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The quality of the manufactured poly(vinyl chloride) (PVC) products depends on the type and amount of modifier
or additive used in the formulation. Determina-tion of this quality was performed according to the standard tests.
In this study swelling test and degree of gelation, were used along with the two comparative methods including Dif-
ferential Scanning Calorimetry (DSC) and tensile tests. For this purpose, the PVC samples stabilized with the three
type’s commercial stabi-lizers, including commercial lead-based, Ca/Zn and Organic Based Stabilizers (OBS) con-
ducted with melt mix method in the laboratory internal mixer. In terms of thermal properties by the relation between
the measured enthalpy of fusion of two crystallites phases, with chemical swelling results proved the qualitative
re-sults of the dichloromethane resistance test (DCMT). Glass transition temperature of the modified PVC with all
examined heat stabilizers were determined equal to 79°C for PVC stabilized with Ca/Zn compared with the value of
about 77°C in lead stabilized PVC and 76°C in OBS stabilized PVC. The onset temperature corresponded to melt-
ing point of primary crystallites represented in highest value, around 195.1°C for PVC - Ca/Zn sample. Quantified
degree of gelation meas-ured with enthalpy ratio of two crystalline phases showed good agreement with the

results of the chemical swelling test. From mechanical analysis, tensile strength at room temperature of PVC stabi-
lized with Ca/Zn stabilizer showed the highest value among the other— stabilizers. From all the results, it is evident
that Ca/Zn showed high potential use as a safe and effective heat stabilizer for PVC to sub-stitute traditional lead
compounds. This is an open access article which permits unrestricted reuse of the work in any medium, provided

the original work is properly cited. [DOI: 10.22034/ASAS.2022.163112] All rights reserved.
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Introduction

Un-plasticized form of Poly(vinyl chloride) (UPVC) is
widely used in many products such as, pipes, profile,
insulator, adhesives, toys and other applications[1].
This is known, in high temperature, PVC to degrade
by release the HCI, and this evidence could be accel-
erates the thermal degradation process and the PVC
sample color changed to yellow, orange, red, brown,
and black[2]. This thermal degradation of PVC sam-
ples could be affected mechanically, thermal as well as
physical properties of this polymer[2, 3].

In the manufactures, PVC resin could be mixed with
additives such as plas-ticizers in order to produce flex-
ible PVC products. On the other hand PVC resin could
be mixed with additives such as thermal stabilizers and
processed in high temperature up to 200°C using ex-
truder to form different products like pipes or window
frames [4, 5].

Lead based stabilizers are used to improve the process
thermal degradation in many manufacture, but this
compound are limited as stabilizers used in PVC for
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their toxicity[6]. Alternative heat stabilizer include cal-
cium/zinc based products that are typical nontoxic heat
stabilizers, another safe heat stabilizer that used in re-
cent years, named organic based stabilizers (OBS) that
provide safe and good stabilization for UPVC products,
such as uracil derivatives, eugenol [7-9].

In all PVC applications, the quality of the PVC pro-
duction process deter-mines according to the degree
of gel or its melting behavior, which directly af-fected
on the final quality of the manufactured parts. In ad-
dition, during the forming process (such as injection,
pipe extrusion, film extrusion, etc.), the tem-perature
of the forming operation is the most effective parameter
determining the degree of gelation of PVC[10]. For ex-
ample, if the temperature of the forming process is low,
the rate of gelatin of PVC will be low, and also if this
temperature is high, it can lead to the destruction of the
PVC structure and reduce its physical and mechanical
properties[11, 12].

In hence, some properties such as mechanical behavior
of PVC products are affected by the processing tem-
perature and the degree of swelling or gelation. This
factor is defined as the ratio of the amount of small
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new-formed second-ary crystallites by melting point
below the processing temperature[13].

The above-mentioned solutions require the use of toxic
solvents, but the safety regulation restricted the some
uses of this substance (such as REACH), re-lated stan-
dards and test methods led to the proposed of alterna-
tive tests to meas-ure the degree of gelation of PVC
pipes [14, 15].

Due to the high importance of the degree of gelation
in determining the properties of PVC-based product,
some alternative quantitative methods have been de-
veloped for the calculation of this parameter[16].

The Differential Scanning Calorimetry (DSC) device,
is provided quantita-tive method for calculating the de-
gree of PVC gelation. In fact, the DSC can de-tect the
amount of crystals from the melting process, as well as
the part of the structure that is not melted or gelled in
the production process[17-19].

The latest versions of national (INSO 13361-2-A1) and
international stand-ards (ISO 1452-2) for PVC pipe
systems, contain the dichloromethane resistance test
(DCMT) recommended two alternative tests for deter-
mining the degree of gelation[20, 21]. These two tests
can be adopted in compliance with the INSO 13361-
2-Al, including the tensile test [22,23], and the other
alternative method proposed by ISO standards related
to PVC products, is based on the ISO 1452-2 [20], for
determination of ‘onset temperature’ in PVC pipes ac-
cording to ISO 18373-1 by DSC[21].

