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Abstract 1 

Plasticization of polymers largely contributed to their worldwide utilization, especially for 2 

automotive crashworthiness, by making them a more ductile material. For such applications, 3 

a clear understanding of the mechanical properties evolution over a large range of strain rate 4 

and temperature is needed. In this study, we investigate a plasticized poly(vinyl chloride) 5 

(PPVC) manufactured through a multi-layered process for the automotive industry. Analysis 6 

of the microstructure before and after mechanical testing, at different temperature and strain 7 

rate, highlighted on the presence of sodium aluminosilicate within material microstructure. 8 

After thermal degradation analysis, these particles seem to be the only one to remain at high 9 

temperature. Moreover, it is important to mention that for the possible applications of this 10 

material, the temperature range is around the glass transition region leading. Thus, careful 11 

attention should be focused on the evolution of the material properties and on the way to 12 

model them. Numerical prediction of the storage modulus and yield stress using homemade 13 

models show a good agreement with the experimental data. More, these models will make 14 

reliable the use of these materials over a wide range of temperatures and strain rates that are 15 

difficult to obtain by experience, such as intermediate strain rates between quasi static and 16 

dynamic loading. 17 

 18 
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1. Introduction 1 

Since the early 1970s, the part polymeric materials play in the automotive industry has 2 

strongly increased to reduce the mass of vehicles. Thus, the fuel consumption is lowered and 3 

performances are improved in terms of noise, shock absorption or lifetime. Among the 4 

polymers used in the automotive industry, poly(vinyl chloride) (PVC) is widely used for 5 

crashworthiness applications. At room temperature, PVC is a glassy polymer. Several works 6 

[1–3] measured the glass transition of PVC around 82°C. However, Pezzin et al. [4] showed 7 

that the glass transition of PVC is dependent on its molecular weight. This can be explained by 8 

the PVC chain stiffness and the free volume theory [5,6]. The conditions of polymerization are 9 

such that all samples have the same degree of syndiotacticity. Pezzin et al. [4] found that the 10 

glass transition temperature increases rapidly and asymptotically reaches the limiting 11 

value Tg
∞ = 78 °C.  12 

The PVC used in the automotive industry is generally modified by plasticizing to obtain 13 

flexible PVC. This is the so-called plasticized PVC (PPVC), where the effects of weather, road 14 

and driving conditions are minimized. In PPVC, powdered resin is mixed with each of a 15 

stabilizer, plasticizer, lubricant and dioctyl phthalate that explain the thermal stability of PPVC 16 

at processing temperatures [7, 8,9 ]. 17 

Investigations of the mechanical response, plasticizer effect and morphology of PPVC have 18 

been of particular interest to academic researchers and industrialists because of the 19 

widespread use of PPVC in automotive crashworthiness. Many authors [10, 11, 12, 22] 20 

investigated the strain rate dependence of PVC and PPVC with a high-level of plasticizer, from 21 

quasi-static to dynamic loading at room temperature. They also investigated the temperature 22 

sensitivity of both materials for a strain rate of 10-2 s-1. For all strain rates tested, at room 23 

temperature PVC exhibits a glassy polymer behavior, whereas PPVC shows a change of 24 

behavior between the quasi-static and dynamic loading. Thus, at low strain rates, PPVC reveals 25 

a rubbery polymer behavior and at high strain rates, the mechanical response of PPVC is 26 

glassier. However, at room temperature strain softening of PPVC is not observed, unlike PVC. 27 

Investigation of the temperature sensitivity clearly shows a change in the mechanical response 28 

of PPVC. For temperatures lower than -40°C, PPVC exhibits a glassy polymer response. The 29 

yield stress is clearly identified and is followed by strain softening. Between -20°C and 0°C, the 30 
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mechanical response of PPVC is less glassy and a rubbery mechanical behavior is identified for 1 

temperatures above 21°C. These authors also showed that the yield stress is bi-linearly 2 

dependent on the log of the strain rate. Wang et al. [1] investigated the strain rate 3 

dependence of PPVC. Loading-unloading compressive tests at constant strain rates highlight a 4 

viscoelastic behavior of PPVC. Mulliken et al. [13] performed dynamic mechanical analyses 5 

and quasi-static and dynamic uniaxial compressive tests on PVC and 20 % PPVC. They found 6 

that the addition of 20 % of plasticizers into the PVC blend decreased the glass transition 7 

temperature to 22°C. Moreover, for this level of plasticizer at room temperature, the PPVC 8 

exhibits a glassy behavior at high strain rates and the yield point is followed by strain softening. 9 

This is in contrast to the PPVC investigated by Kendall and Siviour [10, 11]. Thus, the 10 

percentage of plasticizer in the PPVC blend is of great importance for its mechanical 11 

properties. The effects of the plasticizer content on the material properties of PPVC have been 12 

investigated previously [14,15] and several observations have been made. In addition to the 13 

previous observations, the addition of a plasticizer to the PPVC blend decreases the glass 14 

transition temperature [3,16,17]. Moreover, while the addition of a plasticizer improves the 15 

elongation at break and increases both the fracture energy and the Poisson’s ratio, it 16 

decreases the elastic modulus, the yield stress and the hardness of the material [7,8,18-20]. 17 

