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Changes in the thermomechanical properties of polylactide (PLA) plasticized by two biodegradable and biobased molecules, Polysorb ID37 (PID37) and squalene, were compared to formulations with petroleum-based plasticizers, namely, acetyl tributyl citrate, poly(ethylene glycol) 400, and dioctyl adipate (DOA). The solubility parameters of the additives were calculated and were related to the plasticization behaviors. PID37 proved to be miscible with PLA because of its polar functions and short alkyl groups. It decreased the PLA glass-transition temperature (T g ) and increased in ductility when T g approached room temperature. Squalene had a low miscibility because of the absence of polar groups. T g was not depressed. Ductility improvements were nevertheless reached because the immiscible inclusions efficiently induced crazing by the distribution of stress concentration points all over the material; this delayed failure. The maximum elongations at break were 60% for squalene, 400% for DOA, and 500% for PID37. The solubility factors were, thus, an efficient prediction tool for the plasticizing behavior.

INTRODUCTION

For almost 2 decades, new polymers have been developed with the aim of lowering the environmental impact of plastics manufacturing. Polylactide (PLA), which is a biobased and compostable polyester produced on a large scale, exhibits numerous advantages, including a glass-transition temperature (T g ) that is higher than room temperature, ease of processing, high transparency, printability, and moderate cost. However, even if PLA offers satisfying mechanical properties, its low deformation at break remains a limitation for many high-volume applications, such as textile fiber production and food packaging. 1,2 External plasticizing is a widely applied method for enhancing polymer ductility because of existing know-how and the ease of implementation of such a process on the industrial scale. Many studies have been conducted to find effective PLA plasticizers. Plasticizers should be high-boiling-point molecules, miscible with the polymer, having a high associated free volume and low T g . For polar polymers such as polyesters, plasticizer molecules should have polar groups acting as points of interaction to ensure good compatibility and nonpolar groups (as alkyl chains) masking the neighboring polymer chain dipoles and increasing the free volume. [START_REF] Ruellan | Poly(lactic acid) Science and Technology: Processing, Properties, Additives and Applications[END_REF] As plasticizers are often used in compounds at concentrations of up to 30 wt %, it is interesting that they are biodegradable and biobased if such claims are envisaged to be associated with the polymer. Additives derived from biomass byproducts have already been shown to enhance the ductility of PLA. Miscibility has been observed to be a key factor. In fact, merely miscible glucose monoester and fatty acid esters, [START_REF] Jacobsen | [END_REF] glycerol, 5 liquefied rice bran, 6 a-tocopherol, and resveratrol 7 did not induce significant T g decreases nor improvements in the elongation at break. In contrast, oligomeric lactic acid, 5 liquefied wood, 6 and limonene 8 caused large decreases in the PLA T g concomitantly with gains in the ductility. To enhance the compatibility with PLA, chemically modified biomass fractions, such as epoxidized soybean oil 1,9,10 and epoxidized palm oil, [11][12][13] have been tested.

Improvements in the elongation at break were obtained, 9,[11][12][13][14] whereas the PLA glass-transition merely decreased.

To produce competitive plasticizers, the performance of biobased plasticizers need at least to approach that of one of the petrochemical molecules. Among petroleum-based plasticizers that have already been investigated, citrate esters [15][16][17][18][19][START_REF] Sierra | Presented at ANTEC 2010[END_REF][START_REF] Courgneau | [END_REF][22] are the far most prominent ones. Labrecque et al. 22 mixed triethyl citrate, tributyl citrate, acetyl triethyl citrate, and acetyl tributyl citrate (ATBC) at a concentration of 20 wt % with PLA. In all cases, T g was lowered, and the elongation at break augmented to 300%. Poly(ethylene glycol)s (PEGs) have also attracted large interest, mainly because they are commercially available in a large range of chain lengths. It has been observed that smallchain-length PEG [weight-average molecular weight (M w ) < 1000] 15,[START_REF] Courgneau | [END_REF]23,24 tends to induce stronger thermomechanical changes than those with longer chain lengths. 15,[25][26][27] Furthermore, adipate esters, which have two polar functions, have been studied as PLA plasticizers. 17,28,29 Martino et al. 29 used dioctyl adipate (DOA) up to a concentration of 20 wt % and successfully increased the elongation at break to approximately 300%.

In this study, we examined two fully biobased and biodegradable molecules as new plasticizers for PLA. Polysorb ID37 (PID37) is an isosorbide diester recently developed by the Roquette Group; at first, it was intended for the lamination of poly(vinyl chloride), but it is potentially usable as a PLA plasticizer. 30,31 The isosorbide core is derived from glucose and prepared from the double dehydration of sorbitol, and the ester alkyl chains are sourced from vegetable oils. PID37 was recently registered in the European Union Regulation Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH). The second potential plasticizer, squalene, is a common natural hydrocarbon extracted from vegetables or shark liver. Its main uses are in cosmetics, food supplements, and adjuvants of vaccines.

