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A B S T R A C T   

Stereocomplexation between enantiomeric poly(L-lactide) (PLLA) and poly(D-lactide) (PDLA) is a promising 
sustainable approach and gaining momentum to overcome the shortcomings of polylactide (PLA) for its use as a 
replacement for fossil-based plastics. Filler addition in tailoring the crystallization of stereocomplex PLA (SC- 
PLA) has attracted extensive attention; however, research has primarily focused on the heterogeneous nucleation 
effect of filler. The impact of filler on the chain behavior of SC-PLA during crystallization has not been exclu
sively discussed, and the rigid amorphous fraction (RAF) development remains unknown. In this study, the 
crystallization of PLLA/PDLA blends was modified by low loading of layered double hydroxide (LDH) (≤ 1 wt%) 
with the proposed local effect of such filler, and additional RAF development was incurred. In the early stage of 
crystallization, LDH facilitates the pairing of PLLA and PDLA and arrests the ordered SC pairs during the dynamic 
balance between the separation and pairing of racemic segments. This explains the severely suppressed homo
chiral (HC) crystallization, promoted SC crystallization, and additional RAF formation driven by the nucleation- 
induced chain ordering. This work, for the first time, highlights the role of LDH in creating SC-PLA with tail
orable polymorphism and RAF, where the mechanism can be extended to other filler-type nucleator systems.   

1. Introduction 

Polylactide (PLA) is a biobased, industrially compostable aliphatic 
polyester derived from the renewable resource lactic acid. PLA is poised 
to grow and gain greater research and industrial interest as a great 
addition to the green circular bioeconomy by replacing fossil-based 
polymers with its renewability and lowest-environmental footprint 
[1]. However, the gas and water vapor barrier and thermo-mechanical 
properties of PLA are less effective compared to several fossil-based 
polymers, greatly limiting its applications in end-use industries. So, 
tailoring the crystallization behavior of PLA can advance its material 
properties, driving its market position towards a more durable and high- 
performance polymer. Due to the recent rise in demand for sustainable 

materials, stereocomplexation between enantiomers of PLA, first re
ported by Ikada in 1987, has gained increasing attention to expand PLA 
applications [2]. This is because the stereocomplex (SC) crystal em
powers the stereocomplex PLA (SC-PLA) with outstanding thermal, 
mechanical, barrier performances, and hydrolysis stability compared to 
homochiral PLA (HC-PLA) [3–5]. However, controlling the semi
crystalline microstructure by modulating the crystallization of SC-PLA is 
challenging. For instance, there is competing crystallization between the 
HC and SC, leading to polymorphic structure. A rigid amorphous frac
tion (RAF) also develops [6]. RAF contains incomplete decoupled 
amorphous chain segments adjacent to the immobilized crystalline 
fractions (CF) [6]. Holding different chain conformations and free vol
ume, RAF has a significant influence on the hydrolysis, barrier, and 
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thermomechanical properties [6–8]. However, the study of RAF devel
opment during the competing HC and SC crystallization in SC-PLA is still 
in its infancy. Therefore, it is essential to understand the mechanisms 
controlling the RAF development and the competing HC and SC crys
tallization on PLA to deliver its full potential in both technological and 
sustainable benefits. 

Because of the superior properties arising from SC crystals compared 
to HC crystals, efforts have been done to selectively promote SC crys
tallization to exploit its advantages and improve cost-effectiveness 
[9,10]. Promoting SC crystallization can be achieved by manipulating 
processing, chain architecture, blending, and introducing nucleating 
agent, filler, and plasticizer compounds [9,11]. Filler addition is of 
particular interest due to its compatibility with conventional melt pro
cessing technologies and the extra functionalities provided by the fillers. 
However, so far, research has mainly focused on the heterogeneous 
nucleation effect of filler and explaining only the promotion of SC 
crystallization [12,13]; the suppressed HC crystallization is not yet fully 
understood despite the well-known HC nucleation effect of SC crystals 
[14]. In this work, the modified competing crystallization mechanism of 
SC-PLA nanocomposites was investigated by the addition of a 2D layered 
nanosheet, layered double hydroxide (LDH). 

