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Abstract: The opportunity for the preparation of high-performance shape memory materials was
brought about by the excellent mechanical properties of poly(lactic acid) (PLA). As the effect of
crystallization on shape memory was still unclear, this brings constraints to the high-performance
design of PLA. The PLA plates with different aggregation structure were prepared by three kinds
of molding methods in this paper. The PLA plates were pre-stretched with a series of different
strains above glass transition temperature (i.e., 70 ◦C). The recovery stress and ratio of the material
were measured above stretching temperature (i.e., 80 ◦C). Prolonging of annealing time resulted in
more perfect crystal structure and higher crystallinity. The crystal region acted as network nodes
in shape memory PLA, and crystal region structure determined the shape memory performance.
Based on the experimental results, the structural evolution of network nodes in shape memory PLA
was established.

Keywords: poly(lactic acid); annealing; shape memory; crystallization

1. Introduction

Shape memory effect is a phenomenon in which the designed shape can recover
under external stimulation [1]. It widely exists in metal materials and polymers [2–4]. It
can be divided into reversible and irreversible shape recovery modes. There is a great
difference between metal and polymer materials in terms of shape memory effect [5–7]. The
recovery stress of metal-based materials is much higher than that of traditional polymer
materials [8,9]. Its excellent shape memory properties make it appropriate to be widely
used in biomedical and aerospace fields. Therefore, large recovery stress is one of the
breakthrough directions of polymer-based memory materials.

There are many kinds of traditional shape memory polymers, including polyurethane,
polycaprolactone, styrene-butadiene-styrene, poly(lactic acid) [10–14]. Among them, shape
memory materials represented by polyurethane have been studied deeply and system-
atically [15–18]. Polyurethane shape memory products have been widely used in textile,
medical, intelligent manufacturing, and other fields. However, some special properties of
matrix are required in some fields [19]. For example, screws and nuts used in surgery need
to be of high strength, biocompatible, and biodegradable. They do not need to be removed
after surgery, which can greatly reduce the patient’s pain. In space exploration, the use of
degradable polymer materials can provide a feasible way to solve space debris [20,21].

PLA is obtained by the polymerization of lactic acid monomer, and it is common in PLLA
products. It has excellent mechanical properties, biocompatibility, and degradability [22].
Under the stricter international environmental protection policies, modified and functional
PLA products are more and more widely used. However, this material also has obvious
brittle characteristics, which brings difficulties to the later structural design. In most cases,
toughening modification needs to be applied to PLA matrix first [23–25]. In conclusion,
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toughening modification can significantly improve the flexibility of PLA, while it results in
the obvious decline of mechanical performance.

How to combine its excellent mechanical properties and improve shape memory
performance of PLA is the focus of this paper. In particular, PLA is a semi-crystalline
polymer and the roles of crystal and amorphous regions in shape memory models are
ambiguous. In the classical polymer shape memory system, the network nodes are usually
composed of covalent bonds, which has higher thermodynamic stability. After repeated
tensile deformation, it can maintain good recovery characteristics. Therefore, efficient
construction of network nodes with higher thermal stability is the key to improve shape
memory performance. This is also the focus of the PLA system research.

In this paper, the research on shape memory effect of PLA from the perspective of
polymer crystallization is the innovation of this paper. The in-depth analysis of this system
can lay a foundation for the functional design of semi-crystalline polymers. The effects of
stretching temperature and annealing time on the shape memory effect were investigated.
The important role of crystal region in shape memory PLA was emphatically discussed.
The evolution of network nodes and memory switches were clarified during deformation,
and the shape memory structure model of PLA was established.

2. Experimental
2.1. Materials

Poly(lactic acid) granule (6202D, MI = 15~30 g/10 min) were supplied by NatureWorks,
Minneapolis, MN, USA.

2.2. Preparation of PLA Plates

The PLA granules were vacuum-dried at 80 ◦C for 5 h. Then the PLA plates were
prepared by compression molding process on a plate vulcanizing machine. The temperature
was 185 ◦C, and the pressure was 10 Mpa. The hot compressing time lasted for 3 min. After
the hot compressing was completed, the solidification process can be changed, which can
be divided into the following three types:

(1) Cold compression process: The hot mold was placed in another plate vulcanizing
machine. The cold compressing temperature was 25 ◦C, and pressure was 5 Mpa. The
entire cool pressing process lasted for 5 min;

(2) Quenching process: After the hot compressing process was completed, the PLA
plate coated with aluminum foil was placed in water for rapid cooling. The water
temperature was 25 ◦C;

(3) Annealing process: After the completion of cold pressing process, the PLA plate was
placed in a high temperature oven. The thermal treatment temperature was 115 ◦C,
and annealing time lasted for 5 min.

