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Abstract 
 

This research aims to improve the mechanical properties of laminated polyvinyl chloride (PVC) with polyurethane (PU) layers. 
The four samples were fabricated using the knife-coating technique and subjected to thermal and mechanical tests. The 
sample-1 included four plasticized PVC (P-PVC) layers. The sample-2 and sample-3 specimens involved the suspension PVC 
(S-PVC) layers with different volume fractions among P-PVC layers, and sample-4 included three PU layers between P-PVC 
layers. The results indicated that at high temperatures, the plasticizer penetrates from P-PVC layers to S-PVC layers in sample-
2 and sample-3, creating an anti-plasticization phenomenon at their interphase. Sample 2 showed a 39% increase in rupture 
strain, a 23% increase in elastic modulus, and a 29% increase in ultimate tensile strength compared to sample 1. These three 
parameters of sample-3 improved up to 11%, 63%, and 48%, respectively, while the initial glass transition temperature range 
(Tg) increased by 1.34 ℃ compared to sample-1. Although the sample-4 showed a 20% reduction in rupture strain compared 
to the sample-1, it exhibited a significant increase in the other properties. Specifically, the elastic modulus increased by 63%, 
ultimate tensile strength by 47%, and initial range of Tg by 2.87 ℃. 
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1. Introduction 

Polyvinyl chloride (PVC) is one of the most commonly used 

polymers worldwide. It is widely used in various industries 

owing to its desirable electrical properties, chemical 

resistance, minor flammability, and low manufacturing cost.[1–

3] Different industrial sectors, including synthetic leather 

production, toys market, medical applications, construction, 

and coating of electric wires, are the primary users of PVC.[4-

7] 

Nowadays, many studies have been conducted in the field 

of enhancing the physical and mechanical properties of 

composites with the help of fillers,[8] bio-fillers,[9] fibers,[10] and 

new fabrication methods.[11,12] Improving and modifying PVC 

properties through various additives such as organic and 

inorganic fillers, plasticizers, heat stabilizers, and lubricants 

have been extensively investigated.[13,14] The effect of fillers on 

the properties of PVC resin depends on various factors, 

including shape, particle content, particle size, aggregate size, 

surface characteristics, and degree of dispersion in the PVC 

matrix.[13,15,16] The most common filler used in PVC is calcium 

carbonate, whose global consumption in polymers exceeds ten 

million tons per year.[17] Chen et al.[18] studied the effect of 

micro-calcium carbonate particles on PVC. They showed that 

adding micro-calcium carbonate up at 15 PHR increased the 

tensile strength and yield stress of PVC composites while 

adding them at 10 PHR increased its elongation at break. 

In an experiment by Chen et al.[16], different quantities of 

nano-calcium carbonate at 35 and 45 nm were added to the 

rigid PVC matrix. The results indicated that adding 7% nano-

calcium carbonate could increase the tensile strength by up to 

15% and the elongation by up to four times. Furthermore, 

adding more than 7% nano-calcium carbonate to the rigid PVC 

caused the tensile strength and elongation to decrease.[16] Other 

researchers have also investigated the effect of nano-calcium 

carbonate on the mechanical, thermal, and rheological 

properties of PVC resin, demonstrating that increasing the 

amount of nano-calcium carbonate can increase the flexural 

modulus and glass transition temperature (Tg).[2,18-21] 

To elevate the mechanical properties of PVC, researchers 

have also investigated the impact of adding glass beads,[6] fly 

ash,[22-25] silicon dioxide,[7,26,27] montmorillonite,[28,29] talc,[30,31] 
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and carbon blackto PVC resin.[32-34]  Ermis et al.[6] examined 

the effect of glass beads at 5, 10, and 20 wt.% on the 

mechanical properties and tribology of P-PVC cables used in 

vehicles. They showed that increasing the number of glass 

beads in the P-PVC composite causes an increase in the elastic 

modulus and hardness and a decrease in the tensile strength, 

rupture strain, coefficient of friction, and wear rate values.  

