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The living conditions force man to use synthetic polymers, called plastics. Their resistance to
decomposition by humidity generates their accumulation in sanitary landfills. The polyvinyl
chloride (PVC) has remarkable physical-mechanical characteristics and low cost, therefore, it is
used to manufacture pipes and containers for medical supplies, toiletries and cosmetics. Thermal
characterization of post-consumer flexible PVC from mechanically recycled talcum containers
is analyzed to manufacture valve caps for automotive tires. Thermal tests are performed in the
INNER laboratory according to ASTM 1131, D2240, E1269-11, D1525, D3418, D79208 stand-
ards by infrared spectroscopy to identify the material and its percentage in the composition, dif-
ferential scanning calorimetry to determine thermal degradation, glass transition temperature and
its mechanical properties are based on the ASTM D38-02 standard. Results that will be used for
the elaboration of a valve cap prototype by gravity casting of PVC in a polyester resin mold.

Keywords: polymer, characterization, spectroscopy, infrared, differential calorimetry.

1. Introduction

The development of the automotive field at present has a great growth. While it is
true that steel, aluminum and other metals are still used in structural parts and compo-
nents of a car, needs of users and the development process of the automotive industry
have stimulated the progressive use of other materials in the construction of cars, among
which the use of plastic materials stands out [1]. Where all automotive elements are in
high demand, the research project refers to the study of an alternative material for the
manufacture of automotive caps. Among the most commonly used plastic materials in
the automotive industry are thermoplastics, thermosets and elastomers [2]. Thermo-
plastics include PVC, which is generally produced in pipes, cosmetology containers
and talcum powder containers. Polyvinyl chloride (PVC) is one of the most widely used
materials due to its chemical and mechanical resistance properties [3]. PVC has become
widespread in soft drink and water containers, in the manufacture of components for
the automotive industry, housing, clothing and all types of consumer goods [4]. Plastic
recycling is an alternative and an area of opportunity to solve raw material savings and
reduce pollution. Plastic is a recyclable element that can be applied in the automotive
field, especially in vehicle components [5]. PVC has several important aspects such as
finish, product durability, high strength, and useful life [6]. It is marketed in a rigid
form, but its loss of rigidity can be generated by increasing the temperature between



104 °C and 205 °C, which is an advantage for maneuverability in all activities by ap-
plying the physical, thermal and mechanical properties [7]. This research consists of
thermal characterization of post-consumer flexible PVVC samples subjected to mechan-
ical recycling, since this material is found in talcum powder containers and shampoo
containers, which are not subjected to recycling or to any process of recovery of this
material, and even in recycling plants it has a very large place. PVC is an open-formula
material because it accepts various additives or plasticizing liquids [8]. It can be stated
that the recycled material has good mechanical and thermal resistance, i.e., it can be
applied to the automotive field with confidence and safety.

2. Materials and Methods

2.1 Material

The characterization of the mechanical and thermal properties of post-consumer
flexible PVC from containers that contained personal hygiene products will be
subjected to a mechanical recycling process. PVC can be recycled in the following
ways: (a) mechanical recycling, (b) chemical recycling, (c) energy recycling and (d)
solvent recycling [9]. For the elaboration of thermal-mechanical tests, the analysis and
tests are carried out by means of experimental measurements, analysis and testing in
accordance with American Society of Testing Materials (ASTM) standards.

3. Methods

3.1 Physical identification methods:

Density. It begins by weighing the PVC sample, in this case 1.386 g, then it is intro-
duced into the tank containing distilled water, the ambient temperature is 20.8 °C ac-
cording to ASTM D792 08. Table 1 shows that it is within the range of the PVC com-
pared in the laboratory.

Figure 1. INNER Density Meter

Physical identification of PVC containers: “SPI (Society of the Plastics Industry) code,
which was proposed in 1981 in the United States and today is an ASTM (American
Society of Testing Materials) standard, is used to identify the composition of packaging
worldwide” [10]. Code 3 shown in Figure 2 states that it is PVC.
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Figure 2. Side and bottom of a PVVC container, Blenastor C.A.