Thus, the mechanical behavior of PPVC exhibits a triple dependence on strain rate, 18 

temperature and plasticizer level. Thus, a literature review highlights strong differences 19 

depending on the PPVC and its plasticizer content. Varughese et al. [7] and Thomas et al. [21] 20 

investigated the tensile and tear fracture surfaces. Scanning electron microscopy  observation 21 

on  fractured surface after tensile tests showed ductile-type failure, mainly due to shear 22 

fracture with high plastic deformation, whereas the tear fractography brings out the presence 23 

of sine waves.  24 

The purpose of this paper is to characterize and analyze the thermomechanical behavior and 25 

the deformation mechanisms of PPVC sheets obtained by a layered process. This process is 26 

not useful for the dynamic loading. Because the manufacturing process strongly influences 27 

the mechanical properties of a material, it is necessary to analyze the strain rate and 28 

temperature sensitivity of a layered PPVC at different scales. The studied PPVC is destined to 29 

components designed for the automotive industry. Thus, the PPVC structure will be submitted 30 

to high strain rates. The thermomechanical behavior of the material and its morphology were 31 

characterized: detailed thermal and mechanical analyses being performed over a wide range 32 
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of strain rates and temperatures to . To improve the use of the layered PPVC, we propose a 1 

predictive modeling of the modulus and the threshold stress. 2 

 3 

2. Materials and methods 4 

2.1. Materials 5 

The PPVC studied in this paper is composed of 50 % PVC, 40 % plasticizer and 10 % 6 

additives. The material was manufactured by Faurecia using an innovative layered process and 7 

provided as PPVC sheets of 1 mm thickness.  8 

2.2. Morphology 9 

Micrographs were taken before and after mechanical characterization, to observe 10 

modifications of the morphological aspects and defects of PPVC along its thickness. Chemical 11 

microanalyses of energy dispersive X-ray spectra (EDS) were registered and microstructure 12 

analysis was carried out using Energy Dispersive X-ray Microanalysis together with Scanning 13 

Electron Microscopy (SEM; JEOL 6700F). Sections were cut from the gauge length before and 14 

after tensile tests. The fractured surfaces were obtained by breaking PPVC specimens in liquid 15 

nitrogen to minimize the development of plastic deformation. The topology of the fracture 16 

surfaces was directly observed after iridium coating. The presence and the sizes of voids were 17 

analyzed using ImageJ and compared, before and after tensile tests for three specimens. 18 

2.3. Thermal analysis 19 

The thermal stability of PPVC was evaluated by thermogravimetric analysis (TGA) on a 20 

METTLER TOLEDO TGA/DSC1 machine, with the STAR system, operated in air from 40°C to 21 

1000°C at a heating rate of 20°C/min. The mass of the specimens ranged between 15 and 22 

25 mg. The mass loss and temperature during the test were recorded. The accuracy of the 23 

weighing machine is 1 µg. 24 

Differential Scanning Calorimetry (DSC) tests were conducted on a METTLER TOLEDO DSC1 25 

machine with the STAR System and a HSS8 sensor. These tests characterize the transition 26 

temperatures and analyze the phase miscibility of the material. The mass of the tested 27 

specimens was approximately 15 mg. The heating cycle was carried out for a temperature 28 
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range from -150°C to 250°C with a heating rate of 10°C/min. A second scan was performed at 1 

the end of the first scan after quenching, to evaluate the polymer properties after removing 2 

the sample thermal history. This is erased when the material is heated above its glass 3 

transition temperature. 4 

Dynamic mechanical analyses (DMA) were conducted under tensile loading at 1 Hz for a 5 

temperature range from -100°C to 120°C. The glass transition temperature range was first 6 

determined by testing the sample using a 2°C/min dynamic temperature sweep at 0.2% strain 7 

and 1 Hz [23, 24]. The evolution of the storage modulus, loss modulus and tan δ (the ratio 8 

between the loss and storage moduli) were investigated over the range of temperature 9 

studied. The glass transition temperature measured by DSC and DMA were compared using 10 

different analysis methods to better understand the discrepancies that exist between these 11 

two thermal techniques. 12 

2.4. Mechanical characterization 13 

Quasi-static uniaxial tensile tests 14 

For the quasi-static strain rate tests, uniaxial quasi-static tensile tests were conducted using 15 

an INSTRON 3384 universal testing machine equipped with a temperature chamber (500 16 

Series Chambers ) to perform mechanical tests at different temperatures. Tests were carried 17 

out at constant displacement rates, at 50 and 500 mm/min for different constant 18 

temperatures (-30°C, 0°C, 23°C, 85°C). The stress-strain behavior of the samples was 19 

determined from the load-displacement data of the tensile device. At the yield point, 20 

identified on the stress-strain curves as the intersection point between the viscoelastic 21 

behavior slope and the viscoplastic behavior slope, these displacement rates lead to true 22 

strain rates of 0.03 s-1 and 0.3 s-1 respectively. The test specimens are cut from PPVC sheets 23 

by Faurecia. The specimen geometry follows the standard ASTM D412 classically used in 24 

international industries. For both temperature and strain rate, at least five samples were 25 

tested. 26 

Dynamic uniaxial compressive tests 27 

For the high strain rates, uniaxial compression tests were carried out on a homemade Split 28 