With an aim to probe the effects of those molecules on PLA ductility and to investigate the corresponding plasticizing mechanisms, we compounded amorphous PLA with PID37 and squalene and compared the properties to those of known Two different mechanisms of PLA ductility increases were observed as a function of the plasticizer solubility. The first one was linked to the decrease in T g by the plasticizer, and the second one was linked to the induction of crazing.

EXPERIMENTAL

Materials

PLA 4060D, with a D-lactic acid content of 11 6 1% (according to the datasheet), was purchased from NatureWorks. ATBC, poly(ethylene glycol) 400 (PEG 400), DOA, and squalene were supplied by Sigma-Aldrich (France). PID37 was provided by the Roquette Group (France). Chemical structures of the plasticizers are shown in Figure 1. Before compounding, the PLA pellets and plasticizers were dried at 608C for 24 h under dried air to remove water traces with an SOMOS 60L. The relative humidity of dried pellets was controlled to be lower than 350 ppm with an Aboni FMX HydroTracer.

Neat PLA and plasticized PLA sheets were prepared in two successive steps. First, the direct melt-mixing of additives with PLA was carried out with a corotating twin-screw extruder (Thermo Haake Ptw 16-40D) with a screw diameter of 16 mm and a length-todiameter ratio of 40 : 1. Blends of PLA containing 5, 10, 15, and 20 wt % of each plasticizer were prepared. The liquid addition of each plasticizer was performed in the third of seven zones of the extruder. The processing conditions are given in Table I. After cooling under air, the strand was pelletized. The obtained pellets were stored in hermetic metalized sealed bags to prevent rehydration. Second, the different PLA compounds were thermomolded (Laboratory Press Gibitre Instruments, 20 tons). The pellets were premelted at 1808C without pressure for 180 s, and then, the heated plates of the press were closed with a progressive increase in pressure up to 220 bar for 120 s to eliminate air bubbles. The obtained sheets were then cooled to ambient temperature by air. The thickness of the sheets was approximately 1 mm.

Characterization of the PLA Films

To quantify the amount of plasticizer added to PLA, around 6 g of the formulated pellets were placed into a 125-mL Soxhlet apparatus containing 200 mL of ethanol and extracted under reflux for 8 h. Then, the extracted PLA pellets were dried for 2 days at 408C in vacuo. We measured the weight content of the plasticizer by weighing the difference of the PLA pellets. Analyses were done in duplicate.

The average molecular weight and dispersity values of the neat and formulated PLA sheets were measured by size exclusion chromatography with a Waters Co. apparatus equipped with an isocratic pump (GILSON 307), a column oven (Waters Control Module II), a gel column (Styragel H5E 7.8 3 300 mm 2 ) having a separation range from 2000 to 1000,000 g/mol, an autosampler (Waters 717 plus), and a refractive index detector (Waters 2414). Data acquisition and analysis were carried out with the help of Breeze Software. The analyses were performed at 358C with tetrahydrofuran as an eluent at a flow rate of 1 mL/min. The calibration was done before the experiments with polystyrene standards (Shodex Standard from Showa Denko, range 5 3070-778,000 g/ mol). For sample preparation, neat and formulated PLA pellets were dissolved in tetrahydrofuran (20 mg/L) on a shaker at 608C for 45 min. The analyses were done in triplicate.

The thermal analyses were carried out with a Mettler Toledo DSC1 STARe System under a nitrogen atmosphere (50 mL/min). The calibration of the device was done with pure water and an indium standard before the experiments. Samples of around 7 mg were cut from the thermomolded sheets and put into hermetic aluminum pans (40 mL). For each sample, calorimetric scans were carried out at a heating/cooling rate of 108C/min. Thermal history was suppressed by heating from 0 to 708C (first scan), and this was followed by an isotherm at 708C for 5 min. Then, the samples were cooled down from 70 to 2408C (second scan); subsequently, a heating scan from 240 to 1008C (third scan) was performed. T g was taken at the midpoint of the heat capacity step in the third scan. The experiments were done in triplicate.

The plasticizer T g was determined at the midpoint of the heat capacity step with a heating scan from 295 to 258C at a heating rate of 28C/min. The experiments were carried out in duplicate.

The tensile properties were investigated at 238C, at 50 6 10% relative humidity, and at a crosshead speed of 25 mm/min with a universal tensile machine (Instron model 4301). Dog-bone samples (ISO 527-2, type 5A) were cut from the thermomolded sheets. Before tensile testing, the samples were conditioned at 238C and 50 6 10% relative humidity for at least 72 h. The thickness of the samples varied from 0.9 to 1.1 mm. Each given value was an average of 10 measurements.

The morphologies of the samples before and after the tensile tests were observed with scanning electron microscopy (Hitachi 4800 II). Observations were done directly on the surface of the dog-bone-shaped samples without any previous preparation.