LDH has the chemical formula [M1− x
2+ Mx

3+(OH)2]x+ • Ax/n
n− • mH2O, 

where M2+ and M3+ are cationic metals, and An- is the exchangeable 
anion alongside water molecules between the brucite-like sheets. These 
anions in the interlayer provide opportunities for versatile use of green 
technologies to produce polymer-compatible LDHs [15], that have great 
potential in building sustainable LDH filled polymer composites. The 
performance and crystallization of PLLA/LDH have been studied by 
several groups, mainly at a broad range of LDH loadings [16]. Urayama 
et al. [17] reported the nucleation effect of a mixture of phosphoric 
ester‑aluminum complex and LDH on the SC-PLA. Yet, the crystalliza
tion behavior of SC-PLA/LDH has not been exclusively studied, partic
ularly at low LDH loading (≤1 wt%). Low LDH loaded PLA composites 
may optimize the economic and technological benefits of the system, 
while minimizing the degradation effects, which may be caused by high 
filler content [18]. This work reports, for the first time, the role of LDH 
in the competing crystallization and RAF development of a symmetric 
PLLA/PDLA system. So far, little knowledge is available for RAF 
development in the SC-PLA system when a filler is also present. The 
present work rationalizes the utilization of fillers to fine tune SC-PLA 
properties by controlling the polymorphic and RAF composition. This 
new knowledge will assist in the future development of sustainable SC- 
PLA nanocomposite materials by employing a versatile and green 
approach with a wide range of customizable features for numerous 
applications. 

2. Experimental section 

2.1. Materials 

Commercial PLLA (trade name Luminy® L130 with Mw ca. 160 kg/ 
mol, D-lactide content <1 %) and PDLA pellets (trade name Luminy® 
D120 with Mw ca. 120 kg/mol, L-lactide content <1 %) were purchased 
from TotalEnergies Corbion (Gorinchem, Netherlands). The LDH (trade 
name DHT-4A, Mg4.3Al2(OH)12.6CO3⋅mH2O), modified by fatty acid 
(<4 %), was kindly provided by Kisuma Chemicals (Veendam, 
Netherlands). Dichloromethane (DCM) was purchased from Sigma 
(Søborg, Denmark), and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) was 
purchased from abcr GmbH (Karlsruhe, Germany). 

2.2. Preparation of SC-PLA and SC-PLA/LDH films 

The PLLA/PDLA/LDH blends were prepared by solvent casting. The 
same amount of PLLA and PDLA pellets were dissolved at 5 wt% in DCM 
under stirring at room temperature overnight. LDH powders (0.1–1 wt% 
of PLLA/PDLA) were then dispersed into the solution by a shear mixer 

(Ultra Turrax, IKA, Denmark) at 9000 rad/s for 2 min. Then, the solution 
was poured into a glass Petri dish at ambient condition overnight, fol
lowed by oven drying at 70 ◦C for 12 h to evaporate all solvent. The 
obtained films were named based on LDH content, “xLDH”, where x 
denotes the weight percentage of LDH based on the solid weight of 
PLLA/PDLA. 

2.3. Differential scanning calorimetry (DSC) 

The crystallization behavior of the solvent-casted films was studied 
using differential scanning calorimetry (DSC) (Q2000, TA instruments, 
New Castle, USA) with an RCS 90 cooler under 50 mL/min nitrogen gas 
flow. Solvent-casted films (5.5 ± 0.5 mg) were weighed for all mea
surements. The samples were heated to 250 ◦C and held for 5 min to 
erase their thermal history. For the nonisothermal crystallization 
studies, it is followed by cooling to 30 ◦C at 10 ◦C/min, and subsequent 
heating was run from 30 to 250 ◦C at 10 ◦C/min. For isothermal crys
tallization studies, after removing thermal history, samples were fast 
cooled at approximately 60 ◦C/min to various temperatures (i.e., 90, 
110, 130, and 140 ◦C) and measured isothermally until no more dif
ferential heat flow was detected because of crystallization; the crystal
lized samples were then cooled to 30 ◦C and reheated to 250 ◦C at 10 ◦C/ 
min. 