Finally, the prepared PLA plates were cut into standard dumbbell specimens. The
length, width and height of the specimens were 45 mm, 4 mm, and 0.4 mm, respectively.

2.3. Performance Test and Structure Analysis

The study of shape memory effect of materials was carried out on the tensile testing
machine equipped with a high temperature oven. The experimental procedure was divided
into three parts: (1) The specimen was stretched to the target deformation εm at a rate of
50 mm/min at the set temperature; (2) the specimen was kept in the deformed state and
removed from the fixture after it cooled to room temperature; (3) the specimen was heated
to 80 ◦C and kept for 5 min to ensure that the shape no longer returned, and the recovered
length of the specimen was recorded as εp. The following formula was used to calculate
the shape recovery ratio (SR):

SR =
εm − εp

εm
× 100%.
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The test procedure for the measurement of shape memory stress was similar to (1) and
(2) above. The specimen was heated to 80 ◦C and the maximum tensile stress was recorded.

Differential Scanning calorimeter (204 F1, NETCSCH): Thermal analysis of the spec-
imens was carried out under the protection of argon atmosphere. The specimens were
heated from 25 ◦C to 180 ◦C at the rate of 10 ◦C/min, and the heating process was held at
180 ◦C for 2 min. Subsequently, the specimens were cooled from 180 ◦C to 25 ◦C at the same
rate. The melting point (Tm), cold crystallization temperature (Tcc) and glass transition
temperature (Tg) could be obtained by thermal analysis curves.

One-dimensional wide-angle X-ray diffraction (MiniFlex 600, Regaku): X-ray wave-
length of copper target was 0.154 nm, the scanning angle range was from 5◦ to 45◦, and
the scanning speed was 2◦/min. The diffraction spectrum was processed by peak splitting
software to calculate the crystallinity. The grain size was calculated by Scherrer formula
as follows [26]:

D =
Kγ

β cos θ

K is the Scherrer constant, and D is the average thickness of the grain perpendicular to
crystal plane. β is the half-height width of the diffraction peak, θ is the diffraction angle,
and γ is the X-ray wavelength.

The the degree of crystallinity was calculated by the following equation:

Xc =
Ac

Ac + Aa
,

where Xc is the crystallinity, Ac is the area of crystal region based on peak separation
processing of WAXD files, and Aa is the area of amorphous region.

3. Results and Discussion
3.1. Thermal Analysis of PLA Plates

Figure 1 shows the heating and cooling curves of PLA plate. According to analysis
of the DSC curves, the parameters of thermal properties are shown in Table 1. The glass
transition temperature (Tg) and cold crystallization temperature (Tcc) of PLA are 61.3 ◦C
and 114.3 ◦C, respectively. This specimen exhibits the characteristics of double melting
peaks during the heating process. The melting temperatures are 158.8 ◦C and 164.8 ◦C,
respectively. Generally, PLA crystallizes poorly. When the heat treatment temperature
exceeds the glass transition temperature (Tg), an obvious recrystallization behavior is
observed, which is called cold crystallization. The appearance of double molten peaks
is ascribed to the grains with different thermal stability in the PLA matrix [27]. This
phenomenon is directly related to the crystallization characteristics of PLA. There is no
crystallization peak in the cooling curve. It indicates that crystallization rate of PLA is slow
and crystallization behavior cannot be completed in a limited time range.
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Table 1. DSC analysis of PLA plate.

Specimen Tg Tcc Tm

PLA plate 61.3 114.3 158.8/164.8

3.2. Shape Memory Performance of PLA Plates

Figure 2 shows the recovery ratio of three kinds of PLA plates measured at 80 ◦C. It
can be seen that the recovery ratio of deformation is inversely proportional to the stretching
strains. In the shape memory PLA, the crystal region and glass transition temperature
(Tg) serve as physical crosslinking node and shape memory switch respectively [28]. At
higher temperatures (i.e., 70 ◦C), lamellar slippage, fragmentation, and recrystallization
tend to occur [29,30]. The crystal destruction process leads to the destruction of the original
physical crosslinking points. Moreover, the new network nodes will be formed during
the recrystallization process. The entanglement points between molecular chains in the
amorphous region will be changed, which destroying the existing shape memory struc-
ture. Therefore, the recovery ratio of deformation decreases gradually with the increasing
stretching strains.

