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Abstract of the Thesis 

 

Effects of thermo-mechanical processing 

on the mechanical behaviors of Polylactic Acid 

 

by 

 

Hongwei Zhou 

Master of Science in Mechanical Engineering 

University of California San Diego, 2020 

Professor Shengqiang Cai, Chair 

 

Poly(lactide acid) (PLA) is an environmental friendly, biocompatible and 

biodegradable polymer that has been extensively explored in diverse applications ranging 

from biomedical devices to food packages. One well-known limitation of PLA in the 

applications is its low toughness and stretchability. In this work, we have conducted a 

systematic study of the effects of thermo-mechanical processing on the mechanical behaviors 

of PLA. It is found that a freshly quenched hot-pressed PLA can be quite stretchable and 
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tough. However, after two days of aging, PLA becomes very brittle. We attribute such ductile-

to-brittle transition of PLA with aging to its plastic deformation mode changing from shearing 

to crazing. To increase the toughness and stability of the PLA, we apply melt stretching onto 

the PLA. Our results have shown that after melt stretching, both the toughness and 

stretchability of aged PLA increase. Moreover, our experiments have shown that the 

mechanical properties of the PLA after melt straining become more age resistant. This work 

has also shown that PLA undergoes an accelerating stress cracking in water and the crack 

growing speed is faster in water than in air. 
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1. Introduction 

PLA is one of the most important degradable polymers, accounting for 

approximately 24% of the global production capacity for biodegradable polymers. PLA has 

been widely used in medical applications, such as bone fixation, skeleton for tissue 

regeneration and separation between target tissue and healthy tissue in radiation therapies for 

patients diagnosed with cancer. (Shady Farah, Daniel G. Anderson, Robert Langer, 2016) 

Another important biomedical application of PLA is for constructing bioresorbable stents as 

a treatment of coronary heart disease (Karthik Ramachandran, Tiziana Di Luccio, Artemis 

Ailianou, Mary Beth Kossuth, James P. Oberhauser, Julia A. Kornfield, 2018). PLA is also a 

preferred material for non-medical applications because it is environment friendly and can 

be synthesized from renewable resources like corn and sugar cane. Therefore, more and more 

industries have been using PLA as an alternative to mitigate the ever-increasing effects of 

polymer waste on the environment. (Jean‐Christophe Bogaert, Philippe Coszach, 2000) 

Despite the wide applications of PLA, one of the well-known limitations of PLA 

in the applications is its low mechanical toughness. The brittleness of PLA limits the 

application of PLA. Artemis Ailianou and her group have discussed the advantages and 

disadvantages of PLA stents compared to traditional metal stents. (Artemis Ailianou, Karthik 

Ramachandran, Mary Beth Kossuth, James Paul Oberhauser, Julia A. Kornfield, 2016) As 

PLA is not as strong and tough as metal, the PLA stents has to be thicker to be as stiff as 
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metallic ones. Consequently, the increase of structural volume decreases the blood flow rate 

and make the PLA stents not as effective. Therefore, improving the mechanical properties of 

PLA is important for its further applications. 

The mechanical properties of PLA have been intensively studied. The tensile 

strength, tensile modulus and elongation at break of PLA have been measured by multiple 

groups. (Anders Södergård, Mikael Stolta, 2002) (S. Jacobsen, H. G. Fritz, 1999). In addition, 

several processing techniques, such as casting, extrusion, injection molding, and blow 

molding, have been widely used to manufacture PLA structures at various sizes. Great effort 

has been put into the research of how to manipulate the mechanical properties of PLA and its 

relationship with degradation. In 2010, Maspoch and coworkers studied although it is 

normally seen as a brittle material, it can show ductile behavior when freshly prepared (M. 

Ll. Maspoch, O. O. Santana, J. Cailloux, E. Franco-Urquiza, C. Rodriguez, J. Belzunce, A. 