The Beilstein test is a simple method to determine the presence of a halogen (chlorine,
fluorine, bromine and iodine). A green flame, as shown in Figure 3, demonstrates the
presence of halogen, i.e., it is Polyvinyl Chloride.

Figure 3. Colored flame produced by PVC in an alcohol flame.

Table 1. Specific gravity of polymers [11].

Polymer Specific gravity
[g/cm’]

Polypropylene PP 0.90-0.91

High Density Polyeth- 0.95-0.97
ylene HDPE

Low Density Polyeth- 0.92-0.94
ylene LDPE

Polystyrene PS 1.05-1.07

Polyethylene tereph- 1.38-1.39
thalate PET

Polyvinyl chloride PVC 1.16—1.35 ¢=

3.2 Spectroscopic methods. According to ASTM standard

Spectroscopic methods have brilliantly simplified this work. A structure can be deter-
mined in a few hours [12]. These methods are based on the fact that organic molecules
absorb electromagnetic radiation of different wavelengths by the vibrations of their
electrons, atoms and groups of atoms; the absorbed wavelength depends on the



molecular structure and gives information about it. The wavelength of the absorbed
light packet corresponds to the energy [13].

E=hx*v (1)

Where:
E: Energy
H: Planck's constant
v: Frequency

3.3 Infrared spectroscopy (FTIR): The raw material is analyzed by transmission from
4000 to 400cm™ by attenuated total reflectance (ATR) from 4000 to 600 cm™. The
spectrometer used is the Thermo Sientific Nicolet iS50 FTIR model that uses the Fou-
rier transform for data processing that has a wave resolution of 80 - 20000 cm™, the
standard that governs the operation is ASTM E 1421 [14].

3.4 Glass transition temperature (Tg)

in accordance with Standard Test Method for Transition Temperatures of Polymers By
Differential Scanning Calorimetry. This fact is manifested in the DSC measurements,
where the Tg depends on the thermal history of the sample, particularly on the cooling
rate which determines the initial glassy state of the polymer to be studied, as well as on
the subsequent heating rate of the apparatus during the thermogram acquisition [15].
The collected raw material (talcum powder containers) was ground to a grain size of 40
um, then 20 mg was used and placed inside an aluminum cell which was sealed with
another cell (aluminum crucible). It was carried out with a Calorimeter HDSC PT 1600,
with a temperature range from -150 °C to 1750 °C with a vacuum capacity of 10-° mbar,
heating rate from 0.01 to 100°C/min in a nitrogen atmosphere with a flow rate of 24
mL/min.

3.5 Thermogravimetric analysis in accordance with

Standard Test Method for Compositional Analysis by Thermogravimetry. The resulting
analysis is called, respectively, dynamic and isothermal [16]. The thermogravimetric
analyzer QA 5000 from TA Instruments has an accuracy of +1ug, the test is carried out
in a nitrogen atmosphere with a flow rate of 50 mL/min from the initial temperature up
to 800 °C according to ASTM D 3418.

3.6 Tensile - deformation test: The tensile test is carried out in a universal testing
machine MTS, model T 5002, according to ASTM D638, test specimen number 1V,
with a testing speed of 50.8 mm/min.
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Figure 4. Test specimen for tensile test with Amsler vertical universal tensile testing ma-
chine

Source: ESPE's Laboratory of Mechanics of Materials
ASTM D638 - 022 Standard Test Method for Tensile Properties of Plastics, gives

the dimensions of test specimen number IV for mechanical tests [17]. The recycled
PVC test specimens standardized for the uniaxial tensile test are shown in Figure 5

Figure 5. Tensile test specimen according to ASTM D638 - 022, Standard Test Method for
Tensile Properties of Plastics.

