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ABSTRACT  18 

This research studies the effect of thermal, thermo-oxidative and thermomechanical 19 

degradation conditions on the melt rheological, chemical and thermal properties of PLA 20 

at temperatures around its normal processing temperature. Thermal and thermo-21 

oxidative degradations were conducted on a rheometer by using nitrogen or air as gas, 22 

respectively, and the thermomechanical degradation was performed on a mixer 23 

equipped with two counter-rotating rollers. Dynamic oscillatory rheology, TGA, DSC 24 

and FTIR were performed on PLA samples subjected to different degradation 25 

conditions: temperature (180, 200 or 220 ºC), time (15, 30 or 60 min), atmosphere (air 26 

or atmosphere) and the application of mechanical stress or not. Thus, rheological results 27 

indicate the synergic effect that temperature, mechanical stress and time exerts on the 28 

extent of chain scission phenomena, which was also corroborated by FTIR results; 29 

however, the individual contribution of mechanical stress diminishes gradually with the 30 

degradation time, being more pronounced for higher degradation temperature. In 31 

addition, degree of crystallinity (χc) turned out not to be a suitable parameter for 32 

comparing degraded samples, since all of them became amorphous after degradation. 33 

Instead, glass transition (Tg) and cold crystallization (Tcc) temperatures as well as the 34 

cold crystallization enthalpy (ΔHcc) reveal that the chain scission phenomena makes 35 

degraded samples easier to crystallize. Finally, TGA results point out a worsening of the 36 

PLA thermal stability, with lower values of the characteristic temperatures (T5% and 37 

Tmax) for degraded samples. 38 

 39 
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1. INTRODUCTION  44 

Poly(lactic acid) (PLA) is an emerging polymer from renewable sources having good 45 

thermoplastic behaviour, good processability and fulfilling biodegradable requirements. 46 

These properties make it a promising candidate to replace petroleum-based polymers 47 

like polyolefins in different industrial applications (e.g., packaging, films for agro-48 

industry, fibers, etc.) [1-5]. In addition, PLA can be found under several forms 49 

depending on the enantiomeric ratio of the lactic acid group, namely PLLA (poly-L-50 

lactic acid), PDLA (poly-D-lactic acid) and the common one, PDLLA (poly-DL-lactic 51 

acid), each PLA having specific properties [4]. 52 

Likewise many aliphatic polyesters, PLA is reported to degrade during processing due 53 

to the action of external driving force (e.g., temperature, oxygen, mechanical stress, 54 

etc.) [2]. Thus, depending on their combination, different polymer degradation can 55 

occur: thermal degradation (i.e., polymer degradation only due to the effect of 56 

temperature), thermo-oxidative degradation (i.e., degradation arises as a result of 57 

elevated temperatures and the presence of oxygen) and thermomechanical degradation 58 

(i.e., when also mechanical stress is involved) [6,7]. Regarding PLA, its thermo-59 

oxidative degradation at the normal processing temperature (around 200 ºC) follows a 60 

random chain scissions mechanism determining a significant level of molecular 61 

degradation and leading to the formation of degradation products (e.g., linear hydroxyl, 62 

ester and carbonyl groups, etc.) [1,8]. This is all reflected in a dramatic change of the 63 

molecular structure, typically evolve towards a decrease in the molecular weight, which 64 

are undesired, not only because the material’s melt viscosity and elasticity decrease, but 65 

also the processing equipment can be damaged due to the volatile lactide formation 66 

[2,5,7,9].  67 

On these grounds, some authors [4,5,10] reported studies about both thermo-oxidative 68 
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and thermomechanical degradation of PLA and PLA-based composites, but at 69 

temperatures below PLA’s melting point. However, since the main production 70 

processes of PLA are based on melt processing, especially extrusion and injection 71 

moulding which require high temperature and mechanical stress, it is crucial to 72 

understand the structural, thermal and rheological changes that can occur during their 73 

processability [3]. Interestingly, no studies were found in the scientific literature 74 

studying the effect that temperature, time, mechanical stress and atmosphere exert on 75 

melt rheological response, chemical and thermal properties of virgin PLA at 76 

temperatures around its processing temperatures (~ 200 ºC). 77 

In order to detect and quantify the changes in chemical structure of polymer 78 

macromolecules, dynamic oscillatory rheology of melted polymers, especially under 79 

low frequency, was found to be one of the most efficient techniques for detecting 80 

microstructural transformations due to chain scission and long chain 81 

branching/crosslinking, because different polymer chains could behave diagnostic 82 

viscoelastic response in long time regime due to the difference of relaxation rate [11-83 

14]. In addition to that, dynamic oscillatory rheological measurements are conducted in 84 

the linear viscoelasticity (LVE) region, so its strain is too small to damage the structure 85 

of a polymer, in contrast with the large strains applied for the steady shear 86 

measurements [11,15]. 87 

Therefore, the objective of this contribution is to investigate the effect that thermal, 88 

thermo-oxidative and thermomechanical degradation conditions (which are the results 89 

of combining different atmosphere, degradation time/temperature and mechanical 90 

stress) exert on the melt rheological response, chemical and thermal properties of virgin 91 