Hopkinson Pressure Bar (SHPB) [25, 27] at three temperatures (-30°C, 23°C, 85°C) and two 29 

ranges of strain rates. Two devices, one for low and one for high temperatures, were adapted 30 
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on our SHPB. At high temperatures, the sides of the two bars in contact with the specimen 1 

were positioned in a homemade furnace containing two electrical resistances. For low 2 

temperatures, the specimen was sandwiched between the two bars inside a home-made 3 

temperature chamber. Then, the specimen and a short part of the bars were cooled to below 4 

-30°C by the addition of liquid nitrogen to the chamber. The addition of technical alcohol helps 5 

to maintain the thermal equilibrium during the tests. Four thermocouples inserted in the 6 

temperature chamber allow the temperature inside the oven to be controlled. To reach a 7 

thermal equilibrium, the samples were heated or cooled in the appropriate chamber and 8 

maintained at the target temperature for 15 min before testing [25, 30]. 9 

The test fixture is composed of three 22 mm diameter steel bars. The input and output bars 10 

are 3 m long and the strikers are 0.5 m and 1 m long, to reach a wider range of strain rates. 11 

These strikers are launched with an air gun against the incident bar to generate the incident 12 

pressure pulse. On impacting the input bar, the striker generates an incident pulse εi (t). Once 13 

this pulse reaches the specimen, one part εr (t) is reflected into the incident bar, the other part 14 

εt (t) goes through the specimen and is transmitted to the output bar. According to the wave 15 

propagation theory, the stress and particle velocity can each be calculated at every section of 16 

the bars. In particular, they are shifted from the gauge location to both bar/specimen 17 

interfaces considering two superposed waves propagating in opposite directions at a velocity 18 

Cb, which is the speed of sound into the bars when dispersion is neglected. This velocity was 19 

measured during a conventional SHPB test without specimen [28, 29]. Thus, assuming that the 20 

bars are linear with a constant section and that the deformation and forces are homogenous 21 

within the sample, we can apply the classical elastic wave propagation theory. The nominal 22 

strain rate 𝜀𝑛̇, strain 𝜀𝑛 and stress 𝜎𝑛 are given by: 23 

𝜀𝑛̇(𝑡) = −
2𝐶𝑏
𝐿𝑠(0)

𝜀𝑟(𝑡) (1) 

𝜀𝑛(𝑡) = −
2𝐶𝑏
𝐿𝑠(0)

∫ 𝜀𝑟(𝜏)
𝑡

0

𝑑𝜏 (2) 

𝜎𝑛(𝑡) = 2𝐸𝑏
𝐴𝑏
𝐴𝑠
(𝜀𝑖(𝑡) + 𝜀𝑟(𝑡) + 𝜀𝑡(𝑡)) (3) 

where 𝐸𝑏  is the Young modulus of the bar, 𝐿𝑠(0) is the initial length of the sample, 𝐴𝑏  and 𝐴𝑠  24 

are the cross-sectional area of the bar and the sample, respectively. According to ν, the 25 
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polymer viscosity, the true strain and true stress are identified from the nominal 1 

measurement:  2 

𝜀𝑡(𝑡) =  − ln(1 + 𝜀𝑛(𝑡)) (4) 

𝜎𝑡(𝑡) = 𝜎𝑛(𝑡)(1 − 𝜀𝑛(𝑡))
2𝜈

 (5) 

Cylindrical specimens with a diameter of 10 mm, cut from the PPVC sheets, were tested to 3 

investigate their dynamic thermomechanical behavior. For each condition (temperature, 4 

strain rate), at least five samples were tested. 5 

3. Results and Discussion 6 

3.1. Microstructural characterization 7 

The fracture surface morphology was observed by scanning electron microscopy at 8 

different visualization scales. Figure 1 shows SEM micrographs of the fractured surfaces taken 9 

perpendicular to the loading direction before (Figure 1a) and after (Figure 1b) quasi-static 10 

tensile tests. Due to the cooling of samples in liquid nitrogen before breakage, the material 11 

exhibits brittle fracture. The fractured surfaces reveal the presence of voids. Before testing, 12 

the percentage of voids within the specimen is around 4% and increased to 6.7% after testing.  13 

The number of small and middle size voids increase by 50% whereas the number of the larger 14 

voids is quite constant. However, it appears that their diameter highly increases (+150-200%) 15 

after testing.  16 

For all the analyzed specimens, the voids are well distributed with the presence of the small 17 

and middle size voids mainly located at the bottom of the specimen and the larger size voids 18 

located in the specimen core. Because the voiding appears perfectly aligned along a line, their 19 

presence and position are probably related to degassing phenomena occurring at different 20 

time intervals of the manufacturing process of the PPVC sheets.  21 
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 1 

Figure 1: SEM micrographs of a) the fractured surface of virgin material, and b) after quasi-static tensile 2 
tests and c, d, e) gradual magnification of b) highlighting the presence of cubic clusters near the porosity. 3 

Even though similar microstructures are observed before and after mechanical testing of 4 

the specimen, in terms of voids repartition, the fracture surface of the tested specimen (see 5 

