and classical mechanics
points of view, it is evident that the total Gibbs
energy and resultant force of a general composite
system at an ideal equilibrium condition [e.g., cer-
tain tem]zolerature (T), pressure (P), and volume (V)]
are zero,” i.e.,

D AG=) AH-T-) AS=0 (1)
ZFP,V,TZO ()

In this article, if we assume that the systematic
temperature, pressure, and volume of sample are
unchanged with aging process, and that the Gibbs
energy and resultant force simultaneously changes
when the dehydrochlorination occurs and when the
conjugated segments and polar groups containing
oxygen are formed, i.e.,

AGy;=AH; —T-AS; #0 (3)

AG. =AH. —T-AS. #0 (4)

AG, =AH, —T-AS, #0 5)

Y AG =) AGi =AG;+AG +AG, +... #£0,(i=d.c,p...)
(6)

where the subscript letters d, ¢, and p stand for the
dehydrochlorination, formation of conjugated seg-
ments, and polar groups containing oxygen,
respectively.

Therefore, if the value of AG; (i = d, ¢, p,...) is
available, the instantaneous systematic Gibbs energy
at an equilibrium phase can be obtained, and the re-
sultant force dependence of the instantaneous sys-
tematic Gibbs energy can be also elicited according
to the classical Newton mechanics as follow:

W= /0 > Fpyr-dl=> AE 7)

On the basis of what have been discussed above,
the energy change between every two phases should
be obtained to develop the quantitative relationship
between energy and defects (microvoids). Herein,
for simplicity, it seems feasible to approximately
consider the entire integral times (N;) of cohesion
energy (AE;) of groups as energy change between ev-
ery two phases, i.e.,

> AGi~> Ni-AEi#0(i=dycp..) (8
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TABLE IV
Cohesion Energy of Some Typical Groups

Group CE (kJ/mol) Group CE (kJ/mol)
—CH,— 2.84 —COOH 23.4
—0— 4.18 —OH 24.2
—CH;— 7.11 —NHCO— 35.5
—CO— 11.12 —NHCOO— 36.4
—COO— 12.1 —NHCONH— >36.5
—Phenyl 16.3

€1
wz/0 > Fpyr-dl=Y AE =) AG;

~> Ni-AE; #0(i=d,c,p..) (9

Table IV lists the cohesion energy of some typical
groups.”” The relevant data evidently shows that the
cohesion energy of some polar groups containing
oxygen, such as carbonyl, ketone, acid, aldehyde,
hydroxide, etc., is significantly higher than that of
the groups without oxygen. It clearly reveals that all
the instantaneous Gibbs energy values of dehydro-
chlorination and the formation of conjugated seg-
ments and polar groups are not zero, and that the
energy consumption of dehydrochlorination is
remarkably lower than that of the formation of con-
jugated segments and polar groups. Thus, there will
be an energy gap (Eg), whose value is not zero,
between dehydrochlorination and the formation of
conjugated segments and polar groups. In addition,
such an energy gap will directly result in changing
the molecular conformation or forming the inner
stress, or both of them, to obey the total Gibbs
energy law of eq. (1).

Therefore, if we mark the energy consumption of
the change of molecular conformation as E,,, the re-
sidual energy E, can be elicited,

E —E Ly (10)
E;=Y AGi~Y Ni-AE(i=d,cp..)
= NyAEs + NAAE. + NyAE, + ... £0 (1)
En = / S Fpyrodili=dcp..)  (12)
0

E, =Y Ni-AE —/ > Fpyr-dl#0(i=dcp...)
0
(13)

In the case of the UPVC, the polymeric main
chains are not flexible to change their conformations
to counteract the energy originated from the com-
prehensive effect of both the dehydrochlorination
and the formation of conjugated segments and polar
groups, taking account of the relatively high glass
transition temperature of polymeric chains. Conse-
quently, the value of & in eq. (12) is close to zero,
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and the resultant force is remarkably larger than
Zero.

En= /OSl ZFP,V,T dl = Z ZFP,V,T g1 — 0 (14)

ZFP,V,T g = Em/ Z g >0 (15)
Subsequently, to conform to eq. (1),

D AG=> AH-T-) AS—0 (16)

> AG, —E =0 17)

/022 ZPP,V,T dl = ZNi -AE; — /081 ZFP:V;T dl

(18)

(19)

/ ZFP7V7T . dl — O7 (81 — 0)
0

£
/ ZFPVle%ZNlAEl#O,(Z:d,C,p)
0

(20)
& >0 (21)
Therefore, many microvoids are formed (e; > 0)
due to the impulse of large stress (3> _Fp, v, v 5 » 0).
In the case of the PPVC, the polymeric main
chains can flexibly adjust their conformations and
counteract plenty of energy by heat consumption,
due to the fact that T, of PPVC is significantly lower
than the aging temperature, and that the friction of
both the intermolecular and intramolecular chains
directly leads to the energy consumption in the form
of heat. Therefore, at the beginning of the aging pro-
cess, g in eq. (23) is remarkably larger than zero (&
» 0), attributing to the flexibility of PPVC molecular
chains. Subsequently, the inner stress gradually
reduces with aging time, originating from the energy
consumption of segmental motions, and then e,
increases correspondingly. The relevant elicitation is
shown as follows:

g >0
E,= /0 > Fpyr-dl=>> Fpyr-g2>>0 (23)
D AG=) AH-T-» AS—0

> AG, —E =0

/83 > Fpyr-dl=> Ni-AE - / > Fpyr-dl
0 0

(26)

(22)

(24)
(25)

/ > Fpyr-dl > 0(g > 0) (27)
0
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Scheme 1 Schematic formation mechanism of microvoids and microcracks under accelerating aging conditions. [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

/83 > Fpyr-dl=> Ni-AE - / > Fpyr-dl
0 0

<< Ni-AE;  (28)
0< €3 < & (29)

The earlier elicitation semiquantitatively shows
that the length of microvoids of UPVC (e;) is far
larger than that of PPVC (g3) at the same aging time,
which is in good accordance with the experimental
results shown in the SEM section. The relevant
mechanism can be briefly shown in scheme 1.

Journal of Applied Polymer Science DOI 10.1002/app

In addition, microcracks are further formed from
microvoids with persistent artificial aging process,
due to the fact that the residual energy E, in eq. (13)
is still larger than 0.

CONCLUSIONS

The aging process of both the UPVC and PPVC
experiences an initiation of microvoids, and then fol-
lows the increase of both the number and length of
microvoids and the gradual formation of micro-
cracks. FTIR and UV spectroscopy demonstrate that
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the formation of original microvoids has accompa-
nied with the appearance of many polar groups con-
taining oxygen. Average MW and its distribution of
both the PVC samples slightly changes with aging
time. Thermodynamic analysis of the aging process
reveals that the generation and growth of micro-
voids are attributed to the relaxation of residual
energy of system, deriving from the comprehensive
effects of dehydrochlorination, creation of polar
groups, and the adjustment of conformation of mac-
romolecular chains.
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