The main objective of this research the degree of gela-
tion of PVC samples based on traditional lead stabilizer
was investigated and compared by these al-ternative dif-
ferent standard methods and compared with safe com-
mercial heat stabilizers i.e. Ca/Zn stabilizer and com-
mercial organic based stabilizer in me-chanical and
thermal analysis.

Materials and Methods

In this study, PVC resin was purchased from Persian
Gulf Petrochemical in-dustries Co, Iran., the additives
used in PVC compound are calcium carbonate as filler
and calcium zinc (Ca/Zn) stabilizer as heat stabiliz-
ers supplied by polymer pajouhan danesh madar Co.
All chemical solvent such as dichloromethane (DCM)
and other used chemicals were purchased from Merck
Chemical Co.

All PVC samples were prepared from PVC resin, cal-
cium carbonate (10 mass%) and heat stabilizers (3
mass%) including commercial lead stabilizer (P-lead),
Ca/Zn stabilizer (P-cazn) and OBS stabilizer (P-obs),
were mixed to-gether up to 105°C using laboratory-
scale equipment (internal mixer plastogragh 70) with
rotation speed of 50 rpm for 8 min[24]. The mixed
samples obtained were moulded into sheets by labora-
tory hydraulic hot press machine (CEAST It-aly) at 150
°C and a pressure of 10 MPa for 6 min[24]. The PVC
formulation used in this study was detailed in Table 1.

Test specimens cutted from samples were kept for 16h
at a temperature of (23 £ 2) °C and a relative humidity
of (50 £ 5) %.

All prepared PVC samples were characterized by sol-
vent resistance tests, DSC and tensile tests for com-
parison of this methods and effect of different type of
commercial heat stabilizers in the formulation of these
products[21, 22].

The DCMT is performed in compliance with the modi-
fied method of standard ISO 9852[25]. Test specimen
with (20mm*x6mmx100mm) dimension was cutted
from molded samples for this test. To avoid dissolu-
tion problems affecting sample dimension and weigh-
ing compared to the standard size, the immersion time
was reduced to 3 h. The specimens were previously
immersed in a container equipped with an ice cooling
system in the exhaust hood. The examined samples
are evaluated for evidence of any chemically attacked
and, subsequently, used for comparison with the results
obtained from other alternative methods (tensile and
DSO).

Thermal properties were determined by differential
scanning calorimetry using a DSC (Cometech DSC-
500B, Taiwan). Samples of about 14 mg were condi-
tioned in aluminum pans and heated at 20 °C/min under
an inert atmosphere of N2. An empty pan was used as
reference during the determination. Then, sample were
heated to 250°C at 20°C/min and held isothermally for
3 min at 200°C to eliminate previous thermal history
accordance with EN ISO 1452-2 and ISO 18373-1 [20,
21]. Four specimens of each sample are tested accor-
dance with ISO 18373-1.

Tensile data including tensile strength, modulus of elas-
ticity and elongation at break for the PVC Samples
were obtained at 23+2 °C using a gotech universal ten-

Table 1- The composition of the samples (given in mass%)

sample PVCresin  CaCO, Lead stabilizer Ca/Zn stabilizer OBS stabilizer
P-neat 100 0 0 0 0
P-lead 87 10 3 0 0
P-cazn 87 10 0 3 0
P-obs 87 10 0 0 3
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sile testing machine. Experiments were conducted on
at least three specimens in each formulation, at a cross-
head rate of 50 mm min-1.

Tensile testing were measured based on ISO 6259-1,2
standard test method[22,23]. The tensile force was ap-
plied to the samples were loaded in the grips of the test-
ing machine, Young’s modulus and its displacement
were monitored and plotted on a stress-strain curve
until failure.

Results and Discussion

Dichloromethane swelling test (DCMT)

During the production process of a piece of PVC, when
the material is heated, the smallest grains are first melt-
ed. During the melting process, these molten grains be-
come to form a semi-gel-gel state known as sintering or
gelation[19]. The high rate of gelling or curing during
the production process of PVC parts indicates the uni-
formity and cohesion of the composition and increases
the physical, mechanical and chemical properties of the
part [26].

In fact, poor quality PVC part, has not been properly
mixed or homogenized, the non-gelled section of PVC
chains were separated from the surface part and evi-
dence of these defect appears in the form of swelling
and softening of the surface layer (scheme 1).
However, for a selected dimension, solvent absorption
and edge deformation are observed in all test specimen,
but the changing in weight of the sample com-pare with
neat PVC and also evidence of any chemically swell-
ing on the surface of test specimen were considered for
fail/pass of result record and presented in Table 2.