Gohatre et al.[22,23] studied the effect of silane-treated fly 

ash fillers on the mechanical, thermal, and morphological 

properties of recycled PVC (R-PVC) composites. Results 

indicated that adding fly ash at 20 wt.% to R-PVC increased 

the tensile strength and elongation at break. In contrast, adding 

more than 20 wt.% fly ash reduced the tensile strength and 

elongation. In addition, increasing the number of fly ash fillers 

augmented the tensile modulus and hardness of R-PVC 

composites. Along similar lines, the impact of fly ash particle 

size on the interfacial interaction and the mechanical 

properties of fly ash/PVC composite was tested by Khoshnoud 

and Abu-Zahra.[24] Their findings showed that small-size fly 

ash particles resulted in better interaction and thus improved 

the mechanical properties of PVC composite. In a study by 

Joshi et al.[22] the effect of fly ash on the mechanical properties 

of PVCs was examined. They demonstrated that fly ash fillers 

do not considerably change the impact resistance of rigid 

PVCs. Another PVC additive is a plasticizer that adjusts 

PVCs' mechanical and thermal properties. Plasticizers reduce 

the interaction and adhesion between PVC chains. Adding a 

large amount of plasticizer can decrease the elastic modulus 

and Tg.[5,35-37] P-PVC is generally flexible, and its flexibility 

significantly depends on the type and the quantity of 

plasticizer. Some of the common plasticizers used in PVC-

related industries are phthalate, trimellitate, adipate, soybean 

oil, and tertiary fatty amide.[6,38-41] 

PVC has paved the way for using plasticizers in polymers 

and enabled the production of the first thermoplastic-

elastomer.[42,43] Some studies have examined the effect of 

different percentages of plasticizers on the mechanical, 

thermal, and electrical properties of PVC composites.[44] In 

some studies, using plasticizers in low quantity yielded an 

uncommon phenomenon called anti-plasticization.[5,44,45] 

During this process, small amounts of plasticizer molecules 

penetrate the PVC chains and reduce the possibility of 

vibrations and molecular motions of the polymer, thus 

increasing mechanical properties, including the ultimate 

strength.[45] The knife-coating technique (KCT) places layers 

on each other to make PVC-based synthetic leather. However, 

laminated synthetic leather produced by this method does not 

have good mechanical properties.  

The present study is focused on improving the mechanical 

properties of PVC-based laminated synthetic leather through 

a multilayer hybrid system that takes advantage of suspension 

PVC (S-PVC) and polyurethane (PU). Owing to the suitable 

interaction between S-PVC and P-PVC and the satisfactory 

adhesion of PU with P-PVC, this research used S-PVC and PU 

between P-PVC layers to enhance the mechanical properties 

of the laminated synthetic leather. The results show that the 

method presented in this research significantly improves the 

mechanical properties of laminated synthetic leather. These 

results are due to the penetration of the plasticizer in the P-

PVC layers and the formation of interphase properties 

between the layers. Also, the interface interaction between PU 

functional groups and P-PVC chains causes a noticeable 

increase in elastic modulus and ultimate tensile strength of the 

synthetic leather. In addition, the DSC test results indicated 

that using S-PVC and PU layers between P-PVC layers in the 

described synthetic leathers does not lead to an evident change 

in the thermal properties, especially Tg. 

 

2. Test method 

2.1 Materials and manufacturing method 

The present research used PU, S-PVC, and emulsion PVC (E-

PVC) to fabricate samples. S-PVC and E-PVC are synthesized 

as powders with K-values of 65 and 68. The utilized PVC was 

purchased from Arvand Petrochemical Co., Iran. Also, the PU 

was obtained as a solution from IMA srl company with the 

commercial code 1880/25, whose properties are listed in Table 

1.[46] 

To make P-PVC plastisol, a certain amount of plasticizer 

(DOP), thermal stabilizer (barium/cadmium/zinc), and 

internal lubricant were added to E-PVC powder (E-

PVC6834). According to Table 2, the PVC resin and additives 

were weighed using a high-precision balance. The 

components were mixed at ambient conditions for 10 minutes 

by a high-shear mechanical mixer at 2000 rpm. The plastisol 

was passed through a filter to agglomerate particles and 

separate impurities in the next step. After the filtration stage, 

the plastisol was vacuumed for one hour at 0.3 bar to remove 

the air bubbles. 

 

Table 1: Mechanical properties of PU 1880/25 material. 

Material Ultimate tensile strength (MPa) Rupture strain (%) Elastic modulus (MPa) 

PU 1880/25 32.36 210 19.61 

 

Table 2: Formulation of P-PVC plastisol. 

Heat stabilizer Lubricant DOP E-PVC 6834  

5 20 60 100 Weight ratio (PHR) 
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Table 3: Specifications of specimens. 