Figure 1b) exhibits some irregularities unseen in the non-tested area (see Figure 1a). When 6 

we increase the magnification (see Figure 1c,d,e), voids with different shapes were observed. 7 

At higher magnification, clusters of cubic particles appear (see Figure 1e). The size of the cubic 8 

particle is approximately 1 µm3.  9 

Analysis by X-ray diffraction presented in Figure 2b will provide more information about 10 

sample constitution. The areas contained in the white squares shown in Figure 2a were 11 

analyzed. Sq1 corresponds to the fractured surface outside the cluster; Sq2 is taken from 12 

inside the cluster and S3 matches one cubic nodule. The results of X-ray patterns are 13 

presented in Figure 2b. SEM coupled with energy dispersive X-ray spectroscopy also allows 14 

highlighting of the chemical composition of the observed particles. Sq1 and Sq2 show similar 15 

chemical compositions while S3 demonstrates a higher oxygen peak and non-negligible 16 

representative peaks of Na, Al and Si. In the Sq2 zone, even if the presence of agglomerates is 17 

observed, the X-ray pattern shows very low contents of Na, Al and Si. These elements (O, Na, 18 

Al, Si) are proof of the presence of sodium aluminosilicate classically used as a stabilizing 19 

component of PVC melts [26]. 20 
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 1 

Figure 2: a) Identification of three microstructures in the PPVC studied and b) X-ray patterns of these 2 
three zones. 3 

3.2. Thermogravimetric analysis 4 

The thermal degradation of PPVC, characterized by TGA, is shown in Figure 3, for three 5 

specimens to evaluate the discrepancy seen in the material. The thermogravimetry (TG) 6 

curves show the percentage of mass loss versus temperature. The DTG curves are superposed 7 

onto the TG curves and indicate the rate of mass loss used to evaluate the degradation 8 

temperature of the material. Similarly to pure PVC [16, 32], the thermogravimetric curves of 9 

PPVC (see Figure 3a) show two degradation peaks around 330°C and 455°C. These correspond 10 

to a loss of 73.9%±2.1% and 15.4%±0.3% of the initial mass. This leads to a total mass loss of 11 

approximately 90 % for each tested specimen. The samples are thermally stable and the 12 

weight loss rate is almost equal to zero at temperatures below 250°C. Above this temperature, 13 

the decomposition rate falls and reaches a minimum of -13.97 (± 8%) %.min-1 at 14 

329.8 (± 1.27%) °C. According to previous publications, [33-36], the first degradation step 15 

matches the dehydrochlorination of PVC, with the formation of hydrochloric acid (HCl) and 16 

conjugated polyene sequences of 5-25 double bonds. The second step is characterized by the 17 

formation of alkyne aromatic hydrocarbons and char residues, due to the rearrangement of 18 

polyene structures through cyclization and cross-linking reactions. When PPVC samples are 19 

heated above 500°C, their mass is stable. The residual weight fraction is 10.8%±2.1% and this 20 

can be related to the cubic particles observed during characterization of morphology. 21 
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 1 

Figure 3: Thermogravimetric curves of the PPVC sheets for each thickness. 2 

The thermogravimetric curves obtained for each sample are plotted in Figure 3b. The two 3 

degradation steps are clearly identified. Between the three specimens studied, some 4 

discrepancies appear at the beginning of the second stage due to a difference of mass loss at 5 

the end of the first stage. This difference can be attributed to a variation in the quantity of HCl 6 

during the first step. Despite the difference of mass loss between the two degradation stages, 7 

the total degradation of the material is approximately the same at the end of the 8 

thermogravimetry analysis. According to the literature, the presence of plasticizers and 9 

additives in the PVC does not delay the first stage of deformation, however, it delays the 10 

second stage of the material degradation (from 454°C to 466°C for [16] and from 465°C to 11 

515°C for [32]). 12 

3.3. Differential Scanning Calorimetry (DSC) 13 

Figure 4 shows the DSC thermograms of PPVC from -150°C to +250°C for three specimens, 14 

to evaluate the discrepancy in material properties induced by the layered process. The first 15 

heating run was carried out to remove the thermal history of the samples. The second heating 16 

run leads to the determination of the different thermal transitions of the studied polymer. 17 

The glass transition temperature of PPVC is characterized by an endothermic deviation from 18 

the baseline in the DSC thermogram. From the DSC tests, we assume that the glass transition 19 

temperature is given the midpoint of the heat-capacity shift. In the first scan, an endothermic 20 

deviation appears at approximatively -41°C. In the second scan, the first deviation, which 21 

corresponds to the glass transition temperature, is close to -32°C. 22 

 23 
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 1 

Figure 4: DSC thermograms for the two courses and three samples. 2 

A second endothermic peak appears around +65°C on the first scan. According to the 3 

results of Wang et al. [1], this value corresponds to the glass transition temperature of 4 

unplasticized PVC. This result is in agreement with the open literature [16, 37] Indeed, it is 5 

well-known that the type and percentage of plasticizer lead to a drop in the glass transition 6 

temperature. The second scan curve is straight, suggesting complete miscibility between PVC 7 

and plasticizers.  8 

A third peak is detected on the first scan around +240°C, as shown in Figure 4. On the 9 

second scan, this peak is shifted to above +250°C. These are exothermic peaks. A comparison 10 

between the TGA thermogram and the DSC scan leads to the conclusion that this peak 11 

corresponds to the beginning of the material degradation, which occurs around +260°C. 12 