Calculation of the Solubility Parameters

The molar volumes and molar interaction constants of the PLA and plasticizers were determined according to the van Krevelen and Hoftyzer atomic group contribution method. Tables can be found in van Krevelen et al.'s work. [START_REF] Van Krevelen | Properties of Polymers: Their Correlation with Chemical Structure; Their Numerical Estimation and Prediction from Additive Group Contributions[END_REF] Because the length of the PID37 alkyl ester chains is unknown, calculations were done with a saturated alkyl chain length between 6 and 10 carbons. Because PEG 400 is an oligomer with an average molar mass between 380 and 420 g/mol (according to the data sheet), calculations were done with degrees of polymerization (n i s) of 6 and 7.

The average molar volumes [V g (T)'s; cm [START_REF] Ruellan | Poly(lactic acid) Science and Technology: Processing, Properties, Additives and Applications[END_REF] /mol] at 258C of the amorphous and glassy chains of PLA were estimated with eqs.

(1) and ( 2). According to size exclusion chromatography measurements [number-average molecular weight (M n ) 5 104,200 g/ mol], the average n i was about 1450. With amorphous molar volume increment values at 298 K, [START_REF] Van Krevelen | Properties of Polymers: Their Correlation with Chemical Structure; Their Numerical Estimation and Prediction from Additive Group Contributions[END_REF] the van der Waal's volume of the repeating lactide unit (F i ; cm 3 /mol) was estimated to 55.72 cm 3 /mol:

V g T ð Þ5F 1:3010:55310 23 T g 10:45310 23 T À Á (1) F5 X n i F i ( 2 
)
where F is the van der Waal's volume of the polymer chain (cm 3 /mol), T is room temperature (K), and n i the polymerization degree of the molar chain. The Hansen solubility parameters (HSPs) of each plasticizer were calculated with eqs. ( 3)-( 5). [START_REF] Van Krevelen | [END_REF]35 The used molar constants [START_REF] Van Krevelen | Properties of Polymers: Their Correlation with Chemical Structure; Their Numerical Estimation and Prediction from Additive Group Contributions[END_REF] are presented in Table II. However, the estimation of HSP of very long chain polymers such as PLA 4060D with only the group contribution method is not reliable enough because the three-dimensional configuration is not considered. Therefore, we used literature values obtained by computed calculations and published by Abbott: 36

d d 5 X F d i X V i (3) 
d p 5 ffiffiffiffiffiffiffiffiffiffiffiffi P F 2 Pi p P V i (4) 
d h 5 ffiffiffiffiffiffiffiffiffiffiffi ffi P E hi P V i s (5) 
where d d is the dispersion component of the solubility parameter (J 1/2 cm 23/2 ), d p is the polar component of the solubility parameter (J 1/2 cm 23/2 ), d h is the hydrogen-bonding component of the solubility parameter (J 1/2 cm 23/2 ), F di is the dispersion contribution of the molar attraction constant [(J 1/2 cm 23/2 )/ mol 21 ], F pi is the polar contribution of the molar attraction constant [(J 1/2 cm 23/2 )/mol 21 ], E hi is the hydrogen-bondingenergy contribution of the molar attraction constant (J/mol), and V is the molar volume contribution of the chemical group involved (cm 3 /mol).

The solubility of the five molecules in PLA was assessed with the HSP relative energy difference (RED) from eqs. ( 6) and ( 7):

Distance5 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 4ðd dplast 2d dPLA Þ 2 1ðd pplast 2d pPLA Þ 2 1ðd hplast 2d hPLA Þ 2 q (6)

RED5

Distance Radius (7) where d d , d p , and d h are the components of the solubility parameters of the plasticizer obtained from eqs. (3), (4), and (5), respectively, and the ones of PLA obtained from Abbott. [START_REF] Abbott | Poly(lactic acid): Synthesis, Structures, Properties, Processing, and Applications[END_REF] The radius is the maximal distance [START_REF] Abbott | Poly(lactic acid): Synthesis, Structures, Properties, Processing, and Applications[END_REF] beyond which the additives are not miscible anymore with the polymer. Therefore, the closer the RED value is to zero, the better the compatibility is.

An RED value higher than 1 indicates theoretical nonmiscibility of the plasticizer with the matrix.

A second method can be applied with the group contribution method [eq. ( 8)]. In this case, the Hildebrand solubility parameter (d or HiSP), which is the outcome of HSP with eq. ( 9), is obtained. Cohesive energy values (E coh 's) can calculated as follows: 32

d5 ffiffiffiffiffiffiffiffi E coh V r (8) d5 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi d 2 d 1d 2 p 1d 2 h q (9)
where d is the solubility parameter (J 1/2 cm 23/2 ).

