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Abstract 

Recycled styrene butadiene rubber (rSBR) from waste car tires was used as a filler in 

poly(lactic) acid (PLA) to modify its properties. The compounds were prepared via twin-screw 

extrusion and molded by injection with different rSBR contents (0 to 25% wt.). Additionally, 

recycled rubber particle size was controlled between 125 and 1000 μm to determine the 

effect of this parameter. From the samples produced, a series of morphological, physical and 

mechanical characterizations were performed. As expected, rSBR addition decreased the PLA 

stiffness. Up to 5% rSBR, the flexural and elastic moduli were unchanged, but the tensile 

strength, elongation at break and impact toughness were decreased. The highest tensile 

strength, elongation at break and impact toughness were achieved for PLA/rSBR blends filled 

with small rubber particles (125-250 μm). According to the morphological analysis, this 

behavior was associated to better interfacial interactions between smaller rSBR particles 

(higher specific surface area) and PLA resulting in a more uniform filler distribution and better 
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stress transfer from PLA to rSBR. Finally, to complete the mechanical properties of the 

materials, fatigue tests were carried out on different blends and the results were related to 

instrumented indentation to get some more local information. 
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1. Introduction 

Recycled styrene butadiene rubber (rSBR), also known as waste rubber powder (WRP) or ground 

tire rubber (GTR), is a widely available synthetic rubber as virgin SBR is the most used rubber in car 

tires. Globally, with over a billion vehicles on the road, and with a limited life expectancy for tires, 

rSBR availability is expected to increase in the future [1]. For example, between 2 and 4 billion used 

tires are stacked in landfills in the United States alone [2]. Thus, the recovery of waste rubber is not 

only important for environmental issues, but is also an economically efficient way to manage the 

problem of scrap tire disposal [3]. To this end, different techniques (wet, ambient or cryogenic 

grinding) can be used to downsize the waste tires into more or less fine particles for easier 

processing. A review on current methods and applications can be found in Fazli and Rodrigue [4, 5]. 

During the last two decades, increasing environmental consciousness has driven both the 

scientific community and the chemical industry to find new applications for recycled materials. On 

the other hand, there is also an increased demand for biosourced and biodegradable polymers [6]. 

One of the main commercial materials leading this movement is polylactic acid (PLA) [7-10]. Being 

sourced from extensively available crops (such as corn and sugar beets), this thermoplastic resin 

offers a sustainable alternative to petroleum based polymers [7]. However, PLA still represents only 

a small fraction of the global demand for plastics. The main limitations for PLA are its high 

brittleness, poor impact resistance, and relatively high cost [8-11]. For this reason, there is a great 

deal of research done to develop and modify PLA blends for different applications. Using virgin 

elastomers (co-polymers) offers satisfactory results, but the costs of such blends is still too high for 

commercial productions [9, 10]. Recently, research using waste rubber as a filler in PLA blends has 

shown promising results [10]. Under specific conditions, impact toughness and elongation at break 

of PLA can be increased. For example, Yang et al. [12] showed that using recycled tire rubber for 

impact modification of PLA (14.47 kJ/m2) generated significant improvement of impact strength 

(about 160%) of the resulting blends which was similar to the excellent toughening effect of styrene-

butadiene-styrene block copolymer (SBS) (161.9% improvement) and higher than virgin ethylene-

α-octene copolymer (EOC) (29.6%) and glycidyl methacrylate grafted EOC (mEOC) (52.4%). 

However, no information on the effect of rubber particle size on such blends was reported. In 

polymer blends, particle sizes are known to play a significant role in controlling the total contact 

surface area between the dispersed phase and the matrix [13, 14].  

Fatigue studies are not systematically performed on thermoplastics and polymer 

blends/composites/foams. Nevertheless, they are highly performed on rubbers/elastomers, but 

face some limitations such as self-heating, large strains imposed, etc. [15, 16]. Furthermore, this 

type of approach is time, energy and material consuming. Although some publications can be found 
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on the fatigue behavior of SBR [17, 18], very limited information can be found on PLA alone (mainly 

from additive manufacturing) [19, 20] and even less on PLA/SBR blends. In general, it can be 

concluded that fatigue studies on compounds based on thermoplastic matrices and elastomer as 

fillers are not available, not to mention compounds made from recycled materials. 

As far as instrumented indentation is concerned, the technique was mainly developed for metals. 