Polymers 2022, 14, x FOR PEER REVIEW 4 of 9 
 

 

 
Figure 1. DSC curves of PLA plate prepared by cool compression process. 

3.2. Shape Memory Performance of PLA Plates 
Figure 2 shows the recovery ratio of three kinds of PLA plates measured at 80 °C. It 

can be seen that the recovery ratio of deformation is inversely proportional to the stretch-
ing strains. In the shape memory PLA, the crystal region and glass transition temperature 
(Tg) serve as physical crosslinking node and shape memory switch respectively [28]. At 
higher temperatures (i.e., 70 °C), lamellar slippage, fragmentation, and recrystallization 
tend to occur [29,30]. The crystal destruction process leads to the destruction of the origi-
nal physical crosslinking points. Moreover, the new network nodes will be formed during 
the recrystallization process. The entanglement points between molecular chains in the 
amorphous region will be changed, which destroying the existing shape memory struc-
ture. Therefore, the recovery ratio of deformation decreases gradually with the increasing 
stretching strains. 

 
Figure 2. The recovery ratio as a function of pre-stretching strains of three kinds of PLA plates. 

The annealing time is the main difference of PLA plates prepared by three kinds of 
molding processes. Cold compression process refers to the slow cooling on the machine 
at 25 °C. The quenching process refers to rapid cooling at 25 °C in water. Furthermore, the 
annealing process refers to supererogatory heat treatment at 105 °C for 10 min. In general, 
these three forming processes cause the difference of annealing time. From the analysis in 
Figure 2, it can be seen that the recovery ratio of deformation is basically inversely pro-

Figure 2. The recovery ratio as a function of pre-stretching strains of three kinds of PLA plates.

The annealing time is the main difference of PLA plates prepared by three kinds of
molding processes. Cold compression process refers to the slow cooling on the machine
at 25 ◦C. The quenching process refers to rapid cooling at 25 ◦C in water. Furthermore,
the annealing process refers to supererogatory heat treatment at 105 ◦C for 10 min. In
general, these three forming processes cause the difference of annealing time. From the
analysis in Figure 2, it can be seen that the recovery ratio of deformation is basically
inversely proportional to annealing time. As the heat treatment process directly affects the
crystallization properties of PLA, the relationship between crystallization properties and
shape memory needs further analysis.

The recovery stress of the three kinds of poly(lactic acid) plates is shown in Figure 3.
With the increase of stretching strain, the recovery stress of the specimens increases. When
the memory switch is turned on, more molecular chains relax along the orientation and
undergo conformation adjustment, which results in greater recovery stress. Based on
comparison of the three forming processes, it can be found that the recovery stress of the
samples increases with the extension of annealing time. The annealing process also leads to
the perfection of crystal structure and the increase of crystallinity. In PLA memory system,
crystal region acts as physical crosslinking nodes. The more perfect crystal structure will
results in the more stable physical crosslinked nodes. The higher crystallinity will lead to
the more physical crosslinked nodes. This more complete memory system is beneficial to
form recovery stress after deformation. This point will be discussed further below.
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3.3. Crystal Structure Analysis of Polylactide Plate

The one-dimensional wide-angle X-ray diffraction files of PLA plates are shown in
Figure 4. For non-stretched plate, 2θ = 14.3◦ and 17.1◦ corresponds to the diffraction peaks
of (010) and (200/110) lattice planes [31,32]. With the extension of annealing time, the
diffraction intensity of (010) and (200/110) lattice planes increases gradually. In particular,
the diffraction peaks of (203) and (210) planes appear in PLA plate prepared by annealing
process. For the stretched plates, two obvious diffraction peaks appear at 14.1◦ and 16.6◦.
It can be found that the diffraction peaks move to a lower diffraction angle after stretching.
The PLA plates crystallize into α’-form crystal after stretching, and the crystal structure
does not change during heat treatment process. After stretching, the diffraction intensity
of (200/110) plane is obviously enhanced, indicating that the crystallinity of the matrix is
significantly increased.
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Figure 4. 1D-WAXD files of three kinds of PLA specimens: (a) non-stretched; (b) stretched at 70 ◦C
with 300% strain.