The obtained value of the HiSP of PLA with eq. ((3).( 8)) was 22.1 J 1/2 cm 23/2 ; this was close to the value of 21.9 J 1/2 cm 23/2 determined with eq. ( 9) and HSP of PLA found in ref. 36. Consequently, in this study, we found HSP of PLA from ref. 36 as suitable to be compared with the calculated HSP of plasticizers with the group contribution method.

The solubility of the five molecules in PLA was also assessed with HiSP. In this case, the numerical difference between HiSP of PLA and HiSP of the plasticizers was computed. The larger the value was, the lower the compatibility of the plasticizer with the matrix was.

RESULTS AND DISCUSSION

Analysis of the Plasticizer Content and Average Molecular Weight of Compounded PLA

The plasticizer incorporated in the compounds was quantified, and Table III shows a comparison of the measured concentrations with the target concentration. For ATBC, PEG 400, DOA, and PID37, the incorporated amounts were close to the target values; this indicated little additive loss during twin-screw extrusion. The squalene quantities were substantially smaller than the target amounts and showed a loss of the plasticizer during processing. Indeed, an accumulation of liquid squalene inside the twin-screw extruder was observed.

The average molecular weight of the PLA samples is also given in Table III. The blank PLA showed moderate thermal degradation of the macromolecular chain length during twin-screw extrusion. This decrease was linked to the high sensitivity of PLA to hydrolysis and/or the thermomechanical input. 2,17,[START_REF] Courgneau | [END_REF] When ATBC, DOA, PID37, or squalene was added, the degradation was less important; this was likely due to the lower extrusion temperatures needed for plasticized PLA and/or to the internal lubrication, which reduces the shearing. In contrast, PEG 400 induced large decreases in both M n and M w . The decrease in the macromolecular chain length caused by the compounding of PLA with PEG was already largely described in the literature and explained by transesterification reactions between PLA and PEG. [START_REF] Courgneau | [END_REF][START_REF] Hyon | [END_REF] Miscibility Study

The high D content of the PLA grade (11 6 1% according to the datasheet) used in this study inhibited PLA crystallization. Generally, at D contents higher than 6%, PLA is amorphous under common experimental conditions. 38,39 Therefore, compatibility between PLA and the different plasticizers was assessed with the help of HSP and HiSP, which are prediction methods adapted to amorphous polymers. [START_REF] Van Krevelen | Properties of Polymers: Their Correlation with Chemical Structure; Their Numerical Estimation and Prediction from Additive Group Contributions[END_REF] The datasets are presented in Table II. The solubility prediction by the two methods was different. HiSP predicted the highest solubility for PEG, whereas HSP classified PID37 to be the most soluble. This difference was caused by the contribution of the hydrogen interaction, which is only taken into account in Hansen's method. [START_REF] Abbott | Poly(lactic acid): Synthesis, Structures, Properties, Processing, and Applications[END_REF] d h of PEG 400 was very far from that of PLA (Table IV) because of the absence of hydroxyl groups able to establish H bonds. ATBC and PID37 additives were predicted to be soluble in PLA according to HSP and HiSP. PEG 400 and DOA had nearly the same solubility in PLA after Hansen's method. On the contrary, squalene was predicted to be faintly soluble in PLA.

The prediction of the solubility was confirmed by the study of the miscibility and miscibility limits of the plasticizers through the measurement of the T g decrease of compounded PLA and modeling with Fox's equation: 1

T g 5 x PLA T gPLA 1 x Plast T gPlast (10) 
where T g is the glass-transition temperature of the formulated material; T gPLA and T gPlast are the glass-transition temperatures of the neat PLA and the pure plasticizer, respectively; and x PLA and x Plast are the weight fractions of the neat PLA and plasticizer, respectively.

The results are presented in Figure 2. PID37 showed similar behavior to ATBC. Both molecules were miscible with PLA over the whole experimental concentration range; this was shown by the concordance between the experimental and predicted T g values. With regard to PEG 400, the experimental values were slightly lower than the calculated ones, maybe because of a supplementary decrease in T g caused by PLA chain scission during processing (Table III). A deviation of the T g decrease from Fox's equation indicating the reaching of the miscibility limit was observed after 15 wt % PEG 400. This concentration was smaller than the miscibility limit of the short PEGs (M w < 34,000 g/mol) established at 20 wt % 15,40 and higher than the limit of 10 wt % observed in ref. 21 Squalene and DOA showed a leveling off of T g at 48 and 418C, respectively, despite the increase in the plasticizer content. The miscibility limit of DOA in PLA was reached at a concentration of 5 wt %; this was in accordance with Murariu et al. 41 and the one of squalene at 3 wt %. These observations were in accordance with the prediction of low solubility by the HSP and HiSPs. Solubility theories are thus a valuable tool for screening biobased plasticizers.