3.4. Dynamic mechanical analysis 13 

DMA tests have been performed at 1 Hz for temperatures ranging from -100°C to 120°C. 14 

The results are presented in Figure 5 for storage modulus, loss modulus and tan delta (tan 𝛿) 15 

curves. The tan 𝛿 curve is defined as the ratio between the loss modulus and the storage 16 

modulus. 17 

According to the tan 𝛿 curve, the glass transition region, at 1 Hz, extends from -40°C to 18 

80°C. Close to the beginning of the glass transition region, a peak is observed at around -30°C 19 

on the loss modulus curve, whereas another peak is observed on the tan 𝛿 curve, at around 20 

0°C. In the literature [38-40], a large discrepancy is observed between DMA Tg given by the 21 

tan 𝛿 peak and DSC Tg. However, Achorn and Ferrillo [36] determine a DMA Tg in agreement 22 
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with DSC Tg by considering the glass transition temperature as the average of the loss modulus 1 

and tan 𝛿 peak temperature measured at 1 rad/s (around 0.15 Hz). According to this 2 

procedure, Tg is measured around -15°C at 1 Hz, higher than DSC Tg due to relative higher 3 

frequency (supposedly around 0.15 Hz according to the work of Achorn and Ferrillo [41]). 4 

The discrepancy observed in the glass transition temperature between DSC and DMA can 5 

be explained by a) these two techniques involve different material states during the analysis, 6 

b) since the operating conditions between DSC and DMA differ, the thermal equilibrium within 7 

the material is not the same. Thus, because the glass transition is a thermally activated 8 

process, it is expected to observe such discrepancy between two different measures. 9 

Moreover, DSC measurements are known to be more thermodynamically stable than DMA 10 

where thermal gradients can occur inside the sample whose geometry and weight are quite 11 

different from DSC.  12 

Throughout the entire glass transition region, we observe a major drop in the storage 13 

modulus, from 3 GPa to around 2 MPa. Thus, for temperatures below -50°C, PPVC is in its 14 

glassy state, while for temperatures above 80°C, this material is in its rubbery state. 15 

 16 

Figure 5: DMA curve plotted at 1 Hz. 17 

3.5. Thermomechanical characterization 18 

The thermomechanical behavior of PPVC has been investigated at low and high strain rates, 19 

for temperatures ranging from -30°C to 85°C. This corresponds to the glass transition region 20 

according to Figure 5. During the lifetime of the structure, the temperature of the material 21 

can vary between -30°C and 85°C. Thus, this temperature range is classically used by the 22 

automotive industry to validate their materials. Tensile tests have been performed at low 23 
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strain rates, until the failure of the material or the maximum displacement of the machine is 1 

achieved. Dynamic tests have been performed at high strain rates. The level of strain reached 2 

at the end of the dynamic test is not relevant. Thus, the level of strain reached under dynamic 3 

loading will not be analyzed, as we cannot link it to the failure. Equilibrium was reached for 4 

each test presented in this study. 5 

3.5.1. Mechanical behavior of PPVC 6 

Representative true stress-strain curves are plotted in Figure 6. The temperature sensitivity 7 

of PPVC at 0.03 s-1 is plotted in Figure 6a and its strain rate sensitivity is plotted in Figure 6b, 8 

Figure 6c and Figure 6d for three temperatures (-30°C, 23°C and 85°C). For low strain rates, 9 

specimens have been tested under tensile loading, whereas for high strain rates, specimens 10 

were tested under compressive loading. However, no barreling effect is observed in dynamic 11 

conditions due to the low thickness/diameter ratio. Evolution of the thermomechanical 12 

behavior of PPVC is observed: from a viscoelastic-viscoplastic behavior to a rubbery behavior. 13 

The true stress-strain curves presented in Figure 6 show two stages: a short stage at the 14 

beginning of the curve corresponding to elastic, viscoelastic behavior and a second stage 15 

characterized by non-linearity of the stress-strain curves. The slope of the curves in the second 16 

phase decreases as temperature increases. The material properties, elastic modulus and yield 17 

stress, increase when the temperature decreases as shown in Figure 6a. For all specimens, no 18 

necking was observed during tensile tests. For the different tested strain rates and 19 

temperatures, all stress-strain curves show a major strain hardening. All specimens have been 20 

broken in the gauge length except those tested at 85°C, where no failure was observed, as 21 

shown in Figure 6a.  22 

The strain rate sensitivity of PPVC is presented in Figure 6b, Figure 6c and Figure 6d for 23 

three temperatures: firstly, -30°C, close to the glass transition region (see Figure 6b); secondly, 24 

at room temperature in the rubbery state (see Figure 6c); thirdly, at 85°C (see Figure 6d). For 25 

all temperatures, the elastic modulus and the yield stress increase when the strain rate 26 

increases. 27 

At low temperatures exemplified by Figure 6b, a change of mechanical behavior is observed 28 

between dynamic and quasi-static loadings. At high strain rate, PPVC exhibits a glassy 29 
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behavior, whereas at low strain rate, it exhibits a viscoelastic-viscoplastic behavior. Then, the 1 

material is in its glass transition region (𝑇𝑔 = −32°C, see DSC curves in Figure 4). At high strain 2 

rates, PPVC demonstrates a classical mechanical behavior under compression loading; after a 3 

linear elastic response, a non-linear response appears before the yield point. After this point, 4 

the material exhibits a plastic behavior. The viscoplasticity of the material can be divided into 5 

two domains: an initial strain softening domain, followed by a strain hardening domain due to 6 

polymer chain alignment. At low strain rates, there is no strain softening. The viscoelastic 7 

stage is directly followed by the strain hardening domain, until specimen failure occurs. 8 