However, this is no longer the case as numerous applications can now be found from industrial to 

medical applications and more fundamental research. Different behaviours and structures are 

reported from very hard to very soft materials including elastic, plastic and/or viscoelastic 

behaviours for applications like adhesives, coatings, composites, biological tissues, etc. However, 

instrumented indentation is still poorly studied and development are still needed to adapt the 

theories for other materials (non-metallic) [21, 22]. This aspect is investigated in this work. 

This study presents an investigation dedicated to the preparation and characterization of blends 

combining a biobased resin (PLA) with a recycled additive (rSBR) to produce more sustainable and 

inexpensive compounds. In particular, the effect of recycled fillers content and particle size on the 

blends properties prepared using standard melt processing in terms of phase morphology and 

mechanical properties are investigated with a focus on toughness and impact strength of PLA/rSBR 

since PLA alone is a very brittle bioplastic. To complete the mechanical behavior analysis of these 

blends, a campaign of fatigue tests and instrumented indentation tests were also carried out.  

2. Experimental 

2.1 Materials 

The rSBR was supplied by Recyc RPM (Québec, Canada) in a powder form. The rSBR was initially 

obtained through mechanical recycling of waste tires. The material was then mechanically sieved to 

produce different particle sizes with four mesh openings (125, 250, 500 and 1000 μm) representing 

the classification of the particles diameter. Screening thus produced three distinct particle size 

ranges: 125-250 μm, 250-500 μm and 500-1000 μm are referred as SBR1, SBR2 and SBR3, 

respectively. Also, fourth particle size range was used based on the unsieved rSBR (SBRm) to 

determine the effects of a wider distribution range of particle sizes. The granulometric study of the 

rSBR (as received) revealed that 19% is between 125 to 250 μm, 66% is between 250 to 500 μm and 

12% is between 500 to 1000 μm with traces of smaller and larger particles (less than 3%). The matrix 

used in this study was PLA grade 2003D produced by NatureWorks LLC (Minnesota, USA). It has a 

density of 1240 kg/m3 and a melt flow index of 6 g/10 min (2.16 kg and 210 °C). 

2.2 Production of PLA/rSBR Blends 

Four different rSBR weight contents were used (5, 10, 15 and 25% wt.) for compounding via melt 

mixing of the rubber particle with PLA (matrix). The PLA (pellets) and rSBR (powders) were melt-

blended via twin-screw extrusion. Both materials were fed separately and the feeding rates of each 

material was set according to the final concentration desired. A Leistritz ZSE-27 (D = 27 mm, L/D = 

40) co-rotating twin-screw extruder composed of 10 heating zones was used. The rSBR and PLA 

were fed at the main feeder position (1st zone) and side-stuffer (4th zone) respectively, as 

determined in a previous study [13]. The temperature profile was set as 140, 160, 180, 180, 185, 

185, 185, 180, 175 and 170 °C for the ten zones of the extruder with a die diameter of 3 mm. The 
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compounds were cooled down using a water bath before being air dried and fed to a pelletizer. The 

material was dried overnight in a convection oven at 55 °C before being injection molded on a Nissei 

model PS60E9ASE with an injection temperature of 180 °C and a mold temperature of 30 °C. The 

mold had the required dimensions for each characterization as described next. 

2.3 Characterization 

Micrographs were taken with a JEOL JSM-840A (Tokyo, Japan) scanning electron microscope 

(SEM). The samples were cryogenically fractured after being frozen in liquid nitrogen to expose their 

cross-section and coated with a thin layer of Au/Pd by a sputtering technique. Images were taken 

at different magnifications (15 kV). 

Density was obtained using an ULTRAPYC 1200e gas (nitrogen) pycnometer. All the results are 

the average of at least three replicates.  

Hardness was measured following ASTM D2240-15 [23] using a 307L model durometer (PTC 

Instruments, Los Angeles, USA). Due to the dual nature of the samples (blend of hard thermoplastic 

and soft elastic rubber), two scales (Shore A and Shore D) were used for each sample. All the results 

are the average of at least ten replicates.  

Tensile tests were carried out at room temperature on an Instron (Norwood, USA) model 5565 

universal testing machine (500 N load cell). The crosshead speed was set at 10 mm/min following 

ASTM D638-14 [24] to get the elastic modulus, tensile strength and elongation at break. The samples 

were type IV with a gauge length of 33 mm and 3.25 mm in thickness. All the results are the average 

of at least five measurements.  