PLA at temperature around its normal processing temperature (200 ºC). To that end, 92 

thermal and thermo-oxidative degradations were conducted on a rheometer under 93 
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nitrogen or air atmosphere, respectively, and the thermomechanical degradation was 94 

performed on a mixer equipped with two counter-rotating rollers. Melt rheological 95 

behaviour was studied by means of dynamic oscillatory measurements, and the 96 

chemical and thermal changes due to the degradations were evaluated by 97 

thermogravimetric analysis, differential scanning calorimetry and Fourier transform 98 

infrared spectroscopy. 99 

2. MATERIAL AND METHODS 100 

2.1. Material and sample preparation 101 

The poly(DL-lactide) (PDLLA) used in this study was kindly supplied by NatureWorks  102 

(USA). The selected grade 2002D had a D content of 4.25 %, Mw = 2.09ꞏ105 g mol-1, 103 

Mn = 1.01ꞏ104 g mol-1 and Mw/Mn =2.07. 104 

Prior to use, PLA pellets were dried in an oven for 2 h at 100 ºC for preventing 105 

hydrolysis of PLA since this polymer is very hygroscopic. Before its thermal or thermo-106 

oxidative degradations, PLA disks about 1.5 mm in thickness and 25 mm in diameter 107 

were prepared by compression-moulding in a hot press. To that end, firstly, as-received 108 

PLA pellets were subjected to 50 bar of pressure for 5 min, at 175 ºC. Subsequently, the 109 

disks were allowed to cool down to room temperature. These conditions (50 bar, 175 110 

ºC, 5 min) were selected to diminish to the maximum a possible polymer degradation 111 

during the compression-moulding, since the objective of this stage was only to obtain 112 

disk-shaped specimens. 113 

2.2. Thermal/thermo-oxidative degradation and rheological characterization 114 

Rheological measurements were carried out in a controlled-stress rheometer Physica 115 

MCR-301 (Anton Paar, Austria), using rough plate-and-plate geometry (25 mm 116 

diameter; 1 mm gap), and equipped with a CTD450 convection oven, which provides a 117 

gas flow of 1 L/min. Before starting with the rheological measurements (stress or 118 
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frequency sweep test), the thermal or thermo-oxidative degradation of PLA was 119 

conducted on the rheometer itself, by using nitrogen or air, respectively, as gas. The 120 

procedure can be summarized as follows: a) a PLA disk was placed on the lower plate at 121 

the degradation temperature (180, 200 or 220 ºC); b) after 30 s, which was used to 122 

ensure that the sample is in melt state, the gap was adjusted to 1 mm and the remaining 123 

melted PLA was trimmed with the help of a metallic spatula. Afterwards, the 124 

convection oven was closed; c) the sample was degraded at the previously selected 125 

degradation temperature for 0, 15, 30 or 60 min under nitrogen or air atmosphere; d) a 126 

stress sweep tests, at 1 rad/s, was performed to determine the LVE region; e) a fresh 127 

PLA disk was again subjected to the same degradation conditions (i.e., the steps a), b) 128 

and c) were repeated) and a frequency sweep test, from 100 to 0.1 rad/s, under a stress 129 

value within the LVE region, was performed. It is important to highlight that both stress 130 

and frequency sweep tests were always conducted under nitrogen atmosphere for 131 

avoiding further degradation during the testing time. 132 

On the other hand, after completing the step b) (i.e., just before starting PLA 133 

degradation), a time sweep test (within the LVE region) was performed for 60 min at 134 

each degradation temperature (180, 200 or 220 ºC) and under nitrogen or air 135 

atmosphere. This enables us to monitory the evolution of the linear viscoelastic 136 

functions with the degradation time for samples degraded under different atmospheres. 137 

Consequently, for time sweep tests, the testing time corresponds to the degradation 138 

time.  139 

2.3. Thermomechanical degradation 140 

The thermomechanical degradation was carried out in a Rheomix 3000p mixer from 141 

Thermo Haake (Germany), equipped with two counter-rotating rollers. The rotor speed 142 

was 50 rpm and the set temperature, similar to the thermal/thermo-oxidative 143 
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degradation, was 180, 200 or 220 ºC. After 15, 30 or 60 min of mixing the sample was 144 

removed and stored at room temperature until its characterization. A portion was used 145 

for its rheological characterization with the controlled-stress rheometer Physica MCR-146 

301. In this case, after completing the stages a) and b) above-commented, the stress and 147 

frequency sweep tests were conducted at the same degradation temperature applied in 148 

the mixer (and also under nitrogen atmosphere).   149 

2.4. Thermal and chemical characterization 150 

In addition to rheological characterization, thermogravimetric (TGA) analysis, 151 

differential scanning calorimetric (DSC) tests and a chemical characterization by 152 

