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Abstract. In this paper, the effect of using pre-consumer PVC scraps on static and long-term mechanical properties is studied. The degradation characteristics of mixing virgin PVC with crushed pre-consumer and PVC pipe scraps are analyzed
using various tools including Gel Permeation Chromatography (GPC), Thermogravimetric Analysis (TGA), X-ray fluorescence (XRF) and Fourier Transform Infrared (FTIR) spectroscopy. The variation of static mechanical properties as a function of adding pre-consumer PVC pipe scraps is investigated using the degradation analyses of recycled PVC scraps. In
addition, fatigue tests are executed to evaluate the long-term durability of blending virgin PVC and recycled PVC scraps,
and the fracture surface is investigated in detail to reveal the variation of the fracture mechanisms.
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1. Introduction

Poly(vinyl chloride) (PVC) is commonly used in
many commercial products such as pipes, window
profiles, rigid sheets, cables, etc. because of its
unique properties. Especially, PVC is commonly used
to make pipes and fittings; up to 40% of polymer
pipe and fitting market is occupied by PVC [1].
PVC pipes are widely used for various industrial
and consumer piping systems such as pressurized
piping systems, portable water transportation systems, and non-pressurized sewer and drainage piping systems.
One of the technical issues with the use of recycled
PVC scraps for producing low cost non-pressurized
sewer and drainage piping systems is that recycled
PVC scraps impact the quality control of such piping systems because the control of recycled PVC
scraps is not managed well. The separation of the
scrap from the contaminants can be another issue

[2]. While the regulation on the use of recycled
PVC scraps is very limited, the details of the variation of long-term as well as static mechanical properties of PVC using recycled PVC scraps have
scarcely been considered. Since PVC piping systems are recognized as low-cost applications, the
variation of some key properties such as mechanical properties, lifetime, etc. has not been properly
evaluated in the field. Moreover, since the piping
system is a rather essential infrastructure and is
intended to last for several decades, the long-term
durability under fatigue and creep loading conditions, in addition to the variation of static mechanical properties, are very important. Especially, fatigue
tests are usually considered as one of efficient
accelerated test, so there have been some efforts of
the application of fatigue characteristics on PVC
pipe designs [3, 4].
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Previous researches on the use of recycled PVC
mainly focused on the blending of virgin and recycled PVC [5–10], the blending of recycled PVC with
different polymers [11–14], and the effect of aging
due to the repeated use of PVC [15]. However, most
researches focused on the variation of static mechanical properties, and investigations on long-term
durability are very scarce. Ma and La Mantia [8]
studied the variation of thermal stability and mechanical properties when using post-consumer PVC beverage bottles and recycled pipe-grade PVC. Arnold
and coworkers [9, 10] compared the mechanical
properties of virgin and post-consumer recycled
PVC. Ajji [13] investigated the variation of mechanical properties of virgin and recycled PVC and polyethylene (PE) based on additives and peroxides.
Yarahmadi et al. [15] studied the variation of physical
properties when repeatedly using extruded PVC,
and observed the long-term degradation behavior
using accelerated thermal ageing tests.
In this paper, the effect of using pre-consumer PVC
scraps (which can be collected during the pipe manufacturing process then mixed with virgin pipe grade
PVC) on static and long-term mechanical properties
is studied. The degradation characteristics by mixing virgin PVC with crushed pre-consumer and PVC
pipe scraps are analyzed using various tools including GPC, TGA, XRF, and FTIR spectroscopy. The
variation of static mechanical properties as a function of adding pre-consumer PVC pipe scraps is
investigated and related to the degradation analyses
of recycled PVC scraps. In addition, fatigue tests are
executed to evaluate the long-term durability of the
blend with virgin PVC and recycled PVC scraps, and
the fracture surface is investigated in detail to reveal
the variation of fracture mechanisms.