Tensile Properties of the Plasticized PLA Figure 3 shows typical results of the tensile testing of the PLA samples containing different plasticizers. The numerical data are given in Table V. Neat PLA showed brittle fracture at an elongation at break of about 5%, a behavior largely described in literature. 17,22,24,29 The fracture mechanism of PLA glasses was crazing because of the low entanglement density. 42 The blending with the different plasticizers induced the brittle-to-ductile transition. Two behavior groups could be distinguished; this was in accordance with the prediction of the solubility parameters.

PID37 was classified with ATBC and PEG 400 in the first behavior group. In that case, the brittle-to-ductile transition occurred when the plasticizer content was high enough to depress T g to the tensile testing temperature, more precisely when the onset of the glass-transition region was at 238C. The PLA/ATBC mixtures showed no decrease in the stress at yield up to 10 wt % plasticizer, whereas beyond this value, plasticizing was very efficient. The curves lost the yield peak and showed plastic flow and hardening at high elongations due to necking. This sudden change between 10 and 15 wt % ATBC was already shown. [START_REF] Courgneau | [END_REF] For ATBC, this most probably occurred only starting from this amount with enough free volume to the polymer to allow chain rearrangement. Molecules with branched nonpolar groups, such as ATBC, have the faculty to shield polymer dipoles and space polymer chains from each other. Softening is then mainly brought about by the added free volume of the branched molecule. [START_REF] Moorshead | Advances in Polymer Science[END_REF] Interestingly, PID37, which had a higher dispersive component (Table IV) but in sum had almost equal solubility parameters and molecular volumes, showed a more gradual behavior. A gain in elongation at break was observed at a concentration of 15 wt %. The highest value of the elongation at break observed was equal to that of ATBC plasticizing; this made PID37 an interesting biobased and biodegradable alternative to ATBC. Probably the long aliphatic chains of PID37 helped to reduce the polar interactions of the PLA chains and provide chain mobility at lower contents. The more gradual plasticizing behavior was also measured with PEG, which is a linear molecule. However, at high PEG contents, the elongation at break decreased again, likely because of phase separation as the miscibility limit was reached. 23,[START_REF] Piorkowska | [END_REF] This was consistent with the miscibility prediction by the analysis of the T g , shown in Figure 2. PEG phase separation induced flaws in the material, from which cracks started, and this induced consequence failure at lower elongations. 23,[START_REF] Piorkowska | [END_REF] DOA and squalene compounds could be classified in the second behavior group. The materials reached high elongation at break values, whereas T g of PLA remained higher than room temperature (Table V). Stress crazing is typical of brittle materials, whereas stress shearing enables high plasticity and ductile behavior. 45 The transition between these two mechanisms is related, on the one hand, to the molecular entanglement density. A low entanglement density promotes crazing, whereas a high entanglement density causes shearing. [46][47][START_REF] Dettenmaier | Advances in Polymer Science[END_REF] The plasticizers DOA and squalene apparently did not bring enough free volume to the polymer to allow chain rearrangement under stretching because of their low miscibility. The T g values of the DOA and squalene formulations were significantly higher than the tensile testing temperature. The ductility was, therefore, linked to cavitation and crazing. The crazes in the material appeared most likely from the matrix discontinuities created by the inclusion of additive droplets. The soluble quantity of the plasticizers could have enhanced chain slippage into the craze; this is needed for rapid fibril formation. [START_REF] Dettenmaier | Advances in Polymer Science[END_REF][START_REF] Kramer | Crazing in Polymers[END_REF] The stress at yield level of the shear flow plateau decreased as a function of the plasticizer quantity. The occurrence of cavitation and fibril formation was observed by extensive stress whitening of both samples, a phenomenon that was not observed in the case of miscible molecules (Figure 4).

To illustrate the cavitation mechanism, scanning electron microscopy pictures of the surface of the stretched samples of PLA plus 15 wt % plasticizer until breakage were taken (Figure 5). For highly miscible molecules, that is, ATBC and PID37, no significant presence of the dispersed phase was observed. A few narrow cracks perpendicular to the stretching direction appeared. On the basis of the corresponding tensile curves, the strain hardening before ultimate rupture could have been caused by disentangled portions of the polymer. In the case of PEG 400, which was less soluble than ATBC or PID37 when the results of the two solubility theories were averaged, some undissolved droplets of additives were observed. Although there were a few microcrazes, no stress whitening was observed. In the case of the DOA and squalene samples, an important quantity of the dispersed phase was seen, and the cavitation phenomenon evolved into bigger cracks, especially for the merely soluble squalene.