Flexural tests were done at room temperature using the same testing machine as for tensile tests 

(Instron 5565, Norwood, USA). The crosshead speed was set at 2 mm/min following ASTM D790-10 

[25] to get the flexural modulus. The dimensions were 12.35 mm in width and 3.25 mm in thickness 

for a span length of 60 mm. All the results are the average of at least five repetitions.  

Charpy impact tests were performed on a Tinius Olsen (Horsham, USA) model Impact 104 

pendulum impact tester. According to ASTM D256-10 [26], the impact toughness was calculated by 

dividing the energy at break by the cross-sectional area of the sample. The samples had a 2 mm 

deep notch (ASM, Dynisco) with dimensions of 120 mm in length, 12 mm in width and 3.25 mm in 

thickness. All the results are the average of at least ten samples. 

A tension-tension (T/T) fatigue test campaign was achieved on an Instron 8872 (Norwood, USA) 

25 kN servo-hydraulic fatigue testing device. The frequency of the tests was set to 5 Hz and 

performed under controlled force. All the fatigue tests were done using a load ratio (R) of 1 defined 

as: 

𝑅 =
𝐹𝑚𝑖𝑛

𝐹𝑚𝑎𝑥

(1) 

where 𝐹𝑚𝑖𝑛 and 𝐹𝑚𝑎𝑥 are the minimal and maximal force applied to the sample during a cycle. The 

dimensions are the same as those used for static tensile tests. Special attention was paid to the 

experimental conditions to avoid as much as possible the influence of the environment on the 

measurements. The sample was surrounded by a black cardboard box to limit any reflections and a 

dark sheet covered the experimental set-up.  
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To get more precise information on the local properties and especially on the rSBR dispersion, 

an instrumented indenter was used to achieve local mechanical characterization. These tests were 

performed on a NanoTest Micro-Materials Ldt allowing to apply forces up to 500 mN and coupled 

with a diamond Berkovich tip. A load-control method was used following a trapezoidal load history: 

loading (10 s), dwelling (hold at maximum load = 30 s) and unloading (10 s). These conditions were 

determined based on preliminary studies to avoid the effects of viscosity and provide an elastic 

response as much as possible. For the indentation dimensions, particular care was taken to obtain 

the lowest possible surface roughness on the samples and thus limit the dispersion in the results 

obtained. A typical profile consists in a matrix pattern of 25 indentations (5 × 5) in areas sufficiently 

far apart to obtain a representative result of the local mechanical behaviour. In total, 100 

indentations were carried out for each sample. Each indentation was performed at 100 µm from 

the previous one to limit interactions, which is well above the recommendations available in the 

literature [27]. Then, the indentation curve was analyzed using the Oliver and Pharr method [28]. 

Based on this method and ISO 14577, the unloading curves were fitted from 100% to 20% of the 

maximum force (Pmax). Then, the upper part of the unloading curve can be mathematically described 

by a power-law function as: 

𝑃 = 𝐴(ℎ − ℎ𝑓)
𝑚

(2) 

where P is the force and h is the displacement. A and m are two material constants, while hf is the 

final depth after complete unloading estimated by a least-square method. 

Calculating the derivative of equation (2) leads to the slope of the unloading curve (S = dP/dh) 

evaluated at P = Pmax and h = hmax to get: 

𝑆 = 𝐴𝑚(ℎ𝑚𝑎𝑥 − ℎ𝑓)
𝑚−1

(3) 

It is then possible to obtain the contact depth hc between the sample and the tip as: 

ℎ𝑐 = ℎ𝑚𝑎𝑥 − 𝜖
𝑃𝑚𝑎𝑥

𝑆
(4) 

with Pmax and hmax the maximal force and displacement respectively, while 𝜖 is a correction factor 

equal to 0.75 for a Berkovich tip [29]. 

At this given depth, the projected contact area Ap between the indentation tip and the sample 

is: 

𝐴𝑝 = 24.5ℎ𝑐
2 (5) 

It has been decided to use this perfect projected contact area for the used indentation depths 

since the apex default can be considered as negligible. Finally, the indentation modulus (Er) was 

calculated from the Oliver and Pharr model as [28]: 

𝐸𝑟 =
𝑠√𝜋

2𝛽√𝐴𝑃

(6) 
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where β is a correction coefficient taking into account the axisymmetry of the indentor. The 

commonly used value for a Berkovich indentor is 1.034 [30]. 