Modulated DSC (MDSC) (Q2000, TA instruments, New Castle, USA) 
was employed to study the three-phase crystalline composition of 
nanocomposites. The MDSC measurements were conducted with a 
modulation amplitude of ±0.318 ◦C, period of 60s, and heating rate of 2 
◦C/min. To investigate the impact of LDH on the three-phase crystalline 
composition before crystallization, solvent-casted films were heated to 
250 ◦C for removing thermal history then fast cooled to 0 ◦C with 60 ◦C/ 
min followed by the MDSC measurement to 100 ◦C. For studying the 
impact of crystallization on the three-phase crystalline composition, 
solvent-casted films after removing thermal history at 250 ◦C were fast 
cooled to 140 ◦C with 60 ◦C /min and held at 140 ◦C for different times 
by isothermal MDSC. Afterwards, the samples were further quenched to 
0 ◦C with 60 ◦C/min followed by the MDSC measurement to 250 ◦C. 

The crystalline fraction (CF), the rigid amorphous fraction (RAF), 
and the mobile amorphous fraction (MAF) of nanocomposites can be 
calculated by the following equations: [19,20] 

CF = CFHC +CFSC =
ΔHHC − ΔHCold

ΔH0
HC(1 − wLDH)

+
ΔHSC

ΔH0
SC(1 − wLDH)

(1)  

MAF =
ΔCp,composites

ΔCSC− PLA
p,amorphous(1 − wLDH)

(2)  

RAF = 1 − CF − MAF (3)  

The CFHC and CFSC are the crystallinity of the HC and SC, respectively, 
determined by the ratio of measured (ΔHHC, ΔHSC) and theoretical 
melting enthalpy (ΔHHC

0 , ΔHSC
0 ). Recent studies suggested that ΔHHC

0 is 
temperature-dependent and related to the crystal form of PLA [6,21]. 
Herein, 143 J/g [21], 107 J/g [21], and 142 J/g [22] were chosen as the 
theoretical melting enthalpy of α, α′, and SC form of crystal, respectively. 
The wLDH refers to the weight fraction of LDH. For a few samples, 
ΔHCold is the cold crystallization enthalpy. ΔCp, composites is the measured 
heat capacity change at the glass transition temperature. 
ΔCp, amorphous

SC− PLA equaling to 0.53 J/g K is the heat capacity change of 
amorphous SC-PLA at glass transition temperature after fast cooling the 
sample from 250 ◦C to 0 ◦C at 60 ◦C/min [19]. The value is similar to the 
measured values in other works for amorphous PLLA [23,24]. 

2.4. Wide angle X-ray analysis (WAXS) 

WAXS was performed using a Nano-inXider (λ = 0.154 nm, Xenocs, 
Sassenage, France) operated at 50 kV, 0.6 mA, beam size 800 μm, and 

Q. Chen et al.                                                                                                                                                                                                                                    



International Journal of Biological Macromolecules 222 (2022) 1101–1109

1103

covering a q range from 0.37 to 4 Å− 1. To study the nucleation effect of 
LDH on the nanocomposites, WAXS of solvent-casted films after non
isothermal crystallization in DSC as described above were measured 
with an exposure time of 600 s. To study the time-resolved crystalliza
tion of partially melted nanocomposites, in-situ WAXS was performed. 
The solvent-casted films were placed in a heating plate (HFSX350, 
Linkam scientific instruments ltd., Surrey, United Kingdom) under a 
vacuum and heated from 30 ◦C to 260 ◦C at 30 ◦C/min and then 
immediately cooled to 30 ◦C at 10 ◦C/min. 