Even with immiscible plasticizers, the ductility of PLA could thus be improved. In a number of applications, the improvement in elongation at break observed in this study could be sufficient to meet requirements. The advantage of this mechanism is that the apparent Young's modulus remained high. However, one condition for applications is that stress whitening is not prohibitive. For example, the maximum elongation at break of the PLA/DOA mixtures reached 410%, which was higher than the one obtained with PEG 400 (Table V). The modification of the crack-propagation behavior and reduction of the brittleness during maintenance of the stiffness are typical effects of impact modifiers on PLA. [START_REF] Wang | [END_REF][51][52][53][54][55] According to NatureWorks, effective impact modifiers are rubbery compounds with a low T g and crystallinity. Moreover, they are immiscible and dispersed in small domains in a glassy matrix and present good interfacial adhesion with PLA. [START_REF]Technology Focus Report: Toughened PLA[END_REF] Both DOA and squalene showed these characteristics. However, below 10 wt % DOA, Murariu et al. 41 observed a decrease in the impact strength explained by the antiplasticization effect.

The difference between DOA and squalene could be anticipated with the help of the solubility factors, which showed that squalene was clearly outside of the solubility sphere of PLA, whereas DOA was just at the limit. The small part of miscible DOA molecules that lowered T g could bring enough mobility to enhance chain slippage at the edges of the crazes, as proposed by Piorkowska et al. [START_REF] Piorkowska | [END_REF] Moreover, the slightly better miscibility of DOA likely allowed a more homogeneous distribution of the additive droplets in PLA. These differences might have been responsible for the higher elongation at break obtained with DOA compared to squalene. Indeed, a larger number of stress concentration points ensures a better sharing of the mechanical energy during the stretching process; this delays the effective failure of the sample. [START_REF] Piorkowska | [END_REF] 

CONCLUSIONS

The plasticizing behaviors of the biobased molecules PID37 and squalene in PLA were discriminated with the help of their solubility factors. They provided a sound prediction of the possibility of a given molecule to lower T g . If the additive miscibility in PLA was important, the ductility increased only when the PLA became rubbery at testing temperature. In consequence, a minimal amount of plasticizer was required, and the rigidity of the material is strongly depressed. In this case, PID37 was found to be an effective biobased and biodegradable plasticizer. If the plasticizer was merely miscible as in the case of squalene, the ductility could nevertheless be enhanced, whereas PLA remained in the glassy state by cavitational deformation. Furthermore, the efficient dispersion of nonmiscible inclusions allowed us to maintain the stiffness. Because moderate ductility is required in applications, squalene could constitute an interesting ecofriendly additive for PLA plasticization.

Figure 1 .

 1 Figure 1. Chemical structures of the PLA and plasticizers.

Figure 2 .

 2 Figure 2. Experimental T g values of the PLA/plasticizer formulations plotted with the corresponding Fox equation (dashed lines): (a) ATBC, (b) PEG 400, (c) DOA, (d) PID37, and (e) squalene. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 3 .

 3 Figure 3. Typical stress/strain curves of the PLA/plasticizer formulations: (-) PLA, (--) PLA 1 5 wt % plasticizer, (--) PLA 1 10 wt % plasticizer, (-•-) PLA 1 15 wt % plasticizer, and (-••-) PLA 1 20 wt % plasticizer. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 4 .

 4 Figure 4. Picture of the PLA samples with plasticizers (15 wt %) after failure.

Figure 5 .

 5 Figure 5. Scanning electron micrographs of the surface of the PLA samples with plasticizers (15 wt %) near the failure zone after failure.

Table I .

 I Processing Conditions for Blend Compounding by Twin-Screw Extrusion

	petrochemical plasticizers having similar molecular weights.			
					PLA 4060D	Additive
				Screw rotation	feeding	feeding
	Formulation		Temperature profile (8C)	speed (rpm)	input (kg/h)	input (kg/h)
	Neat PLA		175/180/190/190/190/190/180	300	0.620	-
	PLA 1	5 wt % ATBC	175/180/180/180/180/180/170	300	0.600	0.031
		10 wt % ATBC	175/180/170/170/165/160/160	300	0.600	0.072
		15 wt % ATBC	175/175/170/165/160/155/155	300	0.550	0.098
		20 wt % ATBC	175/170/160/160/160/150/150	300	0.550	0.136
	PLA 1	5 wt % PEG 400	175/180/180/175/175/170/170	300	0.600	0.032
		10 wt % PEG 400	175/175/170/170/170/170/165	300	0.600	0.075
		15 wt % PEG 400	170/170/170/165/160/155/150	300	0.600	0.107
		20 wt % PEG 400	170/170/165/160/155/150/150	300	0.600	0.150
	PLA 1	5 wt % DOA	175/180/180/180/190/180/175	300	0.620	0.033
		10 wt % DOA	175/175/175/180/180/175/170	300	0.620	0.070
		15 wt % DOA	175/175/175/180/180/175/170	300	0.620	0.108
		20 wt % DOA	175/175/175/180/180/175/170	300	0.620	0.154
	PLA 1	5 wt % PID37	170/180/175/175/170/170/170	300	0.580	0.030
		10 wt % PID37	170/180/170/165/165/165/160	300	0.580	0.066
		15 wt % PID37	170/180/170/160/160/160/155	300	0.580	0.104
		20 wt % PID37	170/180/170/160/155/150/150	300	0.580	0.147
	PLA 1	5 wt % squalene	175/180/180/170/170/170/165	300	0.610	0.034
		10 wt % squalene	175/180/170/170/170/170/165	300	0.610	0.070
		15 wt % squalene	175/180/170/170/170/170/165	300	0.610	0.104
		20 wt % squalene	175/180/170/170/170/170/165	300	0.610	0.149

Table II .