3. Results and Discussion  

3.1 Morphology 

As shown in Figure 1, SEM micrographs reveals that blends containing SBR1 (smallest particle 

size) shows a somewhat well embedded rSBR particles inside the PLA matrix. Figure 1 shows that 

the interface between SBR1 and PLA is barely visible and detection of the rubber phase is difficult. 

As expected, addition of SBR1 (125-250 μm) with higher specific surface area compared to larger 

rSBR particles might show better interaction of embedded rubber particles (SBR1) with the matrix 

resulting in a more textured surface and uniform filler distribution [31]. It should be noticed that 

the processing conditions (shear/elongational stresses) can also be responsible for rSBR particle 

break-up for all particle sizes due to the mechanical energy imparted inside both processing 

equipment (extrusion and injection) [13, 32].  

 

Figure 1 SEM images of: a) PLA/SBR1 (5%) and b) PLA/SBR1 (25%). The circles indicate 

the position of a rSBR particle. 

For blends using SBR2, the PLA/rSBR interface appears to be well bounded, although some voids 

can be seen at the interface and the SBR2 particles appear less spherical than SBR1 particles (125-

250 μm). As shown in Figure 2, poor dispersion of SBR2 particles (250-500 μm) with low affinity 

towards the matrix may lead to the formation of voids around particles indicating high interfacial 

tension between PLA and rSBR (especially at 25% filler). Figure 2a shows that smaller particles can 

also be detected in the blend structure. This can be related to the processing conditions used as 

particle break-up can take place due to the mechanical energy imparted inside both processing 

equipment (extrusion and injection) [13]. Particle break-up and agglomeration (contact) can also be 

related to the rSBR concentration selected and therefore the rSBR contents were limited to 25% wt. 

(negligible particle-particle interactions if good distribution is produced).  
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Figure 2 SEM images of: a) PLA/SBR2 (5%) and b) PLA/SBR2 (25%). 

For samples prepared with SBR3, the interface quality was found to be highly variable from one 

particle to another. Sometimes the rSBR particles appear to be well embedded like in Figure 3a, 

while in other cases they are clearly sticking out of the fracture plane (Figure 3b). Again, SBR3 

particles are much less spherical than for SBR1. As shown in SEM images (Figures 1-3), poorly 

bonded rSBR to the PLA matrix led to clean and smooth surface indicating some incompatibility and 

low affinity between the rSBR (crosslinked recycled rubber) and PLA, especially with increasing rSBR 

content from 5 to 25%. 

 

Figure 3 SEM images of: a) PLA/SBR3 (5%) and b) PLA/SBR3 (25%). 

Finally, Figure 4 presents a typical morphology for samples prepared using a wide particle size 

distribution (SBRm). Small particles are clearly seen (<125 μm) which might also come from the 

initial material and break-up while processing. But microcracks are also seen originating from the 

rSBR particle surface, especially from larger particles. This observation can lead to two important 

conclusions. Firstly, larger particles are more detrimental for the mechanical performance of the 

compounds. Secondly, even if good particle-matrix contact can be achieved, there is probably poor 

interfacial adhesion/interaction due to the crosslink nature of the rSBR particles (limited surface 

chain mobility) and the different chemical nature of both components (rSBR vs. PLA). In both cases, 

improvements are possible but not included in this work as a first step. 
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Figure 4 SEM images of PLA/SBRm (5%). 

3.2 Density 

The density of the raw rSBR and neat PLA (injection molded) are shown in Table 1. It can be seen 

that for rSBR, there is a slight density decrease with increasing particle size. Smaller rSBR particles 

might be more crosslinked as they were produced by grinding and larger particles break at their 

weakest point [14]. This explanation is confirmed by the low density of the unsieved materials which 

is close to the larger particle value. In the following sections, the neat PLA will be noted as 0; i.e. 0% 

rSBR. 

Table 1 Density (+/- 1 kg/m3) of the rSBR and PLA used. 