3. Results and discussion 

3.1. Competing crystallization behavior of nanocomposites 

Nonisothermal crystallization of SC-PLA nanocomposites was stud
ied by DSC. Fig. 1 shows the heat flow of nanocomposites with different 
LDH content during cooling from 250 ◦C to 30 ◦C (Fig. 1A) and subse
quent heating (Fig. 1B) to 250 ◦C at 10 ◦C/min. Under these conditions, 
the nanocomposite films are thermally stable as measured by the TGA 
analysis up to 600 ◦C (Fig. S1). As shown in Fig. 1A, neat SC-PLA shows a 
small exothermal crystallization peak around 100 ◦C during cooling. 
Increasing LDH loading leads to a more pronounced crystallization peak 
while shifting it to a higher temperature. This indicates the heteroge
neous nucleation of polymer crystallization where crystal grows onto a 
foreign surface, as widely observed in both PLA/LDH [25] and other 
PLA/filler systems [18]. The heterogeneous effect of LDH can be 
attributed to the favorable interaction between PLA and the filler surface 

with abundant hydroxyl groups [26]. 
During the subsequent heating after nonisothermal crystallization 

(Fig. 1B), neat SC-PLA exhibits two melting peaks. An intensive melting 
peak of HC crystals is around 175 ◦C, and a very low-intensity peak at 
220 ◦C corresponds to the melting peak of SC crystals, as commonly seen 
in high molecular weight SC-PLA systems [27]. In contrast, after the 
introduction of 0.2 wt% LDH, the polymorphic crystallization was 
significantly modified. The SC crystallinity was enhanced with a more 
noticeable melting peak while HC crystallinity was drastically reduced 
with a negligible melting peak. When LDH content is further increased to 
0.5 and 1 wt%, only the melting peaks of SC crystals are observed 
around 210 ◦C, while the melting peaks of HC crystals disappear 
completely. This demonstrates that during the nonisothermal crystalli
zation (Fig. 1A), the heterogeneous nucleation effect of LDH is associ
ated with SC crystallization. WAXS and FTIR analysis was also 
performed on the films after nonisothermal crystallization (Fig. 1C and 
D). The X-ray diffraction patterns clearly showed different crystal forms 
depending on the LDH content as denoted. In the neat SC-PLA after 
nonisothermal crystallization, there was only one peak around 17o, 
corresponding to the 110/200 diffraction planes of HC crystal [28], and 
the cooling rate may be too fast to initiate SC crystallization. However, 
in the LDH filled SC-PLA nanocomposites, the diffraction peaks corre
sponding to SC crystal appeared and increased with an increase in LDH 
content, demonstrating the selective nucleation effect of LDH on SC 
crystallization, which was also confirmed in the FTIR (Fig. 1D) curves by 
the increased absorption of paired 32/31 helices in SC at 908 cm− 1. Fig. 
S2 shows the DSC heating curves of homochiral PLA (PLLA or PDLA) 

Fig. 1. Heat flow of SC-PLA nanocomposite films with various LDH content measured during (A) cooling from 250 ◦C to 30 ◦C at 10 ◦C/min and (B) subsequent 
heating to 250 ◦C at 10 ◦C/min, and corresponding X-ray diffraction (C) and FTIR spectra (D) of the nanocomposite after the nonisothermal crystallization cooling 
from 250 ◦C to 30 ◦C. 
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filled with LDH after the same nonisothermal crystallization procedure 
from 250 ◦C. The nucleation effect of LDH on crystallization was not 
observed with the unchanged crystallinity of PLLA and PDLA. This dif
ference in heterogeneous nucleation effect on SC and HC crystallization 
demonstrates the nucleation selection process to match the lattice 
periodicity with the nucleating agent [29]. The underlying mechanism 
and influence of the nucleation selection of LDH on the crystallization of 
SC-PLA will be discussed in the following sections. 