B. Martínez, 2015). They used small punch tests to reveal the ductile-brittle transition of 

PLA/o-MMT films during physical aging. Masoud Razavi and Shiqing Wang have also 

discussed the ductile-brittle transition of PLA. (Masoud Razavi, Shiqing Wang, 2019) Their 

freshly prepared, amorphous PLA samples, which is ductile, become very brittle after aging. 

They claimed that the increase of crystallinity results the ductile-to-brittle transition. They 

also used melt-stretch treatment, which stretch the samples above the glass transition 

temperature to make the samples stay ductile after aging.  
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However, we found that freshly prepared, amorphous PLA samples will become 

brittle even if the crystallinity does not increase significantly. This work shows, without 

sufficient crystallization, aging can make PLA brittle. The biaxial melt stretching method is 

applied to maintain the ductility and toughness along multiple directions. 

2. Experiments 

2.1 Preparation of PLA films 

We fabricate PLA films by hot pressing 3g raw PLA pellets (Nature Works 3052D) 

under 180˚C, 500 lb. force, for 1 minute with the use of the hot pressing machine (Carver 

Model 4386 manual press). The obtained PLA films have a thickness around 0.25mm. 

Immediately after being removed from the hot pressing machine, the PLA samples are 

quenched in ice water, at 0˚C, for 30 seconds to let the samples cool down completely to 

~0˚C. The samples are then dried using paper towels and sealed in plastic bags and stored at 

room temperature for further tests.  

2.2 Room Temperature aging of PLA films 

To systematically investigate the effects of aging of the mechanical properties of 

PLA, we store the freshly quenched PLA films at room temperature for different periods of 

time (0 h, 1h, 3h, 6h, 9h, 12h, 24h, 48h). The PLA samples are then cut into dog bone shape 

for mechanical testing. To reduce the edge effects, we first glue the ends of the dog-bone-

shaped samples to acrylic plates that are held by the two grippers of the mechanical testing 
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machine (Instron 5965). The tests are performed under room temperature and with a strain 

rate of 0.001/s. 

2.3 Melt Stretching of PLA films 

To enhance the mechanical properties of PLA films, we apply melt stretching onto 

fully aged PLA films as shown in the sketch (Figure 1). We first heat up the PLA films to 70 

˚C and stretch the film either uniaxially or biaxially to 1.5 times of its original length with a 

strain rate of 150/min. The samples are then air-cooled while being held in the stretched state. 

The samples are removed after cooled down to room temperature and stored in well-sealed 

plastic bags. After 2 additional days of aging at room temperature, we cut the samples to dog 

bone shape at different angles with respect to the melt stretching direction for mechanical 

testing. 
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Figure 1. Schematic of the melt-stretching setup. The samples are cut at different angles 

with the melt-stretching direction. Two-way melt stretching includes a second stretch at an 
angle of 90° from the first stretch. 

 

2.4 Differential scanning calorimetry measurements 

We conduct differential scanning calorimetry tests of both freshly quenched and 

aged PLA samples to determine their degrees of crystallinity. The test ramps up from 20 ˚C 

to 180 ˚C at a speed of 3 ˚C/min to cover the temperature of glass transition, cold 

crystallization and melting. The heat flow throughout the process is recorded by the 
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DSC(Texas Instruments DSC 250). 

We can estimate the degree of crystallinity in the sample by using the equation [Y 

Kong, J Hay, 2002]:  

𝑋𝑋 = (∆𝐻𝐻𝑚𝑚 − ∆𝐻𝐻𝑐𝑐𝑐𝑐)/∆𝐻𝐻𝑓𝑓0, 

where X is the degree of crystallinity, ΔHm is the melt enthalpy, ΔHcc is the cold crystallization 

enthalpy and ΔHf0 is the specific enthalpy of fusion. The reported specific enthalpy of fusion 

is 93 J/g for a perfect PLA crystal. [E. W. Fischer, Hans J. Sterzel, G. Wegner, 1973] The melt 

enthalpy and cold crystallization enthalpy are determined by DSC scans as shown in Figure 