Material Density (kg/m3) 

PLA 1256 

SBR1 1292 

SBR2 1282 

SBR3 1252 

SBRm 1257 

The density of the PLA/rSBR blends are presented in Figure 5. Since there are only small 

differences between the density of each material reported in Table 1 (between 1250 and 1300 

kg/m3), no clear tendency can be observed. But in most cases, the blends have densities lower than 

their components, a clear indication that some defects/voids are present in the molded samples as 

reported in Figures 1-4. There is also the possibility that the melt processing steps (extrusion and 

injection) slightly modified the densities of each material related to some degradation associated to 

the high temperatures used (rSBR volatiles/additives release). In general, the density slightly 

decreases with increasing rSBR content due to a larger amount of interfacial area created leading 

to more matrix-particle defects. 
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Figure 5 Density of PLA/rSBR blends (error bars represent one standard deviation). 

3.3 Mechanical Properties 

3.3.1 Tensile 

As presented in Figure 6, the neat PLA showed the highest tensile strength (57.8 MPa) compared 

to the PLA/rSBR blends in all formulations. This is expected as not only the tensile strength of rSBR 

(around 4.2 MPa) is lower than that of PLA matrix [33], but rSBR particles (crosslinked) can act as 

stress concentration point at the interface of binary blends facilitate crazing and interfacial 

debonding. Consequently, the tensile strength decreases with increasing rubber content. Similar 

results have been reported in the literature as adding a soft rubber phase decreases the tensile 

strength for tire rubber residues in polypropylene (PP) [34] and polyethylene [35].  

 

Figure 6 Tensile strength of the PLA/rSBR blends (error bars represent one standard 

deviation). 
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Nevertheless, up to 15% rSBR, there is a difference between the different rSBR particle sizes as 

SBR1 always produced higher tensile strength and SBRm showed the lowest. This difference 

between the particle sizes can be important as it varies between 21% and 163% at low SBR 

concentration (5-15 wt.%). Nevertheless, all samples gave similar results at 25% rSBR probably due 

to particle-particle interaction (contact) starting to become significant and possible agglomeration 

indicating a more significant role of blend compatibility and interface quality controlling the blends 

tensile strength at high filler content. There is reports in the literature that composites tensile 

strength depends on the particle size, interfacial adhesion and particle content [36]. As predicted 

by several models, both particle size and loading increases had a negative effect on tensile strength 

[36]. 

But different tensile strength values are an indication of different surface properties of the 

particles and/or different interfacial conditions. It has been shown in previous studies that 

mechanical forces during the recycling process can partially break the crosslinked structure of rSBR 

(partial regeneration) [10]. However, this phenomenon is limited to the particles’ surface (thin 

region), leaving the core’s (internal part) morphology unchanged [14]. Thus, rSBR particles might 

have lower mechanical strength for their skin (exterior = less crosslinked) compared to their core 

(interior = more crosslinked). Since smaller rSBR particles (SBR1) have a higher specific surface area, 

it is expected that they will display better tensile properties leading to better interfacial interaction 

between the particles and the thermoplastic molecules generating less structural defects. It is also 

likely that PLA has a better interfacial adhesion with smaller recycled rSBR particles. On the other 

hand, lower tensile properties for larger particles (SBR2, SBR3 and SBRm) can be related to particle 

agglomeration and dispersion problems resulting in stress concentration points and weak interfacial 

adhesion limiting stress transfer and premature failure in agreement with similar reports [37].  

Figure 7 shows that the tensile modulus determined through the stress-strain curves slightly 

decreases with increasing rSBR content compared to neat PLA (1.1 GPa). This is again expected since 

the modulus of rSBR (around 0.31 GPa) is lower than the matrix inducing lower rigidity [38]. But, 

contrary to the tensile strength in Figure 6, the effect of particle size is not significant here indicating 

that all the particles had similar effect on tensile modulus. 

 

Figure 7 Tensile modulus of the PLA/rSBR blends (error bars represent one standard 

deviation). 
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The neat PLA showed the highest elongation at break (12%). As presented in Figure 8, the 

presence of rSBR decreased the value for the blends due to the crosslink nature of the rSBR particles 

without enough freedom to entangle with the matrix molecules to create strong interfacial bonding. 

But up to 15%, there is no significant difference between the different rSBR contents. The trends 

are also very similar to tensile strength as smaller particles produced higher values, but no 

significant differences are observed at higher rSBR content (25%). 

 

Figure 8 Elongation at break of the PLA/rSBR blends (error bars represent one standard 

deviation). 

The literature shows that tensile failure in polymers is related to the average distance and 

diameter of microcracks [38]. Under stress, the interface between the polymer and the rubber 

should be the first to break, resulting in a microcrack with roughly the same diameter as the particle. 