Isothermal crystallization of the nanocomposites was also studied. 
The heat flow during isothermal crystallization of the nanocomposites at 
140 ◦C and 90 ◦C with various LDH content is shown in Fig. 2A and B, 
respectively. The exothermal peaks of crystallization were higher and 
shifted towards shorter times with increasing LDH content whereas that 
of neat SC-PLA is much broader and flatter. This implies the faster 
overall crystallization rates which were caused by the heterogeneous 
nucleation effect of LDH. Fig. S3 shows the subsequent heating of 
samples after quenching from isothermal crystallization temperatures. 
No cold crystallization peak was observed during the heating, indicating 
the crystallization was complete within the 30 min isothermal crystal
lization. Similar to the nonisothermal crystallization, the neat SC-PLA 
showed two endothermic peaks around 175 and 220 ◦C, correspond
ing to the melting of HC crystals and SC crystals, respectively. The 
nanocomposites with LDH content higher than 0.5 wt% only exhibited a 
melting endothermic peak around 210 ◦C. This confirms the selective 
nucleation effect of LDH on SC crystallization. The crystallization half 
time, expressed as t1/2 (time required to reach 50 % of final crystal
linity), and the crystallinity of nanocomposites after isothermal crys
tallization at various temperatures was summarized in Fig. S4. 
Compared to the 15 % of SC crystallinity and 9 min of t1/2 in neat SC- 
PLA, the SC crystallinity in 0.5LDH doubled to 30 % and the t1/2 
decreased fourfold to ca. 2 min at the 140 ◦C of isothermal crystalliza
tion. The results demonstrate that LDH can be an efficient selective 
nucleating agent for SC crystallization, which might drive the use and 
application development of PLLA/PDLA/LDH nanocomposites. 

Interestingly, at a very low concentration of LDH (0.1 wt%), the 
exothermal peak of crystallization was retarded when it was HC- 
dominated at both temperatures. This means that the HC crystalliza
tion is suppressed in presence of the demonstrated LDH-induced SC 
crystallization. It has been widely reported that SC crystals can facilitate 
HC crystallization [14,30,31]; however, suppressed HC crystallization 
by SC crystals was also observed [31,32]. This is attributed to the con
strained chain mobility by the highly developed SC crystalline network 
[31,32], which may not the case with low content of SC crystals and 
fillers. Fig. 3 further demonstrates the suppressed HC crystallization by 
showing the in-situ WAXS patterns of partially melted neat SC-PLA and 
the 0.5LDH nanocomposites during cooling from 260 ◦C to 50 ◦C. In neat 

SC-PLA, HC crystallization developed quickly in the presence of SC 
crystals, which was attributed to the HC-nucleation effect of the SC 
crystal [33–35]. In contrast, the nanocomposites containing 0.5 wt% 
LDH showed suppressed HC crystallization with a low content of SC 
crystals, as also observed by DSC (Fig. S5). Therefore, the addition of 
LDH inhibits or counteracts the HC-nucleation capacity of the SC crys
tals. It is believed that nucleation involves the selection of chains from 
amorphous melt to match the crystal lattice [29]. Therefore, the 
nucleation selection induced by LDH suppresses the HC crystallization, 
possibly by inhibiting the HC-nucleation capacity of the existing SC 
crystals. 

Recent research suggests the ‘two-step’ nucleation models for poly
mer crystallization to describe the details of polymer chains before 
nucleation or in the early stage of crystallization [36,37]. According to 
the models, amorphous melt would adopt low energy barrier in
termediates as pathways before nucleation [36], as firstly conceptual
ized by the Ostwald stage rule for phase transition [29]. Instead of 
directly transforming into ordered and densified crystalline phases, as 
described in the classical nucleation model [36], the pre-ordering and 
densification of amorphous melt would happen in sequence [36,38]. 
Therefore, ordered and/or densified precursors are formed before 
nucleation. This has been demonstrated for PE [29,39] and PLLA [37]. 
For a polymorphic system, the model rationalizes that, prior to nucle
ation, a selection process occurs in the intermediate stage to determine a 
preferred crystal form driven by thermodynamics [40]. Yet, the devel
opment of the two-step model is still in place for polymer crystallization 
[29]; the evidence of existing precursors continues to be reported 
[29,36]. For SC-PLA, though the focus has not been on the two-step 
nucleation model, many authors have highlighted its heterogeneous 
melt behavior before nucleation [41,42]. Yang [42] reported the pre
cursor formation of hydrogen bonding racemic helical pairs that trans
forms into the cluster (‘mesophase’) prior to the SC crystal formation. 
Subsequently, it has been widely observed that the presence of nucle
ating agents, fillers, or shear can boost the precursor formation, there
fore showing promoted SC crystallization [13,26,43]. 