4. 
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Figure 2. DSC scan of non-aged(a) and 5-day-aged(b) samples to reveal the melt enthalpy 
and cold crystallization enthalpy. 
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Figure 3. The crystallinity does not change significantly after aging. The crystallinity 

percentage, X, is evaluated as X = (ΔHm − ΔHcc)/ΔHf0, where ΔHf0 = 93 J/g, ΔHm is the 
melt enthalpy, and ΔHcc is the cold crystallization enthalpy. 
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2.5 Stress cracking measurement 

Experiments are done to measure the stress cracking propagation of PLA samples. 

Samples are cut into pieces of 5cm by 4cm and a precrack is made on the sample to control 

the starting point of the stress cracking. A dead load of 10 lb is used to maintain the stress on 

the sample and use acrylic plates on both sides to evenly distribute the stress. The sample is 

place inside a chamber so we can submerge the sample with the chosen fluid and control the 

enviroment. The whole process of stress craking is recorded by a camera for further data 

analysis. The samples are tested in both air and water. Figure 4 shows the experiment setup. 

 

 
Figure 4. Test setup of the stress cracking measurement 
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3. Results and discussion 

3.1 Dependence of the mechanical properties of PLA on the aging time 

Figure 5 plots the stress strain diagrams of PLAs with different aging time (from 0 

min to 48 hours). With the increase of the aging time, the strength of PLA increases slightly 

but the strain at rupture decreases significantly. A freshly prepared PLA can be stretched till 

150% without breakage, while after 48 hours aging, the PLA breaks at the strain less than10%. 

The change of strength, strain at rupture and toughness of PLA with the aging time are 

summarized in Figure 6. Significant ductile-to-brittle transition induced by aging is evident, 

which has been also reported by a recent work of Masoud and Shiqing. (Masoud Razavi, 

Shiqing Wang, 2019) The decrease of the rupture strain and toughness with the increase of 

aging time is abrupt and dramatic. It is consistent with the fact that PLA is usually regarded 

as a brittle material, though some mechanical tests of PLA have shown great ductility (M. Ll. 

Maspoch, O. O. Santana, J. Cailloux, E. Franco-Urquiza, C. Rodriguez, J. Belzunce, A. B. 

Martínez, 2015). This observation can be also important in some practical applications of 

PLA.  

Figure 7 are photos of PLA samples taken during the tensile tests. It clearly shows 

that the deformation and failure mode of a PLA changes during aging. For a freshly prepared 

PLA sample as shown in Figure 7a, neck initiation and propagation can be clearly seen after 

the yielding point with strain of around 0.033. The necking phenomenon can dramatically 
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increase the ductility and toughness of polymers. Figure 7b is taken from the test of a PLA 

sample after 48 hours aging. Whitening zones can be clearly seen in the sample with small 

deformation (around the tensile strain of 0.036 in the photo) and rupture occurs in the 

whitening zones at the strain of 0.054, which are commonly known to be associated with 

crazing in glassy polymers. We believe the aging caused ductile-to-brittle transition of PLA 

is associated with its failure mode changing from shearing plasticity to crazing, which will 

be discussed more in the following section. 

 
Figure 5. The stress-strain relation changes with aging. Curves are randomly chosen from 

the results. The strain at failure drastically decreases in the first day. 
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Figure 6. (a)The strength fluctuates along aging. (b)The stretch at failure drastically 

decreases within the first day. (c)The aging effect on the toughness of amorphous PLA. The 
toughness drops about 80% within the first day. 
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Figure 7. (a) Non-aged PLA shows shear induced ductility while stretching. (b) Aged PLA 

shows crazing behavior while stretching. 
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3.2 Shearing-crazing transition 

As mentioned earlier, reduction of toughness in aged PLA has also been reported by 