 II Molar Constants for the Calculation of the Solubility Values Obtained from Ref.32 

						Molar				
		F d	F p	2	E h	volume				
	Group	(J 1/2 cm 23/2 mol 21 )	(J cm 23 mol 21 )	(J/mol)	(cm 3 /mol)	ATBC	PEG 400	DOA	PID37	Squalene
	>C<	270	0		0	219.2	1	0	0	0	0
	@C<	70	0		0	25.5	0	0	0	0	6
	>CHA	80	0		0	21.0	0	0	0	4	0
	@CHA	200	0		0	13.5	0	0	0	0	6
	ACH 2 A	270	0		0	16.1	11	16-18	18	10-18	10
	ACH 3	420	0		0	33.5	4	0	2	2	8
	ACOOA	390	240,100	7000	18	4	0	2	2	0
	AOH	210	250,000	20,000	10	0	2	0	0	0
	AOA	100	160,000	3000	3.8	0	7-8	0	2	0
	Ring	190	0		0	16	0	0	0	2	0
	One plane	-	Total 3 0.50	-	-	0	0	1	0	1
	of symmetry									

F d , dispersion contribution; F p , polar contribution; E h , hydrogen-bonding-energy contribution.

  [START_REF] Bondi | Physical Properties of Molecular Crystals, Liquids and Glasses[END_REF] 

Table III .

 III Extracted Plasticizer Contents, Molar Weight Averages, and Dispersities of the PLA/Plasticizer Formulations

		Targeted plasticizer	Extracted plasticizer			
	Formulation	content (wt %)	content (wt %)	M n (g/mol)	M w (g/mol)	Dispersity
	Nonextruded PLA	-	-	104,500 6 2300	244,500 6 4100	2.34 6 0.01
	PLA 1 ATBC	0	-	79,300 6 4500	209,600 6 5400	2.64 6 0.09
		5	4.2 6 0.3	88,000 6 2900	211,700 6 3900	2,41 6 0.04
		10	8.9 6 0.4	88,100 6 3500	210,900 6 7000	2.39 6 0.02
		15	13.9 6 0.4	93,900 6 4300	221,800 6 4400	2.36 6 0.06
		20	17.8 6 0.6	90,600 6 2200	217,100 6 2700	2.40 6 0.03
	PLA 1 PEG 400	0	-	83,600 6 1900	214,100 6 6300	2.56 6 0.02
		5	4.9 6 0.4	76,600 6 2600	181,100 6 7500	2.36 6 0.02
		10	10.8 6 0.6	73,900 6 3400	165,900 6 8900	2.24 6 0.02
		15	14.4 6 0.2	69,100 6 4100	157,300 6 5800	2.28 6 0.05
		20	18.3 6 0.4	61,800 6 2400	128,300 6 8900	2.08 6 0.07
	PLA 1 DOA	0	-	81,200 6 2700	211,400 6 4400	2.60 6 0.03
		5	4.7 6 0.2	93,700 6 2400	209,400 6 7500	2.23 6 0.02
		10	8.8 6 0.1	94,500 6 2400	207,600 6 2100	2.20 6 0.03
		15	12.9 6 0.7	90,600 6 1200	204,100 6 4000	2.25 6 0.01
		20	17.2 6 0.5	91,900 6 3200	208,600 6 8100	2.27 6 0.01
	PLA 1 PID37	0	-	85,100 6 3600	208,400 6 7100	2.45 6 0.02
		5	4.3 6 0.4	81,400 6 4100	210,900 6 3800	2.59 6 0.09
		10	9.8 6 0.0	82,200 6 2800	207,300 6 4200	2.52 6 0.04
		15	14.4 6 0.2	80,300 6 1900	202,000 6 1900	2.52 6 0.04
		20	18.8 6 0.6	79,600 6 6500	199,900 6 7900	2.51 6 0.12
	PLA 1 squalene	0	-	85,300 6 2600	206,600 6 4900	2,42 6 0.02
		5	3.7 6 0.3	86,500 6 1900	202,400 6 5300	2.34 6 0.01
		10	7.1 6 0.2	91,300 6 3200	202,100 6 2800	2.21 6 0.05

Table IV .