Fig. 4 proposes a mechanism of the competing polymorphic crys
tallization in SC-PLA. On one hand, separation of racemic segments may 
occur due to their thermodynamic immiscibility [44–46], or due to the 
kinetically favored HC crystallization [47]. On the other hand, at the 
same time, due to thermal fluctuation, the racemic segments can be 
paired by hydrogen bonding that leans towards SC nucleation [42,48]. 
Therefore, the crystallization is determined prior to nucleation by the 
dynamic balance between separation and SC pairing of racemic seg
ments in the supercooled melt. Similarly, the idea of separation was 
proposed early in 1991 by Tsuji et al. [49], and in 2012 by Yang et al. 
[42], which work attempted to explain the nucleation of SC-PLA beyond 

Fig. 2. Heat flow of SC-PLA nanocomposite films with various LDH content measured during isothermal crystallization at (A) 140 ◦C and (B) 90 ◦C for 30 min.  
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the scope of the classical nucleation model. Recent works by Feng et al. 
[44,45] and Huang et al. [33] suggested a multiphase structure in PLLA/ 
PDLA system comprised of homopolymer phases, and mixed PLLA/ 
PDLA phases. These works support our proposed mechanism where both 
separation and intermolecular bonding of PLLA/PDLA can coexist in the 
melt prior to crystallization. For the role of filler, it may not directly 
improve the thermodynamic miscibility between the racemic segments 
as suggested in other promoted SC systems [46]. Instead, it arrests the 
paired racemic segments during the thermal fluctuations [12], sup
pressing the separation for HC crystallization and causing a favorable 
condition for SC crystallization in the supercooled melt. Moreover, as 
illustrated in Fig. 4, such effects might occur locally in the regions near 
fillers, so as in the 0.1LDH (Fig. 2), the overall isothermal crystallization 
is HC-dominated as the neat SC-PLA but suppressed. Further increase in 
the LDH content leads to the saturation of the affected regions, ac
counting for the drastic change in crystallization behavior. 

LDH may induce the modified crystallization by contributions from 
multiple effects; further work is needed to understand the individual 
effects of structural factors of LDH, such as dimension, metal cations, 
and surface modifications. The surface morphologies of as-received LDH 
by TEM and AFM (Fig. S6) analysis and its chemical structure by XRD 
and FTIR (Fig. S7) were fully characterized and discussed in detail in the 

supplementary material. Briefly, the findings demonstrated typical LDH 
characteristics and confirmed its modification by fatty acidic surfactant. 
For further understanding of the proposed mechanism, we investigated 
the effect of the interlayer water on the competing crystallization. 
Fig. 5A shows the isothermal crystallization of SC-PLA affected by as- 
received LDH as compared with dried LDH where the interlayer water 
was removed by a TGA procedure as shown in Fig. S8A. With the in
crease of filler, the suppressed HC-dominated crystallization is further 
demonstrated in dried LDH, confirming the proposed mechanism with 
the accumulable local effect on crystallization. Fig. 5 indicated that 
dried LDH still acts as the selective SC nucleating agent, probably due to 
the remained hydroxyl group. Fig. S8B shows the chromatographs of SC- 
PLA nanocomposites after the isothermal crystallization at 140 ◦C. 
Although the nanocomposites are thermally stable in the present study 
(TGA, Fig. S1) as commonly claimed in other systems, it is normally 
neglected that PLA degradation can happen. However, significantly 
altered crystallization in slightly degraded 0.2LDH nanocomposites 
means that the LDH-induced degradation does not dictate the competing 
crystallization. This is also evidenced by the negligible effect of LDH on 
the crystallization of individual PLLA and PDLA [50] (Fig. S2) after the 
same thermal conditions are applied. Therefore, the difference between 
LDH and dried LDH may be attributed to the locally facilitated racemic 

Fig. 3. In-situ WAXS intensity profiles of partially melted (A) SC-PLA and (B) 0.5LDH during cooling at 10 ◦C/min from 260 ◦C to 50 ◦C.  

Fig. 4. Possible mechanism for the polymorphic crystallization in a filler-nucleated SC-PLA system controlled by dynamic balance between separation and pairing of 
racemic segments in thermal fluctuation. The balance can be significantly modified in the region near the filler, denoted as affected region. 
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pairing assisted by interlayer water through plasticization or 
compatibilization. 