 9 

Figure 6: Experimental true stress-true strain curves under uniaxial quasi-static tensile loading and 10 
dynamic compressive loadings. a) Temperature sensitivity at 0.03s-1. Strain rate sensitivity at b) -30°C, c) 11 
23°C and d) 85°C. 12 

At room temperature, a change of behavior is also observed between high and low strain 13 

rates (see Figure 6c). The mechanical behavior at high strain rates is close to that observed at 14 

low strain rates and temperature (see Figure 6a). Thus, at room temperature and a high strain 15 

rate, PPVC exhibits a viscoelastic-viscoplastic behavior. At room temperature and low strain 16 
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rate (see Figure 6c) and at 85°C at all strain rates (see Figure 6d), PPVC presents a rubbery 1 

behavior. 2 

By comparing Figure 6b, Figure 6c and Figure 6d, the temperature sensitivity of PPVC at 3 

high strain rate is clearly identified on the evolution of the flow stress. Moreover, the behavior 4 

of PPVC gradually changes from an elastic-viscoplastic behavior to a viscoelastic-viscoplastic 5 

one, followed by a hyper-viscoelastic behavior [42, 43]. 6 

3.5.2. Temperature and strain rate sensitivity of material properties 7 

Elastic modulus, yield strain, yield stress, strain at break-point and stress at break-point 8 

have been analyzed using the true stress-strain curves presented above. At low strain rates 9 

due to the low stiffness of the material, we use the nominal stress-strain curves to determine 10 

an accurate value for the elastic modulus and the onset of yield. Young’s modulus is calculated 11 

from the initial slope of the true (or nominal) stress-strain curves. When the elastic-12 

viscoelastic behavior of PPVC is followed by strain softening, the yield stress is taken as the 13 

maximum between these two stages. In cases where the stress-strain curves do not show a 14 

local maximum, the yield stress is defined as the intersection of the elastic and the plastic 15 

slopes. 16 

Temperature sensitivity of material properties at low strain rates 17 

For a better understanding of the temperature sensitivity on the mechanical properties of 18 

PPVC, these are plotted in Figure 7. The elastic modulus (see Figure 7a), the yield stress, the 19 

stress at break-point (see Figure 7b), the yield strain and the elongation at break-point (see 20 

Figure 7c) were plotted. Two strain rates are investigated. Figure 7a shows a non-linear 21 

relationship between elastic modulus and temperature. At -30°C, a discrepancy is found for 22 

the elastic modulus, due to the proximity of this temperature to the glass transition 23 

temperature. Above this temperature, the material is in a rubbery state. A non-linear 24 

evolution was observed. At low temperature, and for a strain rate of 0.3 s-1, the elastic 25 

modulus could not be measured due to limitations of the experimental setup. In the rubbery 26 

region, between 23°C and 85°C, the experimental data for the two strain rates are 27 

superimposed. This means that the strain rate sensitivity of PPVC is not significant in the 28 

rubbery region. 29 
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The temperature sensitivity of the yield stress and the stress at break-point is plotted in 1 

Figure 7b. The yield stress decreases non-linearly as the temperature increases and it 2 

increases with the strain rate. The stress at break-point increases when the temperature 3 

increases or when the strain rate decreases. At 85°C, the samples did not break and the 4 

maximum displacement of the testing machine is reached before material failure. The strain 5 

rate sensitivity of PPVC is considerable at low temperature.  6 

In Figure 7c, the temperature sensitivity of the yield strain and the elongation at break-7 

point are plotted for two strain rates: 0.03 s-1 and 0.3 s-1. These properties increase with 8 

temperature. The yield strain exhibits a non-linear dependence on temperature, where a 9 

change of slope is observed at 0°C. Moreover, the yield strain increases when the strain rate 10 

increases. Contrary to the yield strain, the elongation at break-point does not seem to be 11 

influenced by the glass transition temperature. As for the stress at break-point, the elongation 12 

is linearly dependent on the inverse of the temperature. 13 

The miscibility of plasticizers with PVC results in the formation of a physical network 14 

between the two materials. The plasticizer in this network [44] causes chain slippage and 15 

consequently high elongation at break-point for plasticizer components in blends [7]. 16 

All results presented in these sections comes from a set of data. Thus, all include standard 17 

deviation. However, it can appear, for some results, very small standard deviation which are 18 

not visible on the figures. 19 

 20 
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 1 

Figure 7: Temperature sensitivity at  𝜺̇ = 𝟎. 𝟎𝟑 𝒔−𝟏 and at 𝜺̇ = 𝟎. 𝟑 𝒔−𝟏 a) elastic modulus, b) yield stress 2 
and stress at break and c) yield strain and elongation at break. 3 