Blends with SBR1 most likely initiated the smallest failures, since they had the smallest particles. 

Furthermore, these blends probably had a higher average distance between microcracks, since SBR1 

had seemingly the most uniform distribution in the matrix (Figure 1). Thus, blends with SBR1 

probably had the highest average distance and lowest diameter of microcracks, explaining their 

relatively higher elongation at break. But at 25% rSBR, the weak links between rSBR particles are 

probably too numerous (particle-particle contact and agglomeration), explaining the elongation at 

break drop and the similar values for different particle sizes. So, the more uniform is the particle 

distribution, the less chance of particle aggregation there is to avoid micro-cracks generation. 

3.3.2 Flexion 

The neat PLA had a flexural modulus of 3.27 GPa and Figure 9 presents the results for all the 

PLA/rSBR blends. As for the tensile modulus (Figure 7), the values are decreasing with increasing 

rSBR content (from 5 to 25% wt.), but there is no significant effect of particle size. This behavior 

might be related to the fact that in flexion, a combination of tensile and compression forces is 

present inside the sample, where both effects might cancel out and the interfacial state might not 

be as important as for other mechanical properties taking into account the intrinsic properties of 

the particles themselves (low modulus rubber compared to the matrix).  
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Figure 9 Flexural modulus of the PLA/rSBR blends (error bars represent one standard 

deviation). 

3.3.3 Impact 

The neat PLA had an impact strength of 20 kJ/m2 and the results for all the compounds are 

presented in Figure 10. As for the other mechanical properties (tension and flexion), the value slowly 

decreases with increasing rSBR content. This might again be related to limited interfacial adhesion 

between both phases as limited energy was transferred to the rubber particles to absorb and the 

particles act as stress concentration points (crack initiation) as seen in Figure 4. However, a study 

by Rios-Soberanis et al. [39] on laminated PLA/rSBR blends mixed by an internal mixer showed that 

the impact strength initially decreased by 60% (up to 10 wt.% rSBR) compared with PLA, but the 

values eventually increased at higher rSBR concentration (60% wt.). It is possible that high enough 

rSBR content (not reached here because of processing problem due to the high viscosity of the 

compounds as particle content increases viscosity limiting possible injection molding), combined 

with the particle treatment Rios-Soberanis et al. [39] imposed on their material (pyrolysis and 

thermal shock) was enough to get better energy absorption. Comparatively, the addition of 10% wt. 

rSBR only led to a 45% decrease in PLA impact strength (from 20 to 11 kJ/m2) indicating that the 

processing methods used (extrusion + injection) led to more adequate PLA/rSBR interfacial 

interactions retarding fracture phenomena. Previous work established that the extrusion feeding 

sequence (feeding the rubber phase in zone 1 and the matrix in zone 4) causes a direct transfer of 

shearing forces on the filler in the first part of the extruder, leading to smaller particle sizes and a 

narrower size distribution [13]. Partial regeneration of the rubber phase can also occur during 

extrusion, through a thermo-mechanical process, lowering crosslink density [10]. This allows 

improved chain mobility, enabling stronger interactions between the rubber phase and the matrix 

[13]. However, crosslink density reduction is favored with increasing particle size; i.e. larger surface 

area available to treat [14]. Since toughness increases with improved rubber/matrix adhesion and 

decreases with increasing rubber particle size, partial regeneration (breakdown of crosslinked 

network) during extrusion process (favored by particle size increase), might slightly offset the 

negative effects of increased particle size [13, 14]. Furthermore, smaller particle size can be 
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produced due to the processing conditions (particle break-up) which is expected to be more 

important with increasing particle size as larger particles are easier to break due to higher shear and 

elongation stresses [13]. This might explain why the blends with different rSBR sizes had similar 

impact properties. Additionally, during the melt processing, particle break-up is more likely to occur 

at their weakest point (lower crosslink density), leading to a higher number of stronger (higher 

relative crosslink densities) particles as reported by Macsiniuc et al. [14].  

 

Figure 10 Impact strength of the PLA/rSBR blends (error bars represent one standard 

deviation). 

It is known that the rSBR regeneration process in an internal mixer is influenced by all processing 

parameters (time, temperature and rotor speed), so it is expected that the same principles might 

also apply for the regeneration process in extrusion, and these parameters might be optimized for 

higher crosslink density and particle size reduction [14, 40]. Nevertheless, further studies are 

needed to understand the complex relations between rubber regeneration (crosslink density), 

particle size distribution (including break-up) and processing conditions.  