Fourier transform infrared spectroscopy (FTIR) were carried out on dried PLA and its 153 

corresponding degraded samples. These samples were directly taken from the rheometer 154 

when the frequency sweep test is finished (for the thermal or thermo-oxidative 155 

degradation) or from the mixer (for the thermomechanical degradation). 156 

TGA analysis were conducted in a TA Q-50 (TA Instrument, USA). Temperature 157 

sweeps (10 ºC/min; between 30 and 600 ºC) were carried out on 5–10 mg samples 158 

placed on a Pt pan and under nitrogen gas flow of 100 mL/min. The temperature 159 

corresponding to a 5 wt. % weight loss (T5%) and the temperature at which 160 

decomposition rate is maximum (Tmax) were obtained from TGA curves. 161 

DSC tests were performed with a TA Q-100 (TA Instruments, USA) using 5–10 mg 162 

samples sealed in hermetic aluminium pans. All tests were performed with a nitrogen 163 

gas flow rate of 50 mL/min. The samples were subjected to two heating steps, from 0 to 164 

200 ºC, and an intermediate cooling step, all them at the same rate of 10 ºC/min. The 165 

objective of the first heating step was to eliminate the heat history of the sample. 166 

Therefore, the glass transition (Tg), cold crystallization (Tcc) and melting (Tm) 167 

temperatures, and the cold crystallization (ΔHcc) and melting (ΔHm) enthalpies, were 168 
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recorded from the second heating sequence. 169 

FTIR spectra were recorded in a Jasco FT/IR 4200 spectrometer (Jasco Analytical 170 

Instrument, Japan), in a wavenumber range of 400-4000 cm-1, at 4 cm-1 resolution in the 171 

absorbance mode. FTIR analysis was carried out on films of dried PLA and its 172 

corresponding degraded samples. Surface IR analyses of the films were conducted using 173 

ATR accessory fitted with a diamond crystal. For film preparation, 4 mg of each sample 174 

was dissolved in 4 mL of dichloromethane, the solution was transferred to a Petri dish 175 

and, after solvent evaporation, a thin film was obtained [16].  176 

In order to ensure accurate results, at least three replicates were conducted for every 177 

sample/test. Figures present the average values and the data were presented as mean ± 178 

standard deviation (SD). 179 

3. RESULTS AND DISCUSSION 180 

3.1. Melt rheological properties 181 

Figure 1 displays the evolution of the storage (G’) and loss (G’’) modulus with the 182 

degradation time for samples subjected to different degradation temperatures (180, 200 183 

and 220 ºC) under nitrogen (thermal degradation) or air (thermo-oxidative degradation) 184 

atmosphere. As can be observed, all degraded PLA samples, regardless of the 185 

degradation temperature and atmosphere, show a predominant viscous behaviour, with 186 

G’’ values higher than G’ over the entire degradation time. Interestingly, significant 187 

differences can be deduced by comparing the results obtained after degradation under 188 

nitrogen or air atmosphere. On the one hand, for each degradation temperature, the 189 

values of both moduli for the thermal degradation samples (i.e., samples degraded under 190 

nitrogen atmosphere) remain constant with the time. These results confirm that 30 s is 191 

enough waiting time before starting the rheological tests, since no decrease of both 192 

moduli are noticed and, consequently, the sample is completely melted after this waiting 193 



- 9 - 

time. In addition to that, under nitrogen atmosphere, an increase in the degradation 194 

temperature is reflected in lower G’ and G’’ values. This fact points out that a 195 

degradation temperature increase brings an acceleration in chain scission phenomena 196 

[12,17-19]. On the other hand, under air atmosphere (i.e., thermo-oxidative 197 

degradation), degraded PLA samples show similar qualitative response for each 198 

degradation temperature. When increasing the degradation time, both moduli undergo a 199 

drop, which is more remarkable for the first 15 min, and then they tend to level off. 200 

These facts can be more easily observed for those samples degraded at higher 201 

temperatures, in particular for that degraded at 220 ºC (Figure 1C). Furthermore, two 202 

consequences can be deduced from the thermo-oxidative degradation: a) when 203 

increasing degradation time, the difference between both moduli is kept almost 204 

constant, which implies that the predominant viscous behaviour is maintained, and b) 205 

the isothermal frequency sweep tests should be conducted under nitrogen atmosphere, 206 

in order to prevent PLA degradation during its testing time (ca. 14 min).  207 

It is well known that the dynamic oscillatory measurements are very sensitive to the 208 

topological structure changes of melted polymers as a consequence of alterations in its 209 

molecular weight, distribution (polydispersity) and level of long chain branching [12,17, 210 