The half width and relative area of the characteristic peaks can be obtained by peak
division of one-dimensional WAXD files. According to these parameters, the values of
crystallinity and grain size can be calculated by relevant formulas, and the results are
shown in Table 2. With the extension of annealing time, the crystallinity and grain size
of PLA plates increase gradually. After stretching, the crystallinity and grain size of PLA
plate increase obviously compared with that of unstretched specimens. For PLA plate
prepared by cold compression process, the crystallinity increases from 10.2% to 61.1% and
the grain size increases from 9.8 nm to 10.2 nm during the pre-stretching process. Thermal
treatment and pre-stretching process are conducive to the formation of more stable and
perfect crystal structure.
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Table 2. Crystallization properties of three kinds of PLA specimens.

Specimens Parameters Quenching Process Cold Compression Process Annealing Process

Non-stretched
Crystallinity (%) 7.7 10.2 13.6

Crystallite size (nm) 7.7 9.8 12.9

Stretched
Crystallinity (%) 53.4 61.1 69.1

Crystallite size (nm) 8.5 10.2 13.6

The crystal region acts as the crosslinking nodes and the glass transition acts as the
memory switch. The molecular chain orientation of PLA plate will occur after stretching
at different strains. The analysis of DSC results shows that the glass transition tempera-
ture (Tg) is 61.3 ◦C. The pre-stretching temperature is set at 70 ◦C, which is beneficial to
disentanglement and orientation of molecular chains.

The change of network nodes during stretching is the key factor which affecting shape
memory effect. The variation of recovery ratio and recovery stress has been discussed
before. The following discussion will focus on the analysis of change tendency of crystal
region as a network node in the molding process.

The structural evolution of the three kinds of PLA plates during stretching process is
shown in Figure 5. Blue blocks represent original lamellae and red blocks represent newly
generated lamellae. For PLA plate prepared by quenching process, interlamellar slippage
occurs at low strain [33,34]. At large strains, intralamellar slippage occurs and orientation
induces the formation of new lamellar structures [33,34]. For PLA plate prepared by
cold compression process, interlamellar slippage and intralamellar slippage occur at low
strains [33,34]. When PLA plates are stretched at large strains, the lamellar destruction (or
melting) occurs, and they recrystallize into a new lamellar structure [33,34]. For PLA plate
prepared by annealing process, interlamellar slippage and intralamellar slippage are more
obvious at low strain. At large strains, obvious lamellar destruction (or melting) occurs
and they recrystallized into new lamellar structures. The orientation induced the formation
of a large number of small crystals during the stretching process. It can be seen that the
crystal structure of PLA is strongly dependent on the molding process and pre-stretching
strain. This is also the reason why the shape memory effect of PLA is strongly dependent
on molding process.

In combination with the result analysis shown in Figure 2, it can be found that the
shape recovery ratio of PLA plate decreases gradually with the increase of stretching strains.
When the pre-stretching strain is 100%, the shape recovery ratio reaches to 100%. When
the stretching strain is small, the PLA plate tends to experience intralamellar slippage and
interlamellar slippage. This structural change does not cause significant changes in network
nodes and thus does not restrict the recovery of deformation. When the stretching process
occurs at large strains (300% and 400%, etc.), it tends to experience lamellar destruction (or
melting) and recrystallization, which results in the formation of new lamellar structures. In
this case, the newly formed lamellae are widely distributed in the matrix, thus changing the
location and number of network nodes in the memory system. Therefore, when stretched
at large strains, the shape of the plate cannot be effectively recovered. Combined with the
analysis of the results shown in Figures 2 and 3, it can be found that the shape recovery
ratio of PLA plate decreases gradually with the extension of annealing time. Meanwhile,
the recovery stress of PLA plate increases gradually. The lamellar size and crystallinity
of PLA plate increase after heat treatment. Crystal region plays the role of network node
in PLA memory effect system. Stable network nodes are damaged to some extent after
stretching. In the annealed PLA specimen, the network nodes are even disconnected from
the free molecular chain (Figure 5). And the stretching process can induce the formation of
a large number of new network nodes. The formation of these new network nodes changes
the movement state of the free molecular chain, which resulting in a lower recovery ratio.
Combined with the analysis of the crystalline structure (Figure 4 and Table 2), it can
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be found that the crystallinity of the oriented PLA plate increases with the extension of
annealing time. Therefore, the greater the crystallinity is, the larger the node density of the
network is, and the greater the recovery stress is.
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4. Conclusions