Description Specimen name 

Suspension PVC with a thickness of 1 mm S-PVC 

Four layers of P-PVC with a thickness of 0.3 mm in each layer Laminate-1 

Seven-layer composites with four layers of P-PVC with a thickness of 0.3 mm and three layers 

of S-PVC with a thickness of 0.1 mm (evenly distributed layers) 
Laminate-2 

Seven-layer composites with four layers of P-PVC with a thickness of 0.2 mm and three layers 

of S-PVC with a thickness of 0.1 mm (evenly distributed layers) 
Laminate-3 

Seven-layer composites with four layers of P-PVC with a thickness of 0.2 mm and three layers 

of PU with a thickness of 0.1 mm (evenly distributed layers) 
Laminate-4 

 

To prepare the S-PVC solution, the powder (at 25 wt.%) 

was gradually added to the cyclohexanone solvent.[47] It was 

then placed under a vacuum for one hour. The next step 

involved determining the mechanical properties of pure S-

PVC. To this end, dumbbell samples (Fig. 1) were prepared 

for tensile testing. After pouring the S-PVC solution into the 

mold, the pieces were placed in ambient conditions for 15 days 

to allow the cyclohexanone solvent to evaporate. 

 

Fig. 1: The dumbbell-shaped specimens of S-PVC. 

 

As shown in Table 3, five different types of samples were 

fabricated with different stacking sequences. The layers are 

consecutively placed on each other using KCT. Fig. 2 shows a 

schematic of the Laminate-1 sample. In its preparation 

process, the first layer was located as a P-PVC plastisol film 

on the released paper and left at 140 ℃ for one minute. Similar 

to the first layer, the subsequent layers were laid on the 

previous ones using KCT, and each time, the specimen was 

placed at 140 ℃ for one minute. To complete the process of 

fusion and gelation, the four-layer film with a thickness of 1.2 

mm was set in an oven at 190 ℃ for 10 minutes. 

 

Fig. 2: Schematic of Laminate-1. 

Fig. 3 shows a schematic of the Laminate-2 sample. In the 

first step of preparing Laminate-2, a P-PVC plastisol film with 

a thickness of 0.3 mm was positioned as the first layer on the 

released paper using KCT and then heated at 140 °C for one 

minute. Afterward, a layer of S-PVC solution with a thickness 

of 0.1 mm was positioned as the second layer on the P-PVC 

layer (i.e., the first layer). For evaporating the solvent from the 

S-PVC layer, the sample was placed at a temperature of 80 ℃ 

for 30 minutes. Then, the following layers were added to 

obtain a sample of 7 layers, including three S-PVC layers 

among four P-PVC layers. Finally, similar to the Laminate-1 

sample, the specimen was placed at 190 °C for 10 minutes to 

complete the fusion and gelation process (Fig. 4). 

 

Fig. 3: Schematic of Laminate-2. 

 

The fabrication procedures for Laminate-3 and Laminate-

4 samples are similar to that of Laminate-2. To investigate the 

effect of the S-PVC volume fraction in laminated synthetic 

leather, the thickness of P-PVC layers in the Laminate-3 

sample was set at 0.2 mm. The laminate-4 specimen consisted 

of 7 layers, including 3 PU layers with a thickness of 0.1 mm, 

among four layers of P-PVC with a thickness of 0.2 mm. The 

method of adding PU layers to the Laminate-4 sample is the 

same as adding S-PVC layers to Laminate-2 and Laminate-3 

specimens. After adding each PU layer, the sample was kept 

at 80 ℃ for 30 minutes for the PU solvent to evaporate 

completely. In the last step, all specimens were prepared for 

the tensile test by cutting them from the laminated synthetic 

leather with a dumbell-shaped cutting die. 
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Fig.4: The schematic of the fabrication process. 

 

Fig. 5: The tensile testing of a specimen. 

 

2.2 Tests 

Tensile test samples were prepared according to the ASTM 

D638 standard.[48] A Santam STM-150 universal testing 

machine with a 50 kgf load cell was used for mechanical 

measurements. As shown in Fig. 5, tensile tests were 

performed at 50 mm/min speed under ambient conditions and 

20% relative humidity. The elastic modulus at 20% strain, 

ultimate tensile strength, and rupture strain were obtained 

during these experiments.  

Thermal characterization was carried out by differential 

scanning calorimetry (DSC) with an STD-Q600 DSC 

machine. According to ASTM E 1640,[49] Laminate-1, 

Laminate-3, and Laminate-4 samples were prepared, and their 

temperature reached from 25 ℃ to 190 ℃ at a heating rate of 

10 ℃/min. 