2. Materials and experiments
2.1. Virgin PVC and recycled PVC scraps

Virgin PVC used in this study is commercially available pipe-grade PVC for sewage and drainage piping systems, and is a homopolymer with the degree
of polymerization (DP) of 1000 and K-value of 66
from LG Chem (Yeosu, Korea). Recycled PVC
scraps are collected from various pipe extrusion

processes, and are crushed as flakes and used without any additional additives.
Five samples were prepared by blending virgin
PVC with recycled PVC scraps of various weights;
the composition of virgin PVC to recycled PVC
scraps is shown with sample codes in Table 1. V
and R in the sample codes represent the virgin PVC
and the recycled PVC scraps, respectively, and the
number following V and R represents the weight
fraction of each polymer.

2.2. Specimens and experiments
Sample strips of 32 mm width and 3.10~3.24 mm
thickness were extruded using a conical type extruder
(KMD 2-25KK) from Krauss Maffei (Munich, Germany), and test specimens were fabricated by mill
machining the strips. While extruding the strips, the
adapter and die temperatures were 185 and 190°C,
respectively, and the barrel temperature was 180°C/
182°C. The screw and transmitting speeds of the
extruder were 15 and 10 rpm, respectively.
The degree of polymerization of scraps blended
with virgin PVC (V100R0) and recycled PVC
(V0R100) was confirmed by a custom-made GPC
system from Waters GPC systems (Milford, U.S.A.).
The contents of inorganic components and the ash
amount in the strips were examined using XRF and
TGA (Q5000) from TA Instruments (New Castle,
U.S.A.). In addition, the chemical structures of the
strips were confirmed using an FTIR spectrometer
(Equinox 55) from Bruker (Billerica, U.S.A.). Samples for both of GPC and TGA were collected from
the central region of flexural test specimens. Samples for GPC were dissolved by tetrahydrofuran
(THF). TGA was repeated with two samples to confirm the reproducibility of test results.
The mechanical properties of the strips were tested
using tensile and flexural tests based on ASTM
D638 and D790, respectively, and the loading speed
was 10 mm/min. The specimen geometry of tensile
and flexural tests are shown in Figure 1. Izod impact
tests were also executed based on ASTM D258.
Fatigue tests were executed using tensile test specimens (ASTM D638 Type I) as shown in Figure 1a
at room temperature using the Instron 8872 servo-

Table 1. The composition of virgin PVC and recycled PVC scraps with sample codes (V: virgin PVC, R: recycled PVC)
Sample code
Virgin PVC [wt%]
Recycled PVC [wt%]

V100R0
100
0

V75R25
75
25
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V50R50
50
50

V20R80
20
80

V0R100
0
100
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Figure 1. Specimen geometry, a) tensile and fatigue tests
(ASTM D638 Type I), b) flexural tests (ASTM
D790)

hydraulic testing system (Norwood, U.S.A.). Sinusoidal wave was used for the load controlled fatigue
test; the stress ratio (R) and test frequency were
0.01 and 5 Hz, respectively. Five stress levels for
fatigue tests were selected within 25%~65% of the
tensile strength of each strip, and conventional S–N
curves were plotted. It is commonly known that the
variation of fatigue strength of PVC over 2 million
cycles does not affect the fatigue limit [16], so, in
this paper, fatigue tests were performed less than
3 million cycles.
Fractographic analyses were carried out to understand the fracture mechanisms of the failed specimens using an optical microscope AM-413ZT from
AnMo Electronics Corporation and a scanning electron microscope (SEM) S-3500 from Hitachi.

3. Results and discussion
3.1. Characterization of materials
degradation

Virgin PVC and recycled PVC show very similar
molecular weight distributions using GPC as shown
in Figure 2. In Figure 2, GPC results of three refer-