Masoud and Shiqing (Masoud Razavi, Shiqing Wang, 2019). They attributed the loss of 

ductility of the PLA to the increase of its crystallinity during the aging of PLA. When the 

crystal spherulites begin to grow and meet each other, narrow bands of amorphous region 

form at the boundaries of spherulites. When the material is under tensile stress, these 

amorphous regions are not strong enough to hold spherulites together and cracks appear 

between spherulites. However, this is not the reason in the current study. We measure the 

degree of crystallization of the freshly prepared and aged PLA samples using the DSC data 

and find out that the change is negligible. Figure 5 shows the degree of crystallinity of the 

PLA samples before and after aging for 5 days. It is clear that the crystallinity change in the 

PLA during the aging process is almost negligible. The reason of the little crystallinity 

increase in our experiment may be that the material has a lower purity of PLLA. The material 

used in Masoud and Shiqing’s experiment contains 99.5% PLLA while the material used here 

contains 98% PLLA. The lower purity of PLLA makes it more difficulty to crystallize. 

In the following, we propose another mechanism for the aging induced ductile-to-

brittle transition of PLA discovered in our experiments. Shearing and crazing are two 

commonly observed plastic deformation in glassy polymers. When glassy polymers is under 

a shear stress that is above a critical value, the chains slide with respect to each other and 
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form one or more necks with a minimal increase of shear stress. This process is often 

accompanied by large plastic deformation. In contrast, crazing is often associated with brittle 

fracture of glassy polymers. Crazing is a highly localized deformation that is associated with 

microvoid formations and drawing of fibrils from the polymer. The voids can grow and 

coalesce in the polymer as the fibrils elongate by incorporating the material nearby. 

(Anderson, 2017) It has often been assumed that the formation of shearing and crazing 

corresponds to different critical stresses. If crazing requires lower stress, the polymer is 

fractured by crazing and often exhibit brittle behavior. In contrast, if shearing requires lower 

stress, shearing happens in the polymer before its fracture, which makes the polymer ductile. 

To explain the shearing-to--crazing transition observed in our experiments, we propose that 

for a freshly quenched PLA, its critical stress for shearing is lower than that for crazing, and 

thus large plastic deformation occurs in PLA before its fracture; with the increase of the aging 

time, the critical stress needed for crazing in the PLA reduces, which is finally lower than the 

critical stress for shearing. As a consequence, aged PLA may fail by crazing and show low 

ductility. Our interpretation above is supported by the previous studies which have shown 

that aging of a glassy polymer can indeed reduce its critical crazing stress (Rudy A.C. 

Deblieck b, D.J.M. van Beek, Klaas Remerie, Ian M. Ward, 2011). 

3.3 Enhancing toughness of PLA through melt stretching 

The strategy of melt stretching has often been adopted to alter the chain structures 
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of glassy polymers as to improve their mechanical behaviors. Multiple groups have used melt 

stretching to enhance the ductility and toughness of brittle polymers. (Gregory D. Zartman, 

Shiwang Cheng, Xin Li, Fei Lin, Matthew L. Becker, Shi-Qing Wang, 2012) The underlying 

toughening mechanism have also been studied intensively. In a study done by Gotham and 

Scrutton, they attribute the enhancement of toughness of PMMA by melt stretching to the 

change of molecular orientation. (K.V.Gotham, I.N.Scrutton, 1978) They showed that the 

fracture energy perpendicular to the polymer chain orientation is larger than other directions. 

Masoud Razavi and the coworkers explained the increase of toughness of melt-stretched 

polymer with the increase of entanglement density. (Masoud Razavi, Shiqing Wang, 2019). 

Similar effects of entanglement density on the ductility of glassy polymer have been 

demonstrated in the work by Shaul M. Aharoni in 1985. (Aharoni, 1985).  