3.2. Three-phase crystalline structure of nanocomposites 

During crystallization, the polymer chains present in the mobile 
amorphous fraction (MAF) can either be ordered into the crystalline 
fraction (CF) or form rigid amorphous fractions (RAF). With polymer 
chains continuously attaching and detaching from the crystal growth 
front, the detached segments attempt to decouple from the CF, modi
fying their conformation and merging into the MAF as random coils [6]. 
However, decoupling of polymer segments is hindered by chain immo
bilization near the crystalline phase boundaries. The incomplete 
decoupled segments constitute the RAF regions; therefore, the devel
opment of RAF reflects the extent of constrained amorphous polymer 
segments with decreased mobility and fixed conformation [51]. The 
constrain also occurs in the polymer nanocomposite systems, such as, by 
the chain immobilization onto the nanofiller surface to form the filler- 
induced RAF (RAFfiller) [52]. 

The RAF can be estimated by the change of heat capacity (ΔCp) at the 
glass transition temperature, where the ΔCp is proportional to the extent 
of mobile segments participating in the glass transition [53,54]. Fig. 6A 

shows the heat capacity of nanocomposites with different LDH content 
and isothermal crystallization times. ΔCp does not show obvious varia
tions with different LDH content in quenched samples. In contrast, after 
holding nanocomposites for different crystallization times at 140 ◦C, 
there was a decrease in the ΔCp, corresponding to the increasing number 
of segments from MAF that were immobilized in CF and RAF during 
crystallization. The difference demonstrates that LDH incurred negli
gible RAFfiller in the quenched nanocomposites, as also quantified by the 
relative variation of ΔCp in Fig. 6B and observed in other work at low 
LDH content [19]. Fig. 6B also depicts that the glass transition tem
perature (Tg) drops with increasing LDH content. The drops can be 
attributed to either the plasticizer effect of the interlayer water, the loose 
packing of PLLA [23], or the spatial nanoconfinement of intercalated 
chains [55]. 

The evolution of MAF and CF during isothermal crystallization at 
140 ◦C is plotted in Fig. 7A. Both MAF and CF changed drastically for SC- 
PLA after 5 min crystallization, whereas less for 0.5LDH, due to the short 
t1/2. Fig. 7B summarizes the three-phase composition of the samples 
with different LDH content after crystallization at 140 ◦C for 60 min. 
Incorporation of just 0.2 wt% LDH showed a dramatic effect on the 
three-phase crystalline composition: there is a lower RAF, higher MAF, 
and corresponding lower CF compared to the neat SC-PLA 

Fig. 5. (A) Heat flow of solvent-casted SC-PLA nanocomposites filled with LDH and dried LDH at different loadings (denoted by the percentages) during isothermal 
crystallization at 140 ◦C. The dash arrow shows the gradual retardation of HC crystallization induced by LDH, while the solid arrow shows the promotion of SC 
crystallization. (B) SC and HC crystallinity of SC-PLA nanocomposites after the 140 ◦C isothermal crystallization. 

Fig. 6. (A) Reversible heat capacity of quenched SC-PLA nanocomposites with different LDH loadings (solid lines) and neat SC-PLA after different isothermal 
crystallization time at 140 ◦C (dash lines, 5, 10, 30, 60 mins from top down). The quenched samples were cooled from 250 ◦C to 0 ◦C at 60 ◦C/min. (B) The 
corresponding glass transition temperatures (Tg) and relative variation of heat capacity change (ΔCp) at Tg for the quenched SC-PLA nanocomposites with different 
LDH content. 
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nanocomposites. As already discussed in the isothermal crystallization 
study, the crystallization of SC-PLA is HC-dominated, whereas the 
0.2LDH is SC-dominated. Therefore, the changes might indicate that SC 
crystallization develops lower RAF than HC crystallization. However, 
only a few works have addressed the influence of the polymorphic 
crystallization of SC-PLA on RAF development, and the findings from 
these works are conflicting. Sangroniz et al. [20] work observed a lower 
RAF development in SC-dominating crystallization. Conversely, a high 
RAF developed in exclusive SC crystallization is also observed in other 
work [56]. And it was proposed by investigating a PLLA system that 
polymorphic crystallization does not influence RAF development [6]. 
Therefore, further work is needed to conclude the influence of HC and 
SC crystallization on RAF development in SC-PLA. 