 

3. Results and discussion 

3.1 Mechanical properties 

It is crucial to prevent layers from delamination to improve the 

strength of laminates. The functional groups in the polymer 

chains enhance the van der Waals interaction at the layers’ 

interface. Furthermore, the effective interactions between the 

chains can form reinforced interphase. The interphase 

formation can decrease the delamination phenomenon and 

improve the mechanical properties of laminates.[50] 

Accordingly, in the present study, S-PVC and PU solutions, 

which interact well with P-PVC, were used between synthetic 

leather layers. The stress-strain behavior of the samples during 

the tensile test was measured, as shown in Fig. 6, to determine 

the specimens' elastic modulus, rupture strain, and ultimate 

tensile strength. 

Table 4 lists important mechanical properties of S-PVC, 

PU, and laminated composites, such as elastic modulus, 

rupture strain, and ultimate tensile strength. Fig. 7 shows a 

cross-section of the Laminate-2 sample. 
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Fig. 6: The stress-strain diagram of dumbbell-shaped specimens under the tensile test. 

 

Table 4: The mechanical properties of samples. 

Standard deviation 

(Elastic modulus/ Rupture strain/ 

Ultimate tensile strength) 

Ultimate tensile 

strength (MPa) 

Rupture strain 

(%) 

Elastic 

modulus (MPa) 
Material 

(0.09/0.07/0.36) 8.50 146% 12.17 S-PVC 

- 32.36 210% 19.61 PU 

(0.19/0.08/0.13) 12.00 350% 7.25 Laminate-1 

(0.24/0.14/0.19) 14.71 389% 7.92 Laminate-2 

(0.12/0.07/0.10) 15.52 361% 8.99 Laminate-3 

(0.17/0.01/0.07) 17.72 330% 11.82 Laminate-4 

 

Fig. 7: The cross-section view of Laminate-2. 
 

According to Table 3, the volume fraction of S-PVC in 

Laminate-2 and Laminate-3 samples is 0.2 and 0.27, 

respectively. Moreover, the volume fraction of PU in the 

Laminate-4 sample equals 0.27. Fig. 8 offers a comparison of 

the elastic modulus and ultimate tensile strength of the 

specimens. Compared to Laminate-1, the Laminate-2 sample 

showed a 9% increase in elastic modulus and a 23% increase 

in ultimate tensile strength. Compared to Laminate-1, 

Laminate-3 showed a 24% increase in elastic modulus and a 

29% increase in ultimate tensile strength. According to the 

results, compared to the Laminate-1 sample, the addition of 

three layers of PU with a volume fraction of 0.27 among the 

four layers of P-PVC (Laminate-4) increased the elastic 

modulus and ultimate tensile strength by 63% and 48%, 

respectively. 

Fig. 9 shows the rupture strain for all specimens. The 

rupture strain for the Laminate-1 sample is 350%. In samples 

of Laminate-2 and Laminate-3, using S-PVC layers between 

synthetic leather layers with different volume fractions 

resulted in a 389% and 361% increase in rupture strain, 

respectively. Based on the rupture strain values for PU1880 

(Table 1), using three PU layers among four P-PVC layers 

reduced the rupture strain in the Laminate-4 sample by 330%. 

According to the results, the plasticizer in P-PVC layers 

can improve the mechanical properties of Laminate-2 and 

Laminate-3 samples compared to the Laminate-1 sample. The 

plastisol in P-PVC layers contains 60 PHR plasticizers, which 

can migrate from P-PVC layers to S-PVC layers. In the final 

stage of the fusion and gelation process, when the sample is 

placed at 190℃, the molecular motion of the particles 

increases, and small amounts of plasticizer can penetrate from 

the P-PVC layers to the S-PVC layers. This mechanism is such 

that a small amount of plasticizer penetrates a portion of the 

S-PVC layers, forming the interphase region. The anti-

plasticization phenomenon occurs in this area due to the small 

amount of plasticizer used. Two essential factors explain this 

phenomenon. From a chemical point of view, the presence of 

plasticizers in small amounts increases the mobility of 

polymer chains so that the chains possess a more stable 

chemical structure in van der Waals interactions. The stability
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Fig. 8: A comparison of the ultimate tensile strength and elastic modulus properties. 

 

Fig. 9: A comparison of the rupture strain of specimens. 

 

of the chemical structure of the chains reduces the residual 

stress in the interphase region. It ultimately enhances the 

mechanical properties of laminated synthetic leather. In 

addition, small plasticizer molecules reduce the free volume 

between PVC chains. It thus lowers the possibility of the 

polymer's vibration and molecular motion, increasing the 

interphase region's mechanical properties. 