3.4 Hardness 

The neat PLA has a Shore D hardness of 84.6 and Figure 11 presents the result for all the PLA/rSBR 

blends. It can be seen that within experimental uncertainty, there is no significant effect of rSBR 

particle size on hardness variation, while the values are slightly decreasing with increasing rSBR 

content (from 5 to 25% wt.) which is attributed to the soft nature of rubber particles with low rigidity 

[41]. It can be concluded that the matrix is still controlling the surface properties of the compounds 

(good particle inclusion in PLA) at least for the range of conditions tested. Testing using the Shore A 

scale was also done, but no significant differences were observed between the samples. 
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Figure 11 Hardness of the PLA/rSBR blends (error bars represent one standard 

deviation). 

3.5 Fatigue 

In order to get more information on the mechanical behavior of the blends, fatigue tests were 

carried out. To limit the experimental time and due to limited amount of materials, only the 

PLA/SBR1 blends with different SBR1 contents were analyzed as this information is seldom reported 

in the literature.  

As a first step, the standard S-N curves are plotted in Figure 12 which represent the maximum 

stress applied on the material (S) as a function of the number of cycles to failure Nf. The plots show 

how the sample lifetime is affected by the stress level. In all cases, the neat matrix (PLA) performs 

better than the blends as Nf decreases with increasing rSBR content as for the other mechanical 

properties. Nevertheless, there is a limited difference between 0 and 5% wt. indicating that the 

effect of particle addition is limited at low rSBR content (up to 5% wt.). As shown in Figure 4, as long 

as the number of particles is low, they are well mixed in the matrix and do not create high stress 

concentration points. But above a critical threshold (between 5% and 10%), the service lives 

significantly decrease. This indicates that at low rSBR content, the PLA matrix is controlling the 

fatigue resistance, while substantial decreases are observed at higher content because of particle-

particle interaction occurs which seems to control the fatigue behavior. Finally, at even higher 

concentration (10% and above) another plateau is reached, and the fatigue life does not change 

significantly with increasing rSBR content. 
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Figure 12 Fatigue behavior of PLA/SBR1 blends with different SBR1 contents. 

The fatigue life difference observed between 5% and 10% rSBR is not obvious depending on 

which properties is analyzed. For example, tensile strength (Figure 6) exhibits a similar difference, 

while impact strength (Figure 10) and elongation at break (Figure 8) present no significant variation 

between these two ratios. 

3.6 Instrumented Indentation 

As a reminder, historical theoretical developments are limited to the mechanics of contact 

between a tip and a homogeneous/isotropic material. However, all materials are in fact composites 

at a given scale depending on the presence of different components such as grains, fillers or phases 

inside a matrix. Typical examples are cement-based materials [42], metals [43] or bones [44], which 

can be described as homogeneous materials at a macroscopic scale (cm or larger), but have to be 

treated as heterogeneous materials at finer scales. Heterogeneity can be a source of difficulties 

when assuming a continuous media. The latter implies a stress-strain relationship and thus a 

constant indentation hardness (H) whatever the scale of measurement [42]. For heterogeneous 

materials, variations in indentation curves and results are expected as the measurements will differ 

depending on the indentation locations with respect to the tip-material contact using a specific 

representative volume element (RVE). These non-uniformities are actually the origin of variation 

(lack of reproducibility) in the measurements. To avoid any microstructural effects and obtain 

homogenized properties (rather than separate responses from the different phases), a 

parameterization of the tests should be set with the objective of reaching an indentation depth h 

well above the size of any inclusions D (i.e. h ≫ D: in general h > 6D [45]). 

Preliminary results showed that a typical depth h of about 7 to 8 μm is necessary (Figure 13) 

which is, when analyzing the surface and the dimensions of the rSBR (Figures 1, 2, 3 and 4), not in 

the theoretical value previously mentioned. This means that caution must be made when analyzing 

the results from instrumented indentation in our case. 
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Figure 13 Load-depth curve for a 15% SBR1/PLA blend. 

The protocol develop from previous works was carried out [21], including a holding time to 

dissipate viscous effects. Tests were carried out on SBR1/PLA blends (0% to 25% SBR1) by controlling 

the load until 100 mN with a holding time of 30 s (the loading and unloading rate are the same). 