18,20,21]. After studying the evolution of linear viscoelastic functions with the 211 

degradation time for thermal and thermo-oxidative degradation (i.e., degradation under 212 

nitrogen or air atmosphere), the interest is now focused on making a comparative study 213 

about the changes on melt rheological properties for all the degradation procedure here 214 

proposed. This involves comparing PLA samples after being degraded in the rheometer 215 

under nitrogen (thermal degradation) or air (thermo-oxidative degradation) atmosphere, 216 

together with those from the mixer (thermomechanical degradation). To that end, 217 
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frequency sweep tests were conducted on these samples at the same time/temperature 218 

degradation.  219 

As an illustrative example, the evolution of both viscoelastic moduli and complex 220 

viscosity (|η*|) with frequency are displayed in Figure 2A and 2B, respectively, after 221 

subjecting PLA sample to different degradation times (from 0 to 60 min) at 180 ºC 222 

under air atmosphere. From Figure 2A, it is deduced that degraded samples show 223 

similar mechanical spectra, which are characterized by a predominant viscous behaviour 224 

(G’’>G’), typical of the terminal zone reported for polymer [22]. In addition, as 225 

expected from Figure 1A, when increasing degradation time, both moduli decreases, 226 

especially after 15 min of degradation. Regarding the |η*| in Figure 2B, all samples 227 

present a Newtonian region at low frequencies, which is characterized by a constant 228 

viscosity (η0), followed by a shear-shinning drop beyond a threshold (or “critical”) 229 

value of frequency. All degraded samples here studied (after thermal, thermo-oxidative 230 

or thermomechanical degradation) present similar mechanical spectrum, which is the 231 

typical response for linear PLA [23-26]. 232 

Some researchers [12,17,18,20,21] have reported the significance of the |η*| vs. ω curve 233 

for understanding possible changes in the length and level of entanglement of polymer 234 

chains. They stated that: a) an increase in |η*| at low/intermediate frequencies is related 235 

to a drop in the chain mobility which may result from chain branching, and b) a 236 

decrease in η0 values indicates that chain scission may have occurred. On these grounds, 237 

the increase in |η*| observed for the thermo-oxidative degradation of HDPE was 238 

ascribed to an increase in the long chain branching/crosslinking phenomena [19]. 239 

However, as for PLA, it can be deduced from Figure 2B that an increase of degradation 240 

time favours the chain scission phenomena and an earlier decrease of η0. In this sense, 241 
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the η0 values from Figure 2B can be used to estimate their corresponding weight-242 

average molecular weights (Mw) by the following equation [27]: 243 

3.4
W

15
0 M105.50η             (1) 244 

Thus, for the PLA samples subjected to thermo-oxidative included in Figure 2B, the Mw 245 

values decreased from 1.33ꞏ105, 1.03ꞏ105, 9.40ꞏ104 to 8.58ꞏ104 after 0, 15, 30 and 60 246 

min of degradation time, respectively. Similarly, a decrease in ηo values after subjecting 247 

PLA samples to thermo-mechanical degradation shall be accompanied by lower Mw 248 

values, again due to the chain scission phenomena. 249 

In addition to that, the linear viscoelasticity functions (G’ and G’’) from Figure 2A can 250 

be used to obtain the relaxation behaviour, which provides valuable information about 251 

possible changes in PLA structures due to branching or chain scission phenomena [28]. 252 

A discrete relaxation spectrum may be described by many Maxwell elements combined 253 

in series, the generalized Maxwell model. Thus, both moduli for a generalized Maxwell 254 

model are given for the following relationships [22,29]: 255 
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𝑁
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 256 

where Gi and λi are the relaxation strength and relaxation time, respectively, and the sets 257 

of Gi and λi represent the discrete Maxwell relaxation time spectrum. In this paper, the 258 

discrete relaxation spectrum (Gi vs. λi) was calculated by means of a linear regression 259 

procedure using algorithms developed in MathCad v14 Pro software. It was 260 

corroborated that for the experimental frequency range used in Figure 2 (from 0.1 to 261 

100 rad/s) four Maxwell elements are sufficient for recalculated the values of G’ and 262 

G’’ with high levels of significance. Figure 3 shows the discrete relaxation spectrum for 263 
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the samples included in Figure 2B (i.e., those samples subjected to thermo-oxidative 264 

degradation and different degradation times), which are similar to those reported by 265 

Wang et al. [28] for a similar frequency range. The presence of long, heavy and 266 

branched PLA chains restricts their mobility which is reflected in an increase in the 267 

relaxation time. However, in our case, as the chain scission phenomena increases with 268 

the degradation time, the resulting short PLA chains lead to lower relaxation times [30]. 269 

Finally, the discrete relaxation spectrum gathered in Figure 3 can be also combined for 270 

determining ηo values as follows [29]: 271 

η0= ෍ Giλi

N

i=1

        (4) 

 272 

Interestingly, ηo values of values 1609, 654, 483 and 364 Paꞏs were calculated using the 273 

equation (5) which are in good agreement with those displayed in Figure 2B, indicating 274 

that the procedure to obtain the discrete relaxation spectra were appropriate.  275 