In the current work, we also apply melt stretching onto aged PLA films to improve 

their mechanical properties. The detailed experimental procedures can be found in section 

2.3. The experimental measurements show that the melt-stretching significantly improves the 

aging resistance of the stretchability and toughness of the PLA samples. The stretchability 

and toughness of the PLA samples change negligibly even after two additional days of aging, 

as shown in Figure 8 and 9. Figure 10(c) shows that the toughness of the sample subjected to 

uniaxial melt-stretching before and after aging at different angles relative to the melt-

stretching direction. The toughness at the melt-stretching direction, labeled as 0˚ direction, 
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only drops about 18% after 5-day aging, which is very small compared to the 90% drop 

without melt-stretching. On the other hand, melt-stretching drastically decrease the toughness 

at the non-melt-stretched directions. At the perpendicular direction, labeled as 90˚ direction, 

the toughness is reduced to less than 10% of the toughness without melt-stretching. 

Beside the difference in toughness, the strength is also different at different directions. The 

strength at 0˚ is the highest and is comparable with the fresh, non-aged samples. The strengths 

at 45˚ and 90˚ are much lower. The aging does not have a big impact on the strengths, 

similarly to the non-stretched samples. 

 
Figure 8. The stress-strain relation of uniaxial melt stretched samples before aging. 
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Figure 9. The stress-strain relation of uniaxial melt stretched samples after aging. 
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Figure 10. (a) Toughness of uniaxial-melt-stretched PLA, before and after aging. The 
toughness at along the melt-stretching direction is significantly higher. (b)(c) When 

stretched at the melt-stretching direction, the samples show higher strength and more 
stretchable. 
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To eliminate this toughness lost at non-melt-stretched directions, a biaxial melt-

stretching is performed on the samples. The samples are melt-stretched at two directions 

which are perpendicular to each other, one at a time. Each stretch follows the same procedure 

as the single direction melt stretch. The second stretch is performed immediately after the 

sample is air cooled removed from the first stretch. The melt stretched samples go through 

the same tests as the single direction stretched samples. Figure 11-13 shows this treatment 

minimizes the difference of the toughness at 0˚ direction and 90˚ direction (to ~10%), 

although the toughness at 0˚ direction is compromised. The toughness at 45˚ direction 

remains similar to the uniaxial melt-stretched samples. The same thing happens to the 

strengths. The difference at different directions are minimized despite the strength drop at 0˚. 
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Figure 11. The stress-strain relation of biaxial melt stretched samples before aging. 
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Figure 12. The stress-strain relation of biaxial melt stretched samples after aging. 
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Figure 13. Toughness(a), strength(b), and rupture stretch(c) of biaxial-melt-stretched PLA, 

before and after aging. 
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3.4 Stress cracking 

       The samples did not show any stress cracking growth after being stretched by a 10 

lb. load for days in air. A few samples have been tested in water but only one run has been 

recorded due to the limited time. Figure 14 shows the stress cracking growth speed in water. 

From the limited data, there is 2 conclusions: 1. The stress cracking of PLA in water is faster 

than in air; 2. The stress cracking of PLA in water accelerate as the time increases. 

 

 
Figure 14. Stress cracking growth speed in water.  
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4. Summary 

The goal of this research is to discuss the reason why aging lead to the stretchability, 

and toughness lost and try to find ways to minimize that effect. Different from Masoud 

Razavi and Shiqing Wang’s work, the PLA samples in this research do not show significant 

increase of crystallinity change. We attribute the ductile-brittle transition to the change of 

failure modes. During aging, the failure mode shifts from shearing failure to crazing induced 

failure. That transition limits the deformation before failure and results the loss of toughness. 

In Masoud Razavi and Shiqing Wang’s works, they used melt stretching to make samples 

able to maintain stretchable after aging. In this research, we further inspect the effect of melt 

stretching on multiple directions and find out that although melt stretching will result 

supreme result at the stretch direction, it will greatly sacrifice the mechanical performance at 

other direction. To eliminate this side effect, we perform a second melt stretch at the 

perpendicular direction. The tensile test results show that this minimize the difference 

between each direction but can still stay stretchable against aging. Stress cracking of PLA 

shows accelerating and faster growth in water than in air.  
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