4. ANALYSIS AND RESULTS

4.1 Infrared Spectroscopy ldentification (FTIR) (ASTM142 Standard)

Figure 6 shows the 1423 cm value, a signal corresponding to out-of-plane bending
that confirms the C-H vibrational stretching of the aliphatic CH of the signals in the
region near 3000 cm. On the other hand, the signals near 1330 and 1255 cm™ are at-
tributed to C-H finned shaped deformation modes intensified in some cases by the prox-
imity of the chlorine atom linked to the same carbon.
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Figure 6. Infrared Spectrogram Result of Recycled PVC

e When comparing the found graph to the paper CHEMICAL RECYCLING OF
POLY (VINYL CHLORIDE): ALKALINE DECHLORINATION IN
ORGANIC SOLVENTS AND PLASTICIZER LEACHING IN CAUSTIC
SOLUTION, the value of the bands will be 3100 - 2800cm-* [18].

Table 1. The relative absorptivity of the v(C-Cl) bands at 820-615 cm™, and
v(C-H) bands at 3100-2800 cm™'.

relative absorptivity polyvinyl chloride virgin polyvinyl chloride degraded
v(C-Cl) 0.4750 0.1761
v(C-H) 0.1127 0.0844
v(C-CVC-H) 4.2147 2.0854

It is mentioned that the value found versus the one compared to the paper is within
the range to identify it as PVC.

The program also indicates a first degree straight line, see Figure 7, the formulais Y
= A*X.
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Figure 7. Result of the percentage of PVC in the sample

Figure 7 shows the equation for the line where A is the ratio factor of the formula A
= 0.000512856. In the figure, comparing results, it is observed that the absorbance is
within the permissible values considered in the line as PVC. Considered with a concen-
tration of 81.28%.

4.2 Thermogravimetric Analysis: Figure 8 shows a representation of the glass transi-
tion temperature Tg with respect to the concentration of plasticizers, dioctyl phthalate
DOP and diisobutyl phthalate DIPB, for the system plasticized by DOP, which after the
second point (C = 20%) already altered the previous linear trend (red line), i.e., for the
third point (C = 40%), the relationship between Tg and concentration no longer de-
creased in the same magnitude.
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Figure 8. Thermogram Result of Recycled PVC

Table 2 shows the temperatures at which the system reached the degradation con-
centration.



Table 2. Thermogravimetric temperature

Glass transition temperature

Start 80.56
Final 81.60

The temperatures will allow the plasticizer to be recovered, but when the temperature
has exceeded this value, the solvent can no longer be recovered and this is due to the
system reaching the critical plasticizer concentration, i.e., at this concentration the pos-
sibility of interaction ceases to be effective and, from this point on, the plasticizer is
prevented from solvating [19].

4.3 Melting point by differential scanning calorimetry DSC (ASTM D 3418 Stand-
ard): The degradation temperature only establishes the starting point, there the com-
bustion process takes place with strongly exothermic reactions, which is an irreversible
process. Industrially, it is necessary to know when the material begins to be unusable
due to the effect of the heat to which the polymer has been subjected, see Figure 9.

244

Figure 9. Melting point result
Source: (INER)

The degradation temperature Tg, the temperature at which the transition from the glassy
state to the soft rubbery state begins, is the inflection point of the curve. The average of
the temperature range is generally taken.

4.4 Yield stress by tensile test. Tensile-deformation mechanical tests

ASTM D638 - 028, Standard Test Method for Tensile Properties of Plastics, gives the
dimensions of test specimen number 1V for mechanical tests. The test will be done in
an axial tensile equipment, AMSLER model 1011 at a test speed of 50 mm/min. Place
the ends of the test specimen in the upper and lower jaws, adjust and operate the hy-
draulic traction system. The recycled PVC test specimens standardized for the uniaxial
tensile test [20].



Figure 10. Result of the tensile test according to ASTM D638 - 022, Standard Test Method
for Tensile Properties of Plastics.

Table 3. Mechanical Test Results

So: Cross sectional area Result

Lu: Last length 4.14 mm
Fe: Yield load 229.50N
Fm: tensile load 261.35N
Re: Yield strength 55.25 Mpa
Rm: Tensile strength 63 Mpa

A: Elongation 10.75%

4.5 Simulation of the tire valve cap using Solidworks.

4.6 Thermal simulation of the prototype. According to the climate variables paper
shown in the figure, the ambient temperature will be 27.04 °C in 2020, which is taken
as the reference value for the simulation [21].