Taking account that all degraded samples present a |η*| vs. ω curve similar to that 276 

displayed in Figure 2B, the estimation of a relative modification index (R.M.I.) from the 277 

values of η0 may be considered as a useful parameter to quantify the chain scission 278 

achieved after PLA degradation. Thus, a R.M.I. for each degradation temperature (180, 279 

200 and 220 ºC) has been defined as follows: 280 

t0,

0t0,

η

η
R.M.I.         (5) 281 

where 0t0,η   and t0,η  are the complex viscosity value at 0.1 rad/s for a sample subjected 282 

to a degradation time of 0 min (i.e., just after 30 s of waiting time before testing) and 283 

after a time “t” of 15, 30 or 60 min of degradation, both at the same degradation 284 

temperature. The values of 0t0,η   are 1429, 451 and 134 Paꞏs for degradation 285 

temperatures of 180, 200 and 220 ºC, respectively. 286 
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Hence, this parameter allows us to quantify the drop in melt viscosity due to the chain 287 

scission for the different degradation conditions applied, as well as the individual 288 

contribution of temperature or stress. Thus, for the same degradation temperature, 289 

higher R.M.I. values would indicate that the chain scission mechanism has taken place 290 

in a greater extent. Figure 4 displays the evolution of the R.M.I. with the degradation 291 

time after thermal, thermo-oxidative and thermomechanical degradation at the three 292 

degradation temperatures considered in this work. Firstly, as no change in G’ and G’’ 293 

with the time are noticed for the degradation under nitrogen atmosphere (Figure 1), 294 

R.M.I. takes a value of 1 for each temperature. As for thermo-oxidative degradations 295 

(i.e., those conducted under air atmosphere) significant conclusions may be deduced: a) 296 

on the one hand, for each temperature, when the degradation time increases, so does its 297 

corresponding R.M.I. values and, b) on the other hand, for a fixed degradation time, 298 

higher R.M.I. values are obtained as degradation temperature rises, mainly for those 299 

degraded at 220 ºC. Regarding the thermomechanical degradations, their R.M.I. values 300 

displayed in Figure 4 are the contribution of the effect of both temperature and stress 301 

applied in the mixer. Therefore, if the R.M.I. values of the thermo-oxidative degradation 302 

(which are only due to the temperature) are subtracted from those obtained from 303 

thermomechanical degradation, it can be stated that the individual contribution of 304 

mechanical stress diminishes gradually with the degradation time, being more 305 

pronounced for higher degradation temperature. 306 

In any case, these results confirm the synergic effect that temperature, mechanical stress 307 

and time exerts on the chain scission, which are consequence of the PLA degradation 308 

mechanism. McNeill and Leiper [31] reported their findings after PLA degradation 309 

under inert atmosphere without being subjected to any mechanical stress. Thus, PLA 310 

thermal degradation occur predominantly by random chain scissions through non-311 
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radical reactions along the polymer backdone. Depending of the point in the backbone 312 

at which this reaction occurs, the final product could be a lactide molecule, an 313 

oligomeric ring with more than two repeat units or acetaldehyde plus carbon monoxide. 314 

Therefore, all these reactions lead to a reduction of molecular weight, which is reflected 315 

in lower melt viscosity values. In addition, the presence of oxygen under the PLA 316 

thermo-oxidative degradation induces a chain scission mechanism of alkoxyl radicals 317 

(alkyl- and acyl-oxygen), thus leading the formation of new free radicals that can cause 318 

chain scission [1,8,16] and the formation of oxidation product degradations (mainly 319 

ester and carbonyl groups). Finally, the high level of stress applied in the mixer 320 

produces a decrease in the carbon-oxygen bonding energy and alkyl and acyl-oxygen 321 

homolysis on the backbone of PLA and, consequently, this fact again favours the chain 322 

scission which is noticed in higher values of R.M.I. [1,4,8,10,16]. The McNeill and 323 

Leiper work supports that radical reaction just occurs at temperature above 270 ºC. 324 

However, although the temperature degradation used in the present work was lower 325 

than that, it has been demonstrated that such reactions might occur due to the high level 326 

of stress and the oxygen presence inside the mixer [5,16].   327 

3.2. Chemical and thermal properties 328 

Once the melt rheological properties of PLA samples subjected to different degradation 329 

conditions has been studied, the objective now is to deepen their effects on the chemical 330 

structure and thermal properties. To that end, Fourier transform infrared spectroscopy 331 