Figure 3. The characteristics of thermal decomposition and
the volatile content are investigated by TGA

ence samples with various degree of polymerization
(DP) are also plotted. The shoulder of virgin and
recycled PVC in Figure 2 shows that the same processing aids are used for both PVCs. No significant
difference in the GPC curves is observed between the
two PVC types, though the molecular weight distribution of recycled PVC (Mn = 73 322 and Mw =
153 538) was slightly shifted to the left hand side
comparing with that of virgin PVC (Mn = 75 677
and Mw = 159 780). It can show that recycled PVC
is somewhat degraded.
The characteristics of thermal decomposition and
the volatile content are investigated by TGA, as
shown in Figure 3. All samples have an initial weight
loss at around 260°C, implying that most HCl components including dehydrochlorination are decomposed at this temperature [17]. As the contents of the
recycled PVC increase, the second and the third
decomposition temperatures slightly shifted to a
higher temperature. In addition, the amount of nonvolatile residues increases with the increasing content of recycled PVC, and the amount of residues of
recycled PVC (10.76 wt%) is more than twice that
of virgin PVC (4.97 wt%). Such a large amount of
non-volatile residues in recycled PVC increases the
inhomogeneity of the blend with recycled PVC. In
Table 2, the composition of inorganic components
Table 2. Typical composition of virgin and recycled PVC
[wt%]
Composition
V100R0
V75R25
V50R50
V20R80
V0R100

Figure 2. Molecular weight distribution of the virgin and
recycled PVC with reference materials using
GPC (DP: degree of polymerization)
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Pb
ND
0.3
0.6
1.0
1.3

Ca
2.5
3.2
4.2
5.5
6.4

Sn
ND
ND
ND
ND
ND

Zn
0.1
0.1
0.1
0.04
ND

Ash
4.97
6.44
7.55
9.75
10.76
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of virgin PVC and recycled PVC using XRF is
shown. It is observed that, as the contents of recycled PVC increase, the amount of lead (Pb), which
is the thermal stabilizer for recycling PVC, increases.
In addition, the amount of ash and fillers such as
CaCO3 also increases by increasing the amount of
recycled PVC.
The variation of chemical structures by adding recycled PVC is investigated using FTIR spectroscopy.
It is observed that the peak around 900 cm–1 increases
as the recycled PVC increases, which may indicate
the formation of cis-olefins or aromatic-olefins [18–
20]. Two explanations for this are possible: (1) the
ineffective or improper thermal stabilization of recycled PVC may lead the localized crosslinking of
olefin structures after removing HCl and (2) the for-

mation of polyene structures containing doublebonds before crosslinking by the reaction of sufficient thermal stabilizers. However, as shown in Figure 2, significant crosslinking is not clearly observed,
so the latter might be a more reasonable explanation, especially if the proper amount of lead stabilizers is added to the recycled PVC.

3.2. Static mechanical properties
The tensile strength, elastic modulus, and strain at
break of V100R0 were measured at 45 MPa,
2.29 GPa, and 120%, respectively, and the Izod
impact strength was measured as 7.3 kJ/m2. The variations of static mechanical properties of the strips
are summarized in Table 3 and Figure 4.

Table 3. Experimental results of the mechanical properties
Sample
V100R0
V75R25
V50R50
V20R80
V0R100