Figure 11. Thermal simulation for the recycled PVC prototype

The temperature used will not affect the element created, since it has a degradation
temperature of 81 °C and is three times higher than the ambient temperature.



4. 7 Simulation of axial load inside the valve cap head: Assuming a failure in the
Schrader valve closure system, the force with which the air inside the tire pushes on the
valve cap can be calculated to be 2.3 Ib for 80 psi internal pressure and 10 mm valve
cap diameter. A value of 5 Ib is taken for the simulations. The simulation results are
shown in Figure 11 and 12.
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Figure 12. Mechanical simulation of tire valve caps

The simulation for the internal axial load in prototypes made of standard PVC, recycled
PVC and polypropylene, shows similar values, the most critical area is the one around
the head of the valve cap with a Von Mises stress of 2,140.038 N/m?. The definition of
the area is more accentuated in standard PVC, followed by recycled PVC and finally
polypropylene. In any case, with values lower than the Von Mises stress 12,340.668
N/m? of standard PVC, value specified as maximum indicating the resistance of the
material in the simulation carried out.

4.8 Simulation of the application of an external torque to the prototype: In the
closing or opening operations a torque must be applied to the knurled surface of the
valve cap, for the simulations a value of 0.15 Nm is assumed [22].

I

Figure 13. Mechanical simulation with torque on tire valve caps

The torque value according to the dimensions of the valve cap represents a manually
applied finger force of 3 kg, a high load for a cap mechanism.The recycled PVC sample
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has a good amount of plasticizers used as additives, unlike the standard PVVC sample,
hence the difference in elongation that each presents. Recycled PVVC can be subjected
to stresses in the proportional zone better than standard PVVC and polypropylene, which
works exaggeratedly in the plastic zone. The mechanical tensile tests were performed
at room temperature Tamb = 22 °C, which is much lower than the glass transition tem-
perature Tg = 81.13 °C, for recycled PVC, so according Figures 12 and 13 the material
does not fail.

4.9 Pressure exerted on the tire valve cap: The inflation pressure of a small to me-
dium size vehicle tire can be considered as 30 psi [23], according to most manuals the
force on the inside bottom of the valve cap can be calculated using the following basic
formula where the diameter is taken from Figure 17:

b  m=*0.3125%pulg?
F=PxA=30 * = 2.300b
pulg? 4

Scharder valve Vakos cap
am

= ||

Figure 14. Tire cap stress

The thread is of the unified extra fine type, in which according to tables the area of
stress is 0.0625 in2. The normal stress produced in a single thread in the area of stress
will be:

F 2.301b

7= 4, T 0.0625pulg?

= 36.8 psi

The diameter of extra fine unified thread is considered as 5/16 = 0.3125 in.

The yield strength of PVVC by tensile test is Sy = 55.25 MPa = 8013.33 psi. As can
be seen, the applied stress ¢ is much lower than the yield strength, which means that
the valve cap resists the pressure. The same reasoning can be made for the other mate-
rials.

5. CONCLUSION

When comparing the samples, it can be observed that it is within the permissible
ranges to be able to mention that it is pure PVC and that the graphs have a similarity at
the moment of comparing them, which means that it is PVC with a high percentage for
its reuse in the automotive field.



It was found that the material of the post-consumer hygiene talcum containers are PVC
resins with a content of 82.18% of PVC and 18.72% corresponds to additives or plasti-
cizers that are added to the standard resin to give it flexibility characteristics. When cre-
ating the valve cap with recycled PVC, plasticizers should be added to improve the flex-
ibility of the material since it has a very good mechanical resistance.

The tensile tests indicate the resistance values of the material placed under real condi-
tions. By means of mathematical models, it is observed that our PVC has very good re-
sistance properties. Therefore, PVVC can be used in tire valve caps. According to mathe-
matical models, it is a very resistant material.

Recycled PVC reaches a yield strength of 55.25 MPa, while standard PVC only
reaches 15.65 MPa, which means that recycled PVC has a greater proportionality zone,
i.e., in the manufacture of mechanical items and automotive parts there are better possi-
bilities of applying mechanical loads to the part, in other words, recycled PVC offers
better design and construction possibilities compared to standard PVC.
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