(FTIR), differential scanning calorimetric (DSC) and thermogravimetric (TGA) analysis 332 

were conducted on degraded PLA at 200 ºC (since this temperature represents a 333 

potential temperature in the perspective of extrusion process). 334 

Assessment of the chemical structure changes of degraded PLA samples provoked by 335 

the degradation conditions applied were investigated by infrared analysis. Figure 5 336 
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displays the ATR-FTIR spectra in the range of 2000 to 600 cm-1 for virgin PLA as well 337 

as selected degraded samples after two degradation times (15 min or 60 min) and 338 

subjected to thermo-oxidative degradation (referred to as “PLA,15min,TO” and 339 

“PLA,60min,TO”) or thermomechanical degradation (“PLA,15min,TM” and 340 

“PLA,60min,TM”). The spectrum for degraded sample after thermal degradation for 15 341 

min (“PLA,15min,T”) is coincident with that after 60 min of degradation and, 342 

consequently, it is not included for the sake of comparison.  343 

It is well known that the random chain scission reaction associated with the formation 344 

of anhydrides, carbonyl and/or carboxyl groups, is the predominant degradation 345 

pathway for PLA during its photo-oxidation (with UV light irradiation) and thermo-346 

oxidative/thermomechanical degradation. As a consequence, the most noticeable 347 

changes appear at 1085 and 1183 cm-1 due to the asymmetric vibration of the ester 348 

group, and at 1750 cm-1 attributed to the carbonyl stretching [4,5,10,16,32,33]. In 349 

addition, all degraded PLA samples (including those obtained under nitrogen 350 

atmosphere) present changes in their spectra in the 750 to 650 cm-1 which is assigned to 351 

changes in crystallinity [34].   352 

Aiming to obtain comparable results without the experimental influence, absorbance 353 

values of these characteristic peaks (at 1750, 1183 and 1083 cm-1) were normalized 354 

using the absorbance value at 1455 cm-1 assigned to the asymmetric bending of CH3 355 

group and known to be a suitable as internal standard for PLA [4,5,10,16]. Thus, the 356 

absorbance ratios displayed in the Figure 6 provide valuable information about the 357 

chemical changes due to the different degradation conditions applied. As can be 358 

deduced, no significant changes are noticed on those samples subjected to thermal 359 

degradation, which points out that nitrogen is required to prevent the PLA chain 360 

scission phenomena with the degradation time. However, after expose to thermo-361 
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oxidative or thermomechanical degradation conditions, the absorbance ratio clearly 362 

increases with the degradation time rises, especially for the formation the new carbonyl 363 

compounds (at 1750 cm-1). These results are in agreement with the R.M.I. displayed in 364 

Figure 4, indicating, again, the synergic effect that degradation time and stress exerts on 365 

the extent of the PLA chain scission at 200 ºC.  366 

DSC analysis was carried out in an attempt to find out possible changes of PLA thermal 367 

events induced by the degradation conditions applied. Figure 7 shows the DSC 368 

thermograms derived from the second heating scan of virgin PLA and selected degraded 369 

samples, and in Table 1, the corresponding glass transition (Tg), cold crystallization 370 

(Tcc) and melting (Tm) temperatures, and crystallization (ΔHcc) and melting (ΔHm) 371 

enthalpies are summarized. In addition, degree of crystallinity (χc) in each sample was 372 

calculated as follows: 373 

100
ΔH

ΔHΔH
(%)χ

100%
m

ccm
c 


            (6) 374 

where 100%
mΔH  is the theoretical melting enthalpy for PLA with 100 % of crystallinity. 375 

According to the literature [35], a theoretical enthalpy of 93.1 J/g was used for the 376 

melting enthalpy of PLA with 100 % of crystallinity. 377 

It can be observed that virgin PLA only presents a thermal event at around 59 ºC which 378 

corresponds to the glass transition of its amorphous fraction. Thus, only the first heating 379 

ramp (data no shown) shows, at about 148 ºC, the melting peak of the PLA crystalline 380 

fraction. The absence of the melting peak for the second heating ramp indicates that 381 

recrystallization upon cooling from the melt does not occur at the cooling rate of 10 382 

ºC/min applied (too fast for the PLA polymer chains to reorganize into crystalline 383 

regions). Taking the melting enthalpy from the first heating ramp, virgin PLA displays a 384 

percentage of crystallinity of 34.3 %. Interestingly, all degraded samples present, 385 
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besides the glass transition and melting peak above-commented, a new cold 386 

crystallization peak which extents in different temperature range depending on the 387 

degradation procedure (i.e., thermal, thermo-oxidative or thermomechanical) applied. 388 

As reported Signori et al. [2], when PLA is degraded at 200 ºC and under nitrogen 389 

atmosphere the cold crystallization is also noticed. Even though no significant 390 

differences on Tg values are noticed between thermo-oxidative and thermomechanical 391 

degraded samples, all these systems display a significant decrease in Tg value compared 392 

to virgin PLA, which can be attributed without any doubt to the chain scission process 393 

occurring during their degradation [4,10]; however, thermal degraded samples (under 394 

nitrogen atmosphere) present a similar value, since chain scission phenomena is not 395 

relevant. 396 

If attention is paid on the crystallinity degree (χc), all degraded samples are amorphous 397 

(crystallinity degree is about zero), since the absolute values of the cold crystallization 398 

and melting enthalpy are almost the same due to the slow crystallization kinetics of 399 