Strength
[MPa]
44.7±1.26
43.6±0.95
40.8±0.66
41.8±0.61
42.5±0.69

Tensile
Modulus
[MPa]
2293±47
2276±50
2313±88
2372±96
2502±150

Elongation
[%]
128±16
64±4
22±6
15±7
30±10

Strength
[MPa]
78.5±0.42
78.0±0.64
76.2±1.50
77.9±0.71
79.0±1.13

Flexural

Modulus
[MPa]
2307±50
2458±52
2477±24
2654±50
2736±55

Izod impact
Strength
[kJ/m2]
7.3±0.21
6.4±0.66
5.5±0.46
5.0±0.59
5.1±0.25

Figure 4. Variation of mechanical properties with different contents of recycled PVC; (a) modulus, (b) strength, (c) tensile
properties, (d) tensile elongation and Izod impact strength
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Tensile and flexural moduli increase as the content
of recycled PVC scraps increases, as shown in Figure 4a, and both moduli of recycled PVC, i.e.
V0R100, are recorded as higher than that of virgin
PVC, i.e. V100R0, which may be caused by the
embrittlement of recycled PVC due to degradation.
Interestingly, both moduli increase rapidly after
blending an amount of recycled PVC of 50% or
greater. The relationship between contents of recycled
PVC and tensile/flexural strengths is shown in Figure 4b. Unlike tensile and flexural moduli, tensile
and flexural strengths decrease up to the V50R50
sample and thereafter increase by adding recycled
PVC. The tensile and flexural strengths of recycled
PVC are equal or slightly lower than those of virgin
PVC. Such behavior might be explained by two
opposite phenomena: (1) stiffening of the blend by
adding recycled PVC and (2) inhomogeneity of the
blend due to the formation of residues by adding
uncontrolled recycled PVC (see Figure 3). The
incompatibility of virgin PVC and recycled PVC
could also be a possible root cause [5, 21]. The
incompatibility and antagonistic effects can arise
not only from blending polymers with different structures, but also form blending polymers with very
similar structures. This can occur when blends are

prepared from the sample polymer, i.e. virgin and
recycled [21]. In the case of V50R50, as shown in
Figure 4c, the stiffening effect is not significant, but
the incompatibility of virgin and recycled PVC leads
the low strength of the blend. It is also observed that
recycled PVC has low strain at yield as well as low
yield strength; this can be explained by the formation of residues, which are the source of the early
failure. As shown in Figure 4d, both the tensile elongation and the Izod impact strength decrease rapidly as the contents of the recycled PVC increase.
Under tensile loading conditions, virgin PVC shows
ductile failure, but samples that contain more than
50% recycled PCV show quasi-brittle failure. The
same transition of failure mechanism is observed
for Izod impact strength. Therefore, it can be understood that the blends containing more than 50% recycled PVC may very likely exhibit brittle mechanical
behavior.
As shown in Figure 5, fractographic analysis of the
fracture surface of samples under tensile loading
conditions is executed to understand the change of
fracture mechanisms. The fracture surface of virgin
PVC shows ductile failure; however, as the contents
of recycled PVC increase, many residues are
observed on the fracture surface. These residues are

Figure 5. Fracture surface of samples under tensile loading condition; (a) whole surfaces of all samples, (b) V75R25,
(c) V50R50, (d) V20R80
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non-volatile, as analyzed by TGA, and they could be
the source of the decreasing ductility of the blends
with recycled PVC. Quasi-brittle behaviors observed
from samples with 50% or more recycled PVC are
mainly caused by local failures, i.e. multi-scale cracking, due to widely distributed residues as well as
significant reduction of ductility of recycled PVC.
The incompatibility of residues and inclusions with
the matrix can be observed by the formation of
craters on the fracture surface as shown in Figure 5.
These craters could initiate local failures, and even-

tually affect the toughness of the blend. The elements of residues are characterized by energy-dispersive X-ray spectroscopy (EDS), and it is observed
that all of residues contain SiO2 and CaCO3 as shown
in Figure 6a. As shown in Figure 6b, the recycled
PVC has a trace of CaCO3 which is thermal stabilizer. However, virgin PVC does not show the trace
of such thermal stabilizer as shown in Figure 6c.
SiO2 may not be expected from multiple extrusion
processes, so it may enter the recycled PVC during
handling them.

3.3. Fatigue characteristics
Fatigue test results can be summarized using conventional S–N curves which can be expressed by a
power law equation (Equation (1)):
Smax = Sf · (N)b

(1)

where Smax is the maximum stress and N is the number of cycles to failure. The fatigue fitting parameters in Equation (1) are the fatigue strength coefficient, Sf, and the fatigue strength exponent, b.
The fatigue test results for three samples, i.e.
V100R0, V50R50, and V0R100, with actual test
data are shown in Figure 7. Virgin PVC, V100R0,
shows the best fatigue characteristics, while the
worst fatigue characteristics are observed in the
case of V50R50. Interestingly, the fatigue characteristics of V0R100 were recovered and were in
between those of V100R0 and V50R50. It may also
be related with complicated mechanisms such as
the embrittlemet and inhomogeneity of recycled
PVC, possible incompatibility of virgin and recycled PVC and so on.