In this paper, PLA plates with structural differentiation were prepared by three kinds
of molding process. The shape memory effect of the specimens was measured at 80 ◦C. With
the increase of pre-stretching strain, the shape recovery ratio of PLA decreased gradually,
while the recovery stress increased gradually. With the extension of annealing time, the
shape recovery ratio of PLA plate decreased gradually, while the recovery stress increased
gradually. The stretching process and thermal treatment process were conducive to the
formation of perfect crystal structure. In the shape memory system, crystal region acted as
network nodes. The memory effect was determined by the change of crystal region content
and crystal structure. Higher crystallinity and crystal structure integrity could improve
shape memory performance.
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13. Utroša, P.; Onder, O.C.; Žagar, E.; Kovačič, S.; Pahovnik, D. Shape memory behavior of emulsion-templated poly (ε-Caprolactone)
synthesized by organocatalyzed ring-opening polymerization. Macromolecules 2019, 52, 9291–9298. [CrossRef]

14. Wang, Q.; He, Y.; Li, Q.; Wu, C. SBS Thermoplastic Elastomer Based on Dynamic Metal-Ligand Bond: Structure, Mechanical
Properties, and Shape Memory Behavior. Macromol. Mater. Eng. 2021, 306, 2000737. [CrossRef]

15. Yang, J.H.; Chun, B.C.; Chung, Y.C.; Cho, J.H. Comparison of thermal/mechanical properties and shape memory effect of
polyurethane block-copolymers with planar or bent shape of hard segment. Polymer 2003, 44, 3251–3258. [CrossRef]

16. Chen, S.; Hu, J.; Liu, Y.; Liem, H.; Zhu, Y.; Meng, Q. Effect of molecular weight on shape memory behavior in polyurethane films.
Polym. Int. 2007, 56, 1128–1134. [CrossRef]

17. Ping, P.; Wang, W.; Chen, X.; Jing, X. Poly (ε-caprolactone) polyurethane and its shape-memory property. Biomacromolecules 2005,
6, 587–592. [CrossRef]

18. Chen, S.; Hu, J.; Zhuo, H. Study on the moisture absorption of pyridine containing polyurethane for moisture-responsive shape
memory effects. J. Mater. Sci. 2011, 46, 6581–6588. [CrossRef]

19. Zimkowski, M.M.; Rentschler, M.E.; Schoen, J.; Rech, B.A.; Mandava, N.; Shandas, R. Integrating a novel shape memory polymer
into surgical meshes decreases placement time in laparoscopic surgery: An in vitro and acute in vivo study. J. Biomed. Mater. Res.
A 2013, 101, 2613–2620. [CrossRef]

20. Bertagne, C.; Walgren, P.; Erickson, L.; Sheth, R.; Whitcomb, J.; Hartl, D. Coupled behavior of shape memory alloy-based
morphing spacecraft radiators: Experimental assessment and analysis. Smart Mater. Struct. 2018, 27, 065006. [CrossRef]

21. Liu, Y.; Du, H.; Liu, L.; Leng, J. Shape memory polymers and their composites in aerospace applications: A review. Smart Mater.
Struct. 2014, 23, 023001. [CrossRef]

22. Liu, G.; Zhang, X.; Wang, D. Tailoring crystallization: Towards high-performance poly(lactic acid). Adv. Mater. 2014, 26, 6905–6911.
[CrossRef] [PubMed]

23. Zhao, X.; Hu, H.; Wang, X.; Yu, X.; Zhou, W.; Peng, S. Super tough poly(lactic acid) blends: A comprehensive review. RSC Adv.
2020, 10, 13316–13368. [CrossRef]

24. Tsujimoto, T.; Uyama, H. Full biobased polymeric material from plant oil and poly(lactic acid) with a shape memory property.
ACS Sustain. Chem. Eng. 2014, 2, 2057–2062. [CrossRef]

25. Jing, X.; Mi, H.Y.; Peng, X.F.; Turng, L.S. The morphology, properties, and shape memory behavior of poly(lactic
acid)/thermoplastic polyurethane blends. Polym. Eng. Sci. 2015, 55, 70–80. [CrossRef]

26. Ebadi-Dehaghani, H.; Barikani, M.; Khonakdar, H.A.; Jafari, S.H. Microstructure and non-isothermal crystallization behavior of
PP/PLA/clay hybrid nanocomposites. J. Therm. Anal. Calorim. 2015, 121, 1321–1332. [CrossRef]

27. Shi, Q.F.; Mou, H.Y.; Gao, L.; Yang, J.; Guo, W.H. Double-melting behavior of bamboo fiber/talc/poly(lactic acid) composites.
J. Polym. Environ. 2010, 18, 567–575. [CrossRef]