PLA and the relatively fast cooling rate applied (10 ºC/min). Therefore, χc is not a 400 

suitable parameter for studying the effect of degradation conditions.  401 

On the other hand, it is possible to observe that thermograms of degraded samples after 402 

thermo-oxidative degradation (PLA,15min,TO and PLA,60min,TO), and more 403 

pronounced for that subjected to thermomechanical degradation at the longest time 404 

(PLA,60min,TM), show a double melting peak attributed to the melting crystalline 405 

phases formed during the second heating ramp, since no crystallization is negligible 406 

during the cooling cycle. It is well known [10,36-38] that PLA exhibits double melting 407 

behaviour associated to with the stable pseudo-orthorhombic structure melting at the 408 

higher temperature (α-form) and the orthorhombic (β-form) that melts at a lower 409 

temperatures. In addition, both characteristic melting temperatures for the 410 
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thermomechanical degraded samples are higher than those after thermo-oxidative 411 

degradation, since the chain scission mechanism involves the presence of lower 412 

molecular weight polymeric chains. Moreover, it is interesting to note that the cold 413 

crystallization event occurred during the second scan becomes well pronounced for 414 

thermomechanical degraded samples after 60 min of degradation (PLA,60min,TM). 415 

Thus, the increase in ΔHcc values together with the decrease Tcc for these samples reveal 416 

that a reduction of PLA molar mass due to the chain scission phenomena makes the 417 

systems easier to crystallize [10]. 418 

Considering that one of the main disadvantages of PLA is its thermal stability, Figure 8 419 

shows the weight loss (Figure 8A) and its derivative, DTG, (Figure 8B) for virgin PLA 420 

and the degraded samples previously considered. TGA curves for samples degraded 421 

under nitrogen atmosphere are quite similar to those obtained for virgin PLA and they 422 

are not included for purpose of clarity. The characteristic temperatures T5% (temperature 423 

for the 5 wt.% of weight loss, which can be considered as the onset degradation 424 

temperature) and Tmax (temperature of maximum weight loss rate) are summarized in 425 

Table 2 for an easier comparison of the data. As can be deduced, the characteristic 426 

temperatures (T5% and Tmax) are shifted to lower values with increasing degradation time 427 

from 15 to 60 min, with the lowest values for the thermomechanical degraded sample 428 

(PLA,60min,TM). Compared to virgin PLA, the thermo-oxidative degradation at 200 ºC 429 

produces a reduction in T5% of ca. 5 and 14 ºC for 15 or 60 min of degradation; 430 

however, they reach a value of 27 and 36 ºC for the thermomechanical degraded 431 

samples. In addition, a rather slight decrease of Tmax are observed, with a maximum 432 

value of 14 ºC. Therefore, the chain scission, which is the mechanism responsible for 433 

the thermo-oxidative and thermomechanical degradation, produces the formation of 434 

low-thermal stability compounds which are eliminated at moderate or low temperature 435 
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[19]. Furthermore, oxidation products containing ester or carbonyl group formed during 436 

these degradations (see Figure 6) which are able to accelerate the thermal instability of 437 

PLA [5,16,39], producing a larger decrease in T5% values and, consequently, a 438 

worsening of the PLA thermal stability.  439 

4. CONCLUDING REMARKS 440 

In the current study, the influence of thermal, thermo-oxidative and thermomechanical 441 

degradation conditions on dynamic oscillatory rheology, chemical structure and thermal 442 

properties of PLA has been evaluated. To that end, thermomechanical degradation was 443 

conducted on a mixer equipped with two counter-rotating rollers, while both thermal 444 

and thermo-oxidative degradation was performed on a rheometer, by using nitrogen or 445 

air, respectively, as gas. 446 

Dynamic oscillatory measurements in melt state indicated that an increase in the 447 

temperature or time degradation, together with the application of the mechanical stress, 448 

produces a larger extent of the chain scission phenomena (which was also corroborated 449 

by FTIR results), since there are not rheological evidences of the formation of long 450 

chain branching/crosslinking. All degraded samples present similar mechanical 451 

spectrum, which are characterized by a predominant viscous behaviour (G’’>G’), 452 

typical of the terminal zone reported for polymer. In addition, the complex viscosity at 453 

low frequency (η0) enables to quantify the individual contribution of temperature/time 454 

degradation and mechanical stress on the PLA chain scission after degradation; 455 

interestingly, the contribution of mechanical stress diminishes gradually with the 456 

degradation time, being more pronounced for higher degradation temperature. Even 457 

though an increase in degradation temperature brings an acceleration in chain scission 458 

phenomena, nitrogen is required to prevent PLA degradation with the degradation time.  459 
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With regards to the DSC findings, the comparative study between degraded samples is 460 

not possible through the crystallinity degree (χc), since all of them became amorphous; 461 

however, the decrease in the glass transition (Tg) is clearly ascribed to the chain scission 462 

phenomena, and the changes in the cold crystallization (ΔHcc) enthalpy and its 463 