Strain rate sensitivity of material properties 4 

The strain rate dependence of the elastic modulus, yield stress and yield strain at three 5 

temperatures (-30°C, 23°C, 85°C) are presented in Figure 8a, Figure 8b and Figure 8c, 6 

respectively. -30°C is close to the glass transition temperature, while 23°C and 85°C are in the 7 

rubbery region. At high strain rates and 85°C, these material properties are not reported due 8 

to the hyper-elastic behavior of the material for these coupled conditions. 9 

In Figure 8a, we observe a major discrepancy of the elastic modulus at high strain rates. 10 

This phenomenon is due to the strong strain rate sensitivity of the elastic modulus in the glass 11 

transition region and a non-optimal dynamic equilibrium. Between quasi-static and dynamic 12 

loadings, an increase of the elastic modulus is observed.  13 

Figure 8b shows an increase of yield stress when the temperature decreases and the strain 14 

rate increases. At 23°C, the yield stress is bi-linearly dependent on the log of the strain rate. A 15 
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drop in yield stress is observed between -30°C and 23°C due to the passage of the glass 1 

transition region. 2 

In Figure 8c, the strain rate dependency of the yield strain is plotted for the three 3 

temperatures tested. At low strain rates, the yield strain increases when the temperature and 4 

strain rate increase. However, at high strain rates, for the two temperatures considered (-30°C 5 

and 23°C), the yield strain increases when the strain rate increases but decreases when the 6 

temperature increases. Two assumptions can be formulated to explain this change of yield 7 

strain mechanical behavior between low and high strain rates. Firstly, we can consider that 8 

the modification in behavior is due to the change of behavior between quasi-static and 9 

dynamic loading upon the glass transition to a glassy region at -30°C and from rubbery to a 10 

glass transition region at 23°C. Secondly, the change of behavior could be due to an increase 11 

of viscoelasticity at 23°C, as observed in Figure 6. The same level of yield strain is obtained for 12 

the couples (low strain rates, 30°C) and (high strain rates, 23°C), as shown in Figure 8c. At 85°C, 13 

in the rubbery region, a major discrepancy is observed due to the hyper-elastic behavior of 14 

the material at this temperature. 15 
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 1 

Figure 8: Strain rate sensitivity at three temperatures (-30°C, 23°C, 85°C) a) elastic modulus, b) yield stress 2 
and c) yield strain. 3 

4. Modelling 4 

4.1.  Storage modulus 5 

Several models described in the literature allow the evolution of the storage modulus from 6 

the glassy region to the rubbery region to be modelled [45-48 ]. Among them, the model 7 

developed by Mahieux and Reifsnider [45, 46] and improved by Richeton et al.  [ 47] has been 8 

validated for a large number of polymers (amorphous and semi-crystalline). The model is 9 

based on Weibull statistics to simulate the breakage of the secondary links: 10 

𝐸(𝑇) = (𝐸1 − 𝐸2) exp (−(
𝑇

𝑇𝛽
)

𝑚1

)+ (𝐸2 − 𝐸3) exp (−(
𝑇

𝑇𝑔
)

𝑚2

)

+  𝐸3 exp (−(
𝑇

𝑇𝑚
)
𝑚3

) 

(6) 

where 𝐸1, 𝐸2 and 𝐸3 are the instantaneous moduli of the material at the beginning of each 11 

region (glassy, glass transition and rubbery). 𝑇𝛽, 𝑇𝑔 and 𝑇𝑚 are the temperatures of each 12 
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transition (secondary relaxation, glass transition and melting temperature) and 𝑚𝑖 are the 1 

Weibull moduli associated with the breakage of the secondary links. 2 

This model is used to simulate the temperature sensitivity of the storage modulus observed 3 

at 1 Hz for the DMA test (see Figure 5). The comparison between the DMA experimental 4 

results and the numerical predictions are presented in Figure 9 for linear and logarithmic 5 

scales. A good agreement is observed between the experimental results and the numerical 6 

model calibrated with the parameters described in Table 1. 7 

 8 

Figure 9: Numerical modelling of the storage modulus. Comparison between experimental results and 9 
numerical prediction in a) linear and b) logarithmic scale. 10 

Table 1: Model parameters for the storage modulus (eq. (1) 11 

𝑬𝟏(MPa) 𝑬𝟐 (MPa) 𝑬𝟑 (MPa) 𝑻𝜷(K) 𝑻𝒈 (K) 𝑻𝒎 (K) 𝒎𝟏 𝒎𝟐 𝒎𝟑 

3204 2413 1.8 210 243 700 3.5 15.9 25 

 12 

4.2. Yield stress 13 

During recent decades, numerous models [ 47, 49-53] have been developed to model the 14 

strain rate and temperature dependencies of the yield stress. These models consider the yield 15 

stress as a thermally activated process. They allow modelling of the yield strength of glassy 16 

polymers over a wide range of strain rates and temperatures. However, few models allow 17 

reproduction of the yield stress in the glass transition and rubbery regions. Among those that 18 