The presence of active functional groups in the PU polymer 

chain leads to a proper interaction between PU and P-PVC 

layers in the Laminate-4 sample. The interface interaction 

between PU and P-PVC layers reduces the probability of the 

delamination phenomenon. In contrast to Laminate-2 and 

Laminate-3 samples, the plasticizer's penetration and the 

interphase area's formation do not occur in the Laminate-4 

specimen. Since the PU material has a higher elastic modulus, 

ultimate tensile strength, and lower rupture strain compared to 

the Laminate-1 sample, the decrease in rupture strain and an 

increase in elastic modulus and ultimate tensile strength in the 

Laminate-4 specimen were predictable. 

 

3.2 Differential scanning calorimetry (DSC) analysis 

DSC analysis was employed to investigate the effect of S-PVC 

and PU layers on the thermal properties of laminated synthetic 

leather. The thermal properties of three types of samples (i.e., 

Laminate-1, Laminate-3, and Laminate-4) were measured 

using DSC. Fig. 10 shows the DSC plots of these samples. 

Moreover, the dashed line on the graph offers the range of Tg 

in the curves.
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Fig. 10: DSC curves of laminated synthetic leather samples. 

 

Table 5: The initial range of Tg and the Tg of laminated synthetic leather samples. 

Material Initial range of Tg (°C) Tg (°C) 

Laminate-1 58.27 71.52 

Laminate-3 59.61 71.90 

Laminate-4 61.14 72.36 

 

The plasticizer in the P-PVC composite increases the 

motion and flexibility of the polymer chains, hence decreasing 

Tg.[5] On the other hand, due to the absence of a plasticizer and 

lower mobility and flexibility in S-PVC and PU polymer 

chains, the Laminate-3 and Laminate-4 samples had a slight 

increase in Tg values and initial Tg range compared to the 

Laminate-1 sample. Table 5 shows the Tg values and initial 

Tg range for the Laminate-1, Laminate-3, and Laminate-4 

samples.  

 

4. Conclusion 

Producing laminated synthetic leather made of P-PVC and 

improving its mechanical properties using the KCT may raise 

numerous challenges. Considering some problems, such as 

limitations in the selection of additives to achieve desirable 

mechanical properties in the synthetic leather industry, the 

present study offered a novel idea to improve the mechanical 

properties of laminated synthetic leather using PU and S-PVC 

layers.  

To this end, tensile and DSC tests were conducted to 

investigate the mechanical and thermal behavior of a 

laminated synthetic leather reinforced with some intermediate 

layers of PU and S-PVC compared to its P-PVC-laminated 

counterpart. The interaction between the layers beneficially 

affects the mechanical behavior of multilayer samples. 

Therefore, in the current research, S-PVC and PU layers, 

whose types of interaction with P-PVC are different, were 

used to boost the mechanical properties of laminated synthetic 

leather. The main results are summarized as follows: 

 This study showed that a small amount of plasticizer in PVC 

chains causes anti-plasticization. At 190℃, the plasticizer can 

migrate from P-PVC layers to S-PVC layers due to increased 

molecular motion. The migration of a small quantity of 

plasticizer from P-PVC to S-PVC layers improves interphase 

properties between the layers. The interphase formed causes a 

better binding of the layers and the superiority of the 

mechanical properties of laminated synthetic leather with the 

S-PVC intermediate layers compared to that of S-PVC 

material and P-PVC laminates. 

 The weight percentage of S-PVC in the Laminate-3 sample 

is higher than that in the Laminate-2 specimen. The 

experimental results showed that the Laminate-3 sample has a 

higher elastic modulus and ultimate tensile strength than the 

Laminate-2 sample. This difference is attributed to the larger 

size and effect of the interphase area in the Laminate-3 sample 

compared to the Laminate-2 specimen. 
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 In the Laminate-4 sample with PU intermediate layer, as 

opposed to Laminate-2 and Laminate-3 samples, the 

plasticizer migration from P-PVC layers does not happen. In 

this laminate, the delamination is reduced due to active 

functional groups in the PU polymer chain and the interfacial 

interaction of the layers. 

 By comparing the mechanical properties of the Laminate-4 

sample with those of the Laminate-1 specimen, one concludes 

that using PU1880 layers between the layers of the synthetic 

leather can significantly increase its elastic modulus and 

tensile strength. Also, owing to the lower rupture strain of 

PU1880 compared to that of P-PVC, the Laminate-4 sample 

had a lower rupture strain than Laminate-1. 

 DSC test results showed that implementing S-PVC and PU  

layers among P-PVC layers in laminated synthetic leathers 

does not significantly modify their thermal properties, 

especially Tg. 
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