Notably, at LDH >0.2 wt% (Fig. 7B), CF remained constant with the 
increase of LDH, while there was a gradual decrease of MAF with LDH 
content. This corresponded to a mirroring increase of RAF and demon
strates the additional RAF formation incurred by LDH besides the 
crystallization induced RAF, as RAF was not developed in the quenched 
nanocomposites (Fig. 6). It is known that RAF is associated with 
conformational constraints of chains, such as incomplete decoupling 
from lamellas or adsorption on filler surface [6,24,53]. Therefore, such 
additional development of RAF may relate to the nucleation effect of 
LDH. This is to say, driven by the thermodynamic force in the super
cooled melt, PLA chains are prone to attach to LDH for nucleation during 
thermal fluctuation. The attaching, within the frame of the proposed 
mechanism for the competing crystallization, might not always be fol
lowed by nucleation-into-crystallites. Instead, it can proceed with chain 
folding that induces the segments into the ordered conformation [57,58] 
near the location of LDH, rather than stays in a random coil conforma
tion in MAF. The ordered conformation can lead to the increase of RAF 
during crystallization with increased LDH content. A similar filler- 
induced-ordering RAF development mechanism in PLA nano
composites was also described elsewhere [23,59]. In the study of Klonos 
et al. [23] on the amorphous PLLA nanocomposites filled with 3D (silica 
and Ag), 2D (carbon nanotubes), and 1D nanoparticles (graphene 
oxide), the excessive RAF can be induced by filler by the ‘pre-ordering’ 
of polymer chains in amorphous status. In the present work, this was not 
seen in amorphous nanocomposites, instead, the ‘pre-ordering’ occurred 
in the supercooled melt, which is well consistent with the proposed 
mechanism herein where LDH facilitates the formation of SC paired 
helices as the stems attach onto crystal growth front via two-step 
nucleation. Consequently, the chain ordering facilitated by the hetero
geneous nucleation in the early stage of crystallization leads to the 
formation of RAF in proximity to filler [12,60,61]. Although it is 

demonstrated in LDH filled SC-PLA, such mechanism can also be applied 
to the other filler-incorporated SC-PLA systems, which brings benefits in 
the optimization of the performance, such as hydrolysis, barrier, and 
mechanical properties. 

4. Conclusion 

The polymorphic and three-phase crystallization of green SC-PLA/ 
LDH nanocomposites were studied with great promise to replace 
petroleum-based plastics. Adding a small quantity of LDH (≤1 wt%) can 
significantly modify the polymorphic HC and SC composition, and 
accelerate the kinetics of isothermal and non-isothermal crystallization, 
which grants a broad performance spectrum of the nanocomposites. 
More work is needed to elaborate on the impact of LDH on SC-PLA 
crystallization in terms of individual factors, such as surfactant, metal 
cations, interlayer ions, and dimension. The competition behavior be
tween HC and SC crystallization was explained within the frame of the 
two-step nucleation model. Before nucleating into specific crystal nuclei, 
introducing LDH facilitates and arrests the paired PLLA/PDLA segments 
during the dynamic balance between the separation and pairing of 
racemic segments in the melt with the aid of interlayer water. This in
hibits the HC crystallization and counteracts the HC-nucleation effect of 
existing SC crystals in the melt. Importantly, the modified chain 
behavior occurs locally around LDH and this renders the progressive 
retardation of HC-dominated crystallization with increasing LDH 
loading in the heterogeneous melt. The proposed mechanism is consis
tent with the additional RAF development in the nanocomposites. Under 
crystallization conditions, the supercooled melt favors the ordering of 
racemic PLA chains in proximity to LDH through its nucleating effect, 
leading to the ordered chain conformation that corresponds to the 
additional RAF development at the constant crystallinity. Owing to the 
greenery and versatility of production and the ability to control the 
crystallization of SC-PLA nanocomposites by filler-type nucleators, such 
renewable and biodegradable PLA stereocomplex-based composites 
open a broad application window with tailorable properties. 
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