 IV Physical Data and Computed Solubility Parameters for PLA and Plasticizers Substance

					Difference	-	3.2	1.3-1.0	4.3	2.4-3.3	5.8
		HiSP	d	(J 1/2 ) cm 23/2	21.9	18.7	23.2-22.9	17.6	19.5-18.6	16.1
					R E D	(radius 5 10.7) b	0.76	0.94-0.91	0.93	0.71-0.78	1.18
		HSP	d h	(J 1/2 ) cm 23/2	6.0 b	7.6	14.2-13.7	6.0	8.2-6.8	0
				d p	(J 1/2 ) cm 23/2	9.9 b	2.7	4.2-4.0	0.9	3.0-2.1	0
					)				
				d d	(J 1/2 cm 23/2	18.6 b	16.9	17.9	16.5	17.4-17.2	16.1
			T g (8C)			57	283.2	266.2	2104 a	280.8	275.3
	Molar	volume	(cm 3 /mol)			130,500	364	304-340	393	300-428	477
		M w	(g/mol)			244,500	402	370-414	370	342-454	410
						PLA	ATBC	PEG 400	DOA	PID37	Squalene

a According to ref. 57. b According to ref. 36.

Table V .

 V Tensile Testing Results and T g Data for the PLA/Plasticizer formulations

		Plasticizer	Elongation	Apparent Young's	Elongation at	Stress at	
	Formulation	content (wt %)	at break (%)	modulus (MPa) a	yield (%)	yield (MPa)	T g (8C)
	PLA 1 ATBC	0	4.8 6 0.8	1660 6 105	4.3 6 0.8	65 6 5	56.1 6 0.2
		4.2 6 0.3	4.3 6 0.3	1540 6 90	3.9 6 0.1	57 6 5	45.9 6 0.5
		8.9 6 0.4	4.4 6 0.4	1405 6 125	4.0 6 0.4	53 6 5	37.9 6 0.3
		13.9 6 0.4	455 6 125	270 6 120	4.3 6 0.8	7 6 3	28.0 6 0.8
		17.8 6 0.6	505 6 70	70 6 20	4.5 6 0.3	4 6 1	21.6 6 0.8
	PLA 1 PEG 400	0	5.0 6 0.3	1755 6 170	4.4 6 0.3	64 6 2	56.0 6 0.7
		4.9 6 0.4	4.9 6 0.7	1580 6 135	4.2 6 0.6	47 6 6	41.86 0.7
		10.8 6 0.6	1106 80	1040 6 80	4.8 6 0.1	29 6 4	30.5 6 0.2
		14.4 6 0.2	275 6 35	740 6 45	4.8 6 0.2	16 6 6	21.7 6 0.4
		18.3 6 0.4	135 6 120	710 6 65	4.6 6 0.4	21 6 4	22.2 6 0.8
	PLA 1 DOA	0	4.9 6 0.9	1750 6 100	4.0 6 0.2	69 6 3	57.4 6 0.4
		4.7 6 0.2	23 6 7	1495 6 60	2.9 6 0.2	52 6 5	42.5 6 0.2
		8.8 6 0.1	54 6 13	1385 6 15	2.6 6 0.1	34 6 1	41.1 6 0.4
		12.9 6 0.7	175 6 40	1340 6 40	2.4 6 0.1	25 6 3	40.9 6 0.3
		17.2 6 0.5	410 6 10	1095 6 60	2.3 6 0.2	21 6 1	40.7 6 0.8
	PLA 1 PID37	0	4.9 6 0.9	1770 6 60	3.9 6 0.2	69 6 3	56.2 6 0.6
		4.3 6 0.4	4.7 6 0.5	1730 6 40	3.6 6 0.4	65 6 3	46.2 6 0.3
		9.8 6 0.0	4.5 6 0.9	1670 6 45	3.2 6 0.2	57 6 3	40.4 6 1.0
		14.4 6 0.2	200 6 25	915 6 110	3.8 6 0.2	20 6 4	31.9 6 0.5
		18.8 6 0.6	530 6 15	30 6 20	3.5 6 0.5	6 6 4	22.4 6 0.5
	PLA 1 squalene	0	5.2 6 0.4	1685 6 85	4.3 6 0.3	67 6 4	56.2 6 0.5
		3.7 6 0.3	40 6 5	1285 6 70	3.2 6 0.6	54 6 5	50.9 6 0.7
		7.1 6 0.2	60 6 10	1150 6 20	3.1 6 0.4	42 6 5	49.4 6 0.3
		9.9 6 0.1	30 6 10	1045 6 55	2.8 6 0.2	29 6 6	48.9 6 0.8
		11.9 6 0.6	20 6 10	1000 6 110	2.5 6 02	26 6 4	48.0 6 1.2

a For comparison, this was obtained without an extensiometer.

9.9 6 0.1 90,200 6 2700 205,600 6 3300 2.28 6 0.03 20 11.9 6 0.6 87,600 6 1400 200,800 6 6300 2.29 6 0.04
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