Each sample was indented following a matrix of 9 indentations with 100 μm spacing between each 

indentation. A typical curve is presented in Figure 13.  

The local modulus is then calculated from Hertz theory [46]. As this theory is based on the contact 

between two deformable solids, the combined modulus introduced which is generally called the 

reduced modulus (Er), is defined as: 

1

𝐸𝑟
=

1 − 𝜈1
2

𝐸1
+

1 − 𝜈2
2

𝐸2

(7) 

where E1 and v1 are respectively the elastic modulus and Poisson ratio of the sample (here PLA/rSBR 

blends), while E2 and v2 are the elastic modulus and Poisson ratio of the indentor (diamond tip). 𝐸𝑟 

is then calculated from the indentation curve and theoretical consideration (see section 2.3). 

The reduced modulus (Er) is often used because no assumption is needed to obtain local 

information (as it is the case for the local moduli including an assumption on the Poisson ratio). 

The results of the PLA/SBR1 blends are promising because they show a low dispersion in the 

results with respect to the standard deviations obtained (Table 2). The results show a decrease in 

the local mechanical properties with increasing SBR1 content in the matrix. These results follow the 

same trends observed with the others macroscopic mechanicals properties except for the value at 

25% SBR1 (very high modulus) which is difficult to explain. One possibility may be related to the 

very localized measurement technique; i.e. the indentation area investigated may have been in a 

part of the blend without rSBR (or a very low content). 
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Table 2 Indentation results for the samples tested. 

Sample Er (GPa)  E (GPa) Standard 

deviation (GPa) 

Diamond (indenter) - 1140 - 

0% SBR1 1.98 1.73 0.03 

5% SBR1 1.89 1.64 0.09 

10% SBR1 1.85 1.59 0.13 

15% SBR1 1.16 0.99 0.06 

25% SBR1 2.31 1.95 0.16 

Then, when looking at the global mechanical properties (Figure 14), differences can be observed 

between the local modulus and the modulus obtained from the macroscopic tensile test which is 

an observation commonly found in the literature [47]. This phenomenon is known as indentation 

size effect (ISE) which was reported for several polymers [48, 49]. The ISE is related, not only to a 

poor estimation of the projected area of contact due to a blunt tip, but also to surface roughness 

and energy dissipated at the surface. Nevertheless, the trends are similar up to 15%. So the local 

property seems to present a good trend up to 15%, but cautions must be made as these are only 

preliminary results. 

 

Figure 14 Comparison between the local and global modulus (error bars represent one 

standard deviation). 

4. Conclusion 

The structure and properties of poly(lactic) acid (PLA) and recycled styrene butadiene rubber 

(rSBR) from waste rubber powder blends mixed by extrusion and molded by injection were studied. 

The samples were prepared to study the effect of rSBR content (0 to 25% wt.) and particle size (125 

to 1000 μm). From the samples produced, a complete set of characterization was performed 

including morphology, density, tensile and flexural properties, impact strength, and hardness as well 

as fatigue and indentation.  
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The results showed that limited differences were observed for the density since all the particles 

had similar values (between 1250 and 1300 kg/m3). Only slight variations were observed due to 

some interfacial defects related to the rSBR particle sizes and interfacial interaction. Similarly, 

limited variation in Shore hardness (A and D scale) were observed because the rSBR particles were 

well embedded and this surface property was controlled by the matrix (PLA) in this case. 

For the mechanical properties, all the values decreased with increasing rSBR content due the 

rubbery (elastic) nature of the dispersed phase and the limited interfacial interactions (confirmed 

by SEM). The same trends were observed in the case of fatigue resistance and instrumented 

indentation with, respectively, a threshold around 15%. These initial results tend to provide 

evidence of the interest in using a combination of fatigue and nanoindentation techniques to 

characterize two-phase materials. Nevertheless, some issues still need to be addressed to improve 

the measurements made, especially for instrumented indentation. 

Finally, these results represent a first step towards the development of sustainable materials 

based on recycled rubber embedded inside a biosourced matrix. Nevertheless, more work is needed 

to improve on these results and produce resins for different applications like packaging, material 

handling, transportation, etc. This can be done by interfacial compatibilization via rSRB surface 

treatment (chemical, physical and thermal) and/or coupling agent addition to decrease particle 

agglomeration and improve interfacial adhesion.  
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