Figure 6. EDS spectrum of residue found from the fracture
surface by comparing EDS spectra of V0R100
and V100R0 sample; (a) residue, (b) recycled
PVC, (c) virgin PVC

Figure 7. Fatigue tests results for selected samples
(V100R0, V50R50 and V0R100) with actual test
data
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Figure 8. The schematics of S–N diagram for all samples
are drawn, and measured fatigue fitting parameters are summarized in Table 4

Figure 8 shows the schematics of an S–N diagram for
all test samples, and measured fatigue fitting parameters are summarized in Table 4. Both the fatigue
strength coefficient and fatigue strength exponent
decrease with up to 50% of recycled PVC content,
and they increase when blending additional recycled PVC. The fatigue limit of V100R0 is measured
as 11.5 MPa, but that of the blends is not easily
defined due to the inhomogeneity of the blends,
which causes possible long-life failures.
Table 4. Fatigue parameters of Smax–N curves for various
samples with different contents of recycled PVC
(valid range: 1·104 ! N ! 1·106, Sf: fatigue strength
coefficient, b: fatigue strength exponent)
Sample V100R0 V75R25 V50R50 V20R80 V0R100
244.56
180.70
141.96
154.79
165.47
Sf
–0.22096 –0.20142 –0.19194 –0.19390 –0.19672
b

The variation of the fatigue strength of blends as a
function of the content of recycled PVC for three
fatigue cycles to failure is shown in Figure 9a. In
general, the fatigue strength decreases when adding
recycled PVC up to 50%, but the fatigue strength
increases again when adding additional recycled
PVC. The maximum fatigue strength for all fatigue
cycles to failure is observed for V100R0 and interestingly, the fatigue strength of V0R100 is better than
some blend samples, e.g. V50R50 and V20R80. The
variation of fatigue strength is significant at shorter
fatigue cycles to failure, but it is less significant as
the fatigue cycles to failure increase. However,
unlike virgin PVC, blends with recycled PVC do not
show a clear fatigue limit due to residues and inclusions; it can thus be expected that blends with recycled PVC may fail even at very-long fatigue cycles
unless such residues and inclusions are well controlled. Similar fatigue characteristics can be
observed in Figure 9b. Figure 9b shows a comparison of the fatigue cycles to failure for various stress
levels (Smax 12~25 MPa). It is observed that the
fatigue lifetime to failure of V0R100 is about
49~74% of that of V100R0, and the fatigue lifetime
to failure of V50R50 is only 28~47% of that of
V100R0. Moreover, the initial drop of fatigue characteristics by adding recycled PVC is significant; it
is thus observed that the fatigue lifetime to failure
of V75R25 is already 61~84% of that of V100R0.
Therefore, it can be thought that, even with a small
amount of recycled PVC, the blend may affect the
fatigue characteristics.
According to fatigue test results, it can be understood that several factors such as the incompatibil-

Figure 9. Variation of fatigue properties with different contents of recycled PVC; (a) fatigue strength at the each N, (b) N at
the each fatigue strength

368

Lee et al. – eXPRESS Polymer Letters Vol.9, No.4 (2015) 362–371

Figure 10. Optical and scanning electron microscopes of fatigue fractured surface; (a) V100R0, (b) V75R25, (c) V0R100