do so, the cooperative model developed in our team by Richeton et al. [47, 54] takes into 19 

account the drop of yield strength due to the glass transition temperature.  20 
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The cooperative model considers the cooperative jump motions of 𝑛 polymer chain 1 

segments. Lower than 𝑇𝑔, it takes on the existence of an internal stress 𝜎𝑖, structural 2 

parameter which depicts the thermal history of the material. Higher than 𝑇𝑔, the internal 3 

stress is null, allowing the flow of polymer chain segments. Thus, as a function of temperature, 4 

the internal stress is defined as [41]: 5 

𝜎𝑖(𝑇) = {
𝜎𝑖(0) − 𝑚𝑇 𝑖𝑓 𝑇 < 𝑇𝑔
0                   𝑖𝑓 𝑇 ≥ 𝑇𝑔

 (7) 

with 𝜎𝑖(0) the internal stress at 0K and 𝑚 a material parameter close to 𝜎_𝑖(0) 𝑇𝑔⁄ . According 6 

to Fotheringham and Cherry [55, 56], the yield stress 𝜎𝑦 is given by: 7 

𝜎𝑦 = 𝜎𝑖(𝑇) +
2𝑘𝑇

𝑉
sinh−1 (

𝜀̇

𝜀̇∗(𝑇)
)
1/𝑛

 (8) 

with 𝑘 the Bolzmann constant, 𝑇 the absolute temperature, 𝜀̇ the strain rate, 𝑉 the activation 8 

volume, 𝜀̇∗ the characteristic strain rate and 𝑛 describing the cooperative character of the 9 

yield process. The temperature sensitivity of the characteristic strain rate is defined by: 10 

𝜀̇∗ =

{
 
 

 
 𝜀0̇ exp (−

𝛥𝐻𝛽
𝑅𝑇

)                                             𝑖𝑓 𝑇 < 𝑇𝑔

𝜀0̇ exp (−
𝛥𝐻𝛽
𝑅𝑇𝑔

) exp (
ln10 𝑐1(𝑇 − 𝑇𝑔)

𝑐2 + 𝑇 − 𝑇𝑔
) 𝑖𝑓 𝑇 ≥ 𝑇𝑔

 (9) 

with Δ𝐻𝛽 the 𝛽 activation energy, 𝑐1, 𝑐2 the WLF parameters, 𝑅 the gas constant and 𝜀0̇ a pre-11 

exponential constant. 12 

To build the master curve for the yield stress, a referenced temperature 𝑇𝑟𝑒𝑓 is chosen and 13 

the time/temperature superposition principle is applied. The horizontal and vertical shifts are 14 

given by: 15 

{

Δ(log 𝜀̇) = log 𝜀̇(𝑇𝑟𝑒𝑓) − log (𝜀̇)

Δ (
𝜎𝑦
𝑇
) =

𝜎𝑦(𝑇𝑟𝑒𝑓)

𝑇𝑟𝑒𝑓
−
𝜎𝑦(𝑇)

𝑇
  
. (10) 

In Figure 10, the master curve is built at -30°C using the parameter presented in Table 2. An 16 

important dispersion of the experimental results is observed at high strain rates. However, a 17 

good agreement between experimental results and the numerical prediction can still be 18 

observed from quasi-static to dynamic strain rates. 19 
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 1 

Figure 10: Master curve built at -30°C for the PPVC tested in uniaxial tension for low strain rates and 2 
uniaxial compression for high strain rates. 3 

Table 2: Model parameters for the cooperative model used to build the master curve at -30°C. 4 

𝚫𝑯𝜷 

(kJ/mol) 

𝝈𝒊(𝟎) (MPa) 𝒎 (MPa.K-1) 𝑽 (m3) 𝜺𝟎̇ (s—1) n 

10 5 0.016 3.6E-29 1.5E7 4.78 

5.  Conclusion 5 

Thermal, mechanical and microscopic investigations have been performed on a 6 

multilayered PPVC for the automotive industry. Degassing phenomena occurring during the 7 

manufacturing process of the PPVC sheets induces 4% of voiding and increase to 6.7% after 8 

tensile tests. Moreover, testing specimens reveal the presence of sodium aluminosilicate 9 

clusters classically used component to stabilize PVC melts. These particles are parts of the 10% 10 

of additives added in the polymer formulation and the only one remaining after the thermal 11 

degradation of the material. 12 

DSC measurements and DMA feature the temperature range of the study into the glass 13 

transition region of the material. This one is quite wide and extends from -40°C to 80°C. The 14 

thermomechanical tests performed in that study clearly illustrate the change of behavior of 15 

PPVC over the temperature range. From the glass transition region to the rubbery region for 16 

quasi-static tests and from glassy region to rubbery region for dynamic range, all the spectrum 17 

of behavior is analyzed. In the investigated range of temperature and strain rate, elastic 18 

modulus, yield stress and yield strain exhibit a non-linear behavior with a change of slope 19 
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around 0°C (peak of the tan δ curve). In the case of the stress at break and elongation at break-1 

point, linear evolution is observed in the studied temperature range. Modelling of the storage 2 

modulus and yield stress were also performed and a good agreement was found between the 3 

numerical prediction and the experimental results. 4 
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