28. Li, J.; Zhao, X.; Ye, L.; Coates, P.; Caton-Rose, F. Multiple shape memory behavior of highly oriented long-chain-branched
poly(lactic acid) and its recovery mechanism. J. Biomed. Mater. Res. A 2019, 107, 872–883. [CrossRef]

http://doi.org/10.1002/adma.202000713
http://www.ncbi.nlm.nih.gov/pubmed/32969090
http://doi.org/10.1016/j.matlet.2011.08.006
http://doi.org/10.1103/PhysRevMaterials.3.044406
http://doi.org/10.1088/1361-665X/ab2d6a
http://doi.org/10.1016/j.actamat.2017.04.039
http://doi.org/10.1016/j.apmt.2019.100547
http://doi.org/10.1016/j.compscitech.2010.01.017
http://doi.org/10.1038/srep46360
http://doi.org/10.1016/j.eurpolymj.2005.11.029
http://doi.org/10.1002/pi.2394
http://doi.org/10.1021/acs.macromol.7b00481
http://doi.org/10.1016/j.matlet.2017.01.019
http://doi.org/10.1021/acs.macromol.9b01780
http://doi.org/10.1002/mame.202000737
http://doi.org/10.1016/S0032-3861(03)00260-X
http://doi.org/10.1002/pi.2248
http://doi.org/10.1021/bm049477j
http://doi.org/10.1007/s10853-011-5606-5
http://doi.org/10.1002/jbm.a.34556
http://doi.org/10.1088/1361-665X/aabbe8
http://doi.org/10.1088/0964-1726/23/2/023001
http://doi.org/10.1002/adma.201305413
http://www.ncbi.nlm.nih.gov/pubmed/24577731
http://doi.org/10.1039/D0RA01801E
http://doi.org/10.1021/sc500310s
http://doi.org/10.1002/pen.23873
http://doi.org/10.1007/s10973-015-4554-8
http://doi.org/10.1007/s10924-010-0252-6
http://doi.org/10.1002/jbm.a.36604


Polymers 2022, 14, 1569 9 of 9

29. Cai, Z.; Bao, H.; Zhu, C.; Zhu, S.; Huang, F.; Shi, J.; Hu, J.; Zhou, Q. Structure evolution of polyamide 1212 during the uniaxial
stretching process: In situ synchrotron wide-angle X-ray diffraction and small-angle X-ray scattering analysis. Ind. Eng. Chem.
Res. 2016, 55, 7621–7627. [CrossRef]

30. Wang, L.; Dong, X.; Huang, M.; Wang, D. Transient microstructure in long alkane segment polyamide: Deformation mechanism
and its temperature dependence. Polymer 2016, 97, 217–225. [CrossRef]

31. Nagarajan, V.; Zhang, K.; Misra, M.; Mohanty, A.K. Overcoming the fundamental challenges in improving the impact strength
and crystallinity of PLA biocomposites: Influence of nucleating agent and mold temperature. ACS Appl. Mater. Inter. 2015, 7,
11203–11214. [CrossRef]

32. Nofar, M.; Tabatabaei, A.; Park, C.B. Effects of nano-/micro-sized additives on the crystallization behaviors of PLA and PLA/CO2
mixtures. Polymer 2013, 54, 2382–2391. [CrossRef]

33. Mao, Y.; Burger, C.; Li, X.; Hsiao, B.S.; Mehta, A.K.; Tsou, A.H. Time-resolved synchrotron X-ray scattering study on propylene–1-
butylene random copolymer subjected to uniaxial stretching at high temperatures. Macromolecules 2012, 45, 951–961. [CrossRef]

34. Jiang, Z.; Tang, Y.; Rieger, J.; Enderle, H.F.; Lilge, D.; Roth, S.V.; Men, Y. Structural evolution of tensile deformed high-density
polyethylene at elevated temperatures: Scanning synchrotron small-and wide-angle X-ray scattering studies. Polymer 2009, 50,
4101–4111. [CrossRef]

http://doi.org/10.1021/acs.iecr.6b00643
http://doi.org/10.1016/j.polymer.2016.05.038
http://doi.org/10.1021/acsami.5b01145
http://doi.org/10.1016/j.polymer.2013.02.049
http://doi.org/10.1021/ma202181w
http://doi.org/10.1016/j.polymer.2009.06.063

	Introduction 
	Experimental 
	Materials 
	Preparation of PLA Plates 
	Performance Test and Structure Analysis 

	Results and Discussion 
	Thermal Analysis of PLA Plates 
	Shape Memory Performance of PLA Plates 
	Crystal Structure Analysis of Polylactide Plate 

	Conclusions 
	References