The DCMT results showed that lead stabilizer in PVC
matrix had no enough interaction with the PVC chains
in the preparation method and process temperature

Table 2 -The result of DCMT

sample Weight change (mass %) DCMT result
P-cazn 8 pass
P-lead 15 failed
P-obs 10 pass

= pVC chain

A

_ stabilizer
“ Grain gel
» Sobvent

[ PuEstabilizer chains with partially grain gel |

DCMT

against two other stabilizers and maybe some of the in-
termolecular interaction collapse in moulding process.

Although solvent immersion tests give us information
about the proper curing and gelation of a PVC product,
but this test do not give us accurate information about
the PVC process history and only indicate whether the
curing is acceptable or rejected.

As mentioned, the amount of gelling depends on the
temperature of the proess, and the higher the tempera-
ture, the higher the amount of gelling. The infor-mation
about this event is estimated by the DSC device.

With the help of DSC analysis, a quantitative method
was provided for cal-culation of degree of gelation in
PVC. In fact, the DSC can detect the amount of crystals
from the melting process, as well as the section of the
structure that is not melted or gelled in the production
process[27].

3.2 DSC characterization

DSC test was performed in order to determine the glass
transition tempera-ture (Tg), the melting of primary
crystallites in high temperature (TonsetB), first peak
corresponding to the melting of secondary crystallites
in lower temperature (TonsetA) and the enthalpies of
these two peaks as a quantitative PVC gelation level
measurement (see Eq. 1): are summarized in Table3.

AH 4
AHg+AH 4

degree of glation =

According to the standards, the degree of gelation of
samples can be evalu-ated by the relevancy among the
enthalpy of fusion of primary and secondary crystal-
lites, which are determined from DSC curves[17, 21].
Two types of crystallites have been described for PVC:
primary crystallites resulting from the polymerization
and secondary crystallites formed upon pro-cessing [2,
26] and decrease of crystallinity was observed by the
enhancement of the gelation level (when primary crys-
tallites are replaced by secondary ones) [26]
Considering the DSC patterns the integration limits of
the two endotherms are well defined, enthalpy values
can be determined (see Figure 1) and a gelation level
can be calculated.

Separation of non-gelled PVC chains by solvent penetration

j PV /stabllizer chalns after swelling test |

Scheme 1- DCMT analysis in PVC part
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Table 3- thermal and degree of gelation result of sample

sample Tg TonsetA TonsetB  AH, (J/g) AH, (J/g) Degree of gelation

P-lead 77 110.8 188.0 9.83 2.16 82

P-cazn 79 109.3 195.1 11.70 1.97 86

P-obs 76 105.9 191.6 12.35 2.05 86
The glass transition of samples showed a value of about - =
76°C, 79°C, and 77°C corresponding to P-obs, P-cazn - — Poobs
and P-lead, respectively. This temperature followed -t

immediately by a small relaxation phenomenon.

The incorporation of the lead stabilizer into the PVC
chain resulted lower (Tg) of 77°C as compared with
other stabilizers. A slight increase of Tg for P-cazn was
observed, indicating an enhanced immobilization of
chains due to the stronger interaction of this additive
to the PVC chains. The Tg is principally con-trolled
by the structure and interaction of the stabilizer in the
polymer matrix. An enhancement in the Tg of the P-
cazn sample can be attributed to the good disper-sion of
Ca/Zn particles in PVC. The decreased value of Tg in
P-lead (Table 3) could be explained by a destruction in
the number of intermolecular interaction between the
lead stabilizer and PVC chains.

In P-lead sample a broad endotherm peak zone “A”
related to the melting of partly gelled PVC and also
corresponded to the melting of secondary crystallites.
This peak starts at approximately in 110.8°C (Tonse-
tA). An onset temperature at about 188.0 °C which is
proposed to be the processing temperature (TonsetB),
indi-cates the PVC melting temperature. A broad endo-
therm (zone B) which is pro-posed to be the melting of
the previously non-gelled part of the PVC related to the
primary crystallites resulting from the polymerization.
According to the calculated degree of gelation in Table
3, this percentage value for P-lead sample showed a
decreased equal to 82% against the 86% for P-cazn
and P-obs, which matched to the DCMT results and
showed that the purchased dimension of these samples
may have a negative influence on the swelling effect,
probably due to the introduction of defects by cutting
stage, which is not visible to the naked eye, and also
some interaction of this stabilizer was collapsed in the
preparation process.

From the data shown in Figure 1, it can be seen that the
results of the onset temperature obtained in the DSC
method as well as the DCMT results for com-parison
purposes.

Mechanical properties.