corresponding cold crystallization (Tcc) temperature reveal that the chain scission makes 464 

degraded samples easier to crystallize. 465 

Finally, the thermo-oxidative and thermomechanical degradation here applied produces 466 

a worsening of the PLA thermal stability, with lower values of the characteristic 467 

temperatures (T5% and Tmax). 468 
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Table 1. Thermal properties evaluated from the second heating scan of virgin PLA and 580 

selected degraded samples (“T”, “TO” and “TM” corresponds to thermal, thermo-581 

oxidative and thermomechanical degradation, respectively).  582 

 Tg (ºC) Tcc(ºC) 
Tm or  

Tm1/Tm2 (ºC) 
ΔHm (J/g) ΔHcc (J/g) χc (%) 

Virgin PLA 58.9 ± 0.5 -- a148.2 ± 0.3 a31.9 ± 1.3 -- a34.3 ± 1.5 

PLA,15min,T 59.1 ± 0.5 135.1 ± 0.5 148.7 ± 0.3 1.9 ± 0.5 1.6 ± 0.5 bAmorphous

PLA,60min,T 59.3 ± 0.5 135.5 ± 0.5 148.9 ± 0.3 1.8 ± 0.6 1.7 ± 0.5 bAmorphous

PLA,15min,TO 49.7 ± 0.5 124.5 ± 0.6 144.5/150.2 ± 0.4 5.5 ± 1.0 5.2 ± 1.1 bAmorphous

PLA,60min,TO 50.6 ± 0.5 124.8 ± 0.6 144.7/150.4 ± 0.4 5.9 ± 1.0 5.4 ± 1.2 bAmorphous

PLA,15min,TM 51.2 ± 0.6 120.8 ± 0.6 147.2/153.0 ± 0.4 17.1 ± 1.2 16.6 ± 1.4 bAmorphous

PLA,60min,TM 52.0 ± 0.6 122.1 ± 0.6 147.3/153.5 ± 0.4 21.4 ± 1.2 21.2 ± 1.5 bAmorphous

a Evaluated form the first heating scan. 583 
b Amorphous; calculated crystallinity degree is about zero, i.e., less than 1 %. 584 

585 
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Table 2. Thermal degradation characteristic temperatures of virgin PLA and selected 586 

degraded samples (“T”, “TO” and “TM” corresponds to thermal, thermo-oxidative and 587 

thermomechanical degradation, respectively). 588 

 T5% (ºC) Tmax (ºC) 

Virgin PLA 322.4 ± 1.0 367.1 ± 1.0 

PLA,15min,T 322.0 ± 1.0 366.7 ± 1.0 

PLA,60min,T 321.7 ± 1.0 366.6 ± 1.3 

PLA,15min,TO 317.9 ± 1.1 361.1 ± 1.2 

PLA,60min,TO 308.8 ± 1.1 357.2 ± 1.2 

PLA,15min,TM 295.7 ± 1.2 357.4 ± 1.2 

PLA,60min,TM 286.1 ± 1.2 353.1 ± 1.2 

 589 

590 
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Figure captions 591 

 592 

Figure 1. Evolution of the storage (G’) and loss (G’’) modulus with the degradation 593 

time for samples subjected to different degradation conditions. 594 

 595 
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Figure 2. Evolution of (A) the storage (G’) and loss (G’’) modulus, and (B) complex 596 

viscosity with frequency for degraded samples under air atmosphere at 180 ºC, as a 597 

function of degradation time. 598 

 599 

Figure 3. Discrete relaxation spectra for degraded samples under air atmosphere at 180 600 

ºC, as a function of degradation time. 601 

 602 
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Figure 4. Evolution of relative modification index (R.M.I.) with the degradation time 603 

for samples subjected to different degradation conditions. 604 

 605 

Figure 5. ATR-FTIR spectra for virgin PLA and selected degraded samples subjected 606 

to different degradation conditions (“T”, “TO” and “TM” corresponds to thermal, 607 

thermo-oxidative and thermomechanical degradation, respectively). 608 
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 609 

Figure 6. Absorbance ratio for the peak at 1085, 1183 and 1750 cm-1 for virgin PLA 610 

and selected degraded samples subjected to different degradation conditions (“T”, “TO” 611 

and “TM” corresponds to thermal, thermo-oxidative and thermomechanical degradation, 612 

respectively). 613 
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 614 

Figure 7. DSC curves corresponding to the second heating cycle for the virgin PLA and 615 

selected degraded samples subjected to different degradation conditions (“T”, “TO” and 616 

“TM” corresponds to thermal, thermo-oxidative and thermomechanical degradation, 617 

respectively). 618 
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 619 

Figure 8. (A) Weight loss and (B) its derivative curves for the virgin PLA and selected 620 

degraded samples subjected to different degradation conditions (“T”, “TO” and “TM” 621 

corresponds to thermal, thermo-oxidative and thermomechanical degradation, 622 

respectively). 623 