ity of virgin and recycled PVC, the formation of
non-volatile residues, the stiffening effect of recycled PVC etc., together affect the fatigue characteristics. For example, V50R50 shows the worst fatigue
characteristics among test samples due to the noticeable amount of residues with relatively low stiffening effect of recycled PVC. It is also interesting to
note that the rank of the fatigue strength is similar
to that of the tensile strength.
In Figure 10, the facture surfaces after fatigue tests
are observed by optical and scanning electron microscopes. In the case of V100R0, for most specimens,
a crack initiated from the edge of the specimen and
grew into the specimen, which is a typical type of
crack growth. Striations are not observed, but some
traces of remnants of fibrillar deformation of the
matrix material are observed. However, after the
recycled PVC was added, macroscopic residues were
observed at the crack initiation site (e.g. V75R25
and V0R100 shown in Figure 10). As the contents of
recycled PVC increases, such macroscopic residues
are more frequently observed. Approximately 60%
of V75R25 and V50R50 specimens failed with such
residues, and, in the cases of the V20R80 and V0R100
specimens, almost 90% of specimens failed with the
residue. In addition, unlike V100R0, as the contents
of recycled PVC increase, the fracture surface
became brittle, so it is difficult to observe well-developed fibrillar deformation of the matrix material.
Also, it is confirmed that all residues found at the
fatigue crack initiation position have same elements
discussed in Figure 6 by EDS analysis.
As described above, a blend of virgin PVC and recycled PVC may cause the loss of both static and longterm mechanical properties, although indication of
chemical degradation is limited. Therefore, it should

be noted that, considering the many factors, caution
needs to be taken in the recycling of PVC , i.e. the
incompatibility of virgin and recycled PVC, the formation of non-volatile residues, the stiffening effect
of recycled PVC etc., especially for structural applications such as pipes.

4. Conclusions

In this study, the effect of using pre-consumer PVC
scraps (which can be collected during pipe manufacturing process), as an alternative to post-consumer
recycling, mixed with virgin pipe grade PVC on
static and long-term mechanical properties is studied.
Samples were prepared by blending virgin PVC with
various contents of recycled PVC. The degradation
characteristics were analyzed using various characterization tools. In addition, the fracture surfaces of
test samples were carefully observed to understand
the variation of fracture mechanisms of the samples.
No significant difference of molecular weight distribution was observed between the virgin PVC and
recycled PVC. However, it is observed that the
amount of non-volatile residues increases as the content of recycled PVC increases; also, the amount of
residues of recycled PVC (10.76 wt%) is more than
twice that of virgin PVC (4.97 wt%). Such a large
amount of non-volatile residues in recycled PVC
increases the inhomogeneity of the blend with recycled PVC. It is observed that, as the contents of recycled PVC increase, the amount of lead (Pb), which is
the thermal stabilizer for recycling PVC, increases.
In addition, the amount of ash and fillers such as
CaCO3 also increases by increasing the amount of
recycled PVC. As the content of recycled PVC
increases, the elastic modulus increases gradually, but
the yield strength decreases up to 50% of the recy369
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cled PVC and is recovered. The elongation to break
and the impact strength rapidly decrease for 50% or
more of recycled PVC; it can thus be observed that a
high content of recycled PVC affects the toughness
of the blend. The elements of residues observed from
the fracture surface are characterized by energy-dispersive X-ray spectroscopy (EDS), and it is confirmed that all of residues contain SiO2 and CaCO3.
The fatigue limit of V100R0 is measured as
11.5 MPa, but that of the blends is not easily defined
experimentally. Unlike virgin PVC, the blends with
recycled PVC do not show a clear fatigue limit due
to the residues and inclusions; it can thus be expected
that blends with recycled PVC may fail even at the
very long fatigue cycles, unless such residues and
inclusions are well controlled. The lowest fatigue
strength is observed for the blend with 50% of recycled PVC. According to the fatigue test results, it
can be understood that several factors such as the
incompatibility of virgin and recycled PVC, the formation of non-volatile residues, the stiffening effect
of recycled PVC etc., together affect the fatigue
characteristics. In the case of V100R0, for most specimens a crack initiated from the edge of the specimen and grew into the specimen, which is a typical
type of crack growth. However, once recycled PVC
was added, macroscopic residues were observed at
the crack initiation site, possibly causing the reduction of fatigue strength. In addition, unlike V100R0,
it is observed that, as the contents of recycled PVC
increase, the fracture surface becomes brittle; it is
therefore difficult to observe any well-developed
fibrillar deformation of the matrix material.
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