Stabilizers are often added to a PVC formulation to im-
prove the thermal properties during the manufacturing,
improve the physical and mechanical properties of the
final product.
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Then, the tensile test is the other commonly used meth-
od to characterize the efficiency of the processabillity
and preparation method of different formulation sam-
ples by using different stabilizer types.

Tensile tests to be conducted to identify the mechani-
cal properties for compared with thermal and swelling
properties for all samples.

Tensile tests of P-obs, P-cazn, and P-lead including
the tensile strength (Ts), Young’s modulus (YM) and
elongation at break (EB), were measured (Figure2) for
the study of the influence of different additive on the
mechanical properties and the data are listed in Table 4.
As it can be seen from Figure.2 and Table 4, the tensile
properties of stabi-lized PVC were influenced by the
type of stabilizer used. The tensile strength of P-cazn,
P-lead, and P-obs, were about 20.71, 17.58, and 15.86
MPa, respectively, which means that by addition of Ca/
Zn stabilizer samples shown increased value about 15
% against the sample strength with OBS stabilizer and
about 23% against the sample strength contained lead
stabilizer.

According to the additive definitions, the elongation
should increase with the incorporation of, additive
corresponding to the flexibility degree of com-pound
structure which is observed with all the modified sam-
ples, that represented in Figure.2 and Table 4 Among
the sample tested, P-obs shows the maximum changed
where the percent elongation (83%).

The Young’s modulus showed the elastic deformation
of the sample. Highest values of Young’s modulus cor-
responded to the stiffer sample. As shown in Fig-ure.2
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Figure 2- Tensile strain-stress curves for P-lead, P-obs and

P-cazn samples

and Table 4, Young’s modulus decreased with the addi-
tion of the two type agents, from 439, 299 and 212 MPa
for P-cazn, P-lead, and P-obs, respectively. Among the
additives tested ca/zn is the most effective stabilizer for
PVC matrix.

The results of experimental studies show that me-
chanical properties such as tensile strength and strain
percentage of PVC depend on the amount of degree
of gelation. Determining the amount of gel and its re-
lationship to the final mechani-cal properties can be a
powerful tool to evaluate the quality of PVC and ana-
lyze its failure, and the lower the amount of gel, the
more damage and cracking of the sample.
Comparative assessment.

In order to evaluate the effectiveness of this research in
comparing this al-ternative method including a chemi-
cal swelling method based on weight change mass%,
DSC test results based on TonsetB and degree of gela-
tion result and finally with mechanical results based on
tensile strength, represented in Figure 3.

As can be seen from Figure 3 and determined in the
Table 2-4, a one-to-one agreement is between three
methods. Then these methods could be create results
with comparable accuracy instead of each other.

As Figure 3 shows, the degree of gelation results ob-
tained by the enthalpies of both the lower and upper en-
dothermic area in DSC curve, AH, and AH,, in agree-
ment with the chemical swelling results.

And also DSC is the method indicated the good poten-
tial to estimate the percent gelation of the PVC samples,
hence showed good agreement with the DCMT test.

Conclusions

In this study, three common commercial heat stabilizer
was introduced in the PVC matrix via the melt mixing
method and then conducted to three alternative stan-
dard method for assessment of sampling procedures,
homogeneity corre-sponded to mixing of stabilizers
and PVC and also effect of all these factor on the prop-
erties of the PVC products. The type of stabilizer in the
PVC system and interaction quality that formed in the
melt mixing method was analyzed by DCMT, DSC, and
tensile studies. The DCMT results showed that lead sta-
bilizer in PVC matrix had not enough interaction with
the PVC chains in the preparation process temperature
against two other stabilizers and maybe some of the in-
termo-lecular interaction collapse in moulding process.
The Tg and Tonset and also comparative degree of ge-
lation value for pvc modi-fied with ca/zn stabilizer, that
obtained from DSC analysis were improved as com-
pared with the P-lead and P-obs samples, that showed a
good agreement with the DCMT analysis. In tis regard
the increase in distance between the PVC chains due to
reduce intermolecular intractions between lead stabi-
lizer and PVC chains, maybe cause a relative decrease
in Tg temperature in the crystalline growth in P-lead
sample in DSC test, like solvent test method.

In mechanical properties studies, tensile strength,
Young’s modulus, and elongation at break of the P-
lead, P-cazn and P-obs have been increased due to the
additive interaction with the PVC matrix corresponded
to processing temper-ature and preparation method in
agree with DSC and DCMT analysis. From all the re-
sults, it is evident that Ca/Zn showed high potential use

comparative assesment
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Figure 3- Comparative plot of three standard method

Table 4- The tensile properties of the samples

sample Tensile strength(MPa) Elongation at break (%) Young's modulus(MPa)
P-lead 20.71 69 439

P-cazn 15.86 75 299

P-obs 17.58 83 212
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as a safe and effec-tive heat stabilizer for PVC to sub-
stitute traditional lead compounds.
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