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ABSTRACT

A feasible approach is proposed to promote the formation of the stereocomplex

crystal (Sc) in long-chain branched Poly(L-lactic acid)/Poly(D-lactic acid)

(LCBPLA/PDLA) blends with hydrogen bond interactions. The synergistic

effect of PDLA and long-chain branches significantly increases the crystalline

ability of Sc from 20.1 to 30.4% due to the improved intermolecular crystal

nucleation/growth. The frequency-independent loss tangent appeared at a

PDLA concentration of 5.0 wt%, indicating a transition from the liquid-like to

solid-like viscoelastic and the formation of a network composed of long-chain

branches and the reserved Sc crystallites. Changing the processing temperatures

from 190 to 230 �C seems to induce different melting behavior of Sc with diverse

topological conformations so as to act as a template to attract PLLA molecule

chains to perform the crystallization behavior. In situ wide-angle X-ray

diffraction analysis reveals that a higher cooling temperature (less than 220 �C)
significantly contributes to the Sc with more integrated structures and the Hc-to-

Sc transition. The polarizing optical microscope results show that increasing the

PDLA content and long-chain branched points significantly promote the

spherulite growth and nuclei density of Sc, increasing the Sc size from 56.47 to

94.13 lm and nuclei density from 52.2 to 98.3%.
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Introduction

The energy shortage and environmental pollution

problems are big issues in modern society, which are

the major concerns for a sustainable development

with aspect to industrial applications and economics

[1, 2]. The bio-based polymers such as poly (L-lactic

acid) (PLLA) are attracting a lot of attentions in recent

years due to their good biodegradability, excellent

mechanical properties and renewability [3–5]. How-

ever, their low melt strength at least caused by the

crystallization ability limits their applications in view

of the industrial aspects to some extent. To address

these issues, modifications of the general linear PLA

material by means of introducing the nucleating

agent, inorganic particle and even changing its

molecular structures are taken into consideration in

literature work [6, 7]. Apart from these methods, an

in situ formation of the stereocomplex crystallites (Sc)

has also been proved to an effective and promising

method and strategy to improve the thermal stability

and crystallization ability [8–10].

In the past twenty years, great efforts have been

carried out to investigate the mechanism and thus the

possible factors efficiently affecting the formation of

Sc. For example, it is reported that the component

ratio of 50/50 for PLLA/PDLA blend can generally

achieve a complete Sc formation, while many factors

including molecular weight (MW), processing tem-

peratures and blending ratio et al. have a significant

impact on the relative content of Sc [11–17]. In addi-

tion, Pan et al. [18] investigated the competitive

behavior between the forming of homocrystallization

(Hc) and Sc in PLLA/PDLA racemic blends and

revealed that increasing the molecular weight of

PLLA sharply depressed the latter behavior. For

example, for PLLA/PDLA blends with medium

(MW[ * 40 kDa) and high MWs (MW[ * 80

kDa), Hc crystallization becomes predominant in

comparison with Sc crystallization behavior during

the conventional processing conditions [19]. As a

result, the critical issue comes into mind that how to

improve the formation of Sc but suppress that of Hc

correspondingly in terms of the practical processing.

It is expected that high-molecular-weight (HMW)

PLLA/PDLA blends should have a rather compli-

cated crystallization ability, thus resulting in various

crystalline structures, however, the underlying

mechanism still remains indistinct.

Researchers have put forwards the importance of

the investigation on the effect of molecular structures

on the nucleation mechanism and crystal growth of Sc
based on the HMW PLLA-based material with vari-

ous molecular architectures [14, 20, 21]. For instance,

Brochu et al. [20] studied the forming mechanism of

the Sc for asymmetric PLLA/PDLA blends and

proved that only adding 10 wt % PDLA was able to

accelerate the formation of Sc. Biela et al. [15] repor-

ted that the change of molecular structure can influ-

ence the formation of Sc, in which the obtained

perfect Sc crystallites are stemming from the star-

shaped HMW PLLA with six arms or more. Recently,

Bao et al. [21] showed that a lower processing tem-

perature of 160 �C contributed to the complete

stereocomplex crystallites without homocrystallites

for high-molecular-weight PLLA/PDLA blends. In

addition, in our previous report [2], we successfully

prepared the HMW PLLA material with long-chain

branches, which played a role in significantly

improving the crystalline properties. Overall,

although the studies regarding the crystallization

behavior of PLLA have been carried out in large

amounts [22–26], based on the knowledge of the

authors, few reports have concentrated on the effect

of processing condition like the melting temperature

and branched molecular structure on the crystalliza-

tion behavior and polymorphism of the long-chain

branched PLLA/PDLA blend. However, this poten-

tially provides guidance for promoting the industrial

application of PLA-based materials.

In this work, a simple and effective method for

enhancing the contents of Sc crystals in LCBPLA/

PDLA blends was proposed. The effects of melt

memory effect or the so-called template effect and

molecular structure on the crystalline kinetic, poly-

morphic crystalline structure and structural reorga-

nization were comprehensively investigated by these

DSC, in situ WAXD, rotational rheometer and POM

characterizations. Emphasis is paid on the factors of

melting temperatures and long-chain branches of

polymer blends, the interplays of which complicat-

edly influence the relative content of Sc crystals of

these PLLA blends. In addition, the mechanism for

enhancing the stereocomplex ability of LCBPLA/

PDLA blends was also discussed and proposed.
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Materials and methods

Materials

Poly (L-lactic acid) (PLLA, 4032D, NatureWorks and

Mw&106 g/mol) comprising around 2% D-LA was

used in this study. The optical purity and Mw of

PDLA are about[ 98% and 141 kg/mol, respec-

tively. PLLA and PDLA pellets were dried at 60 �C
for 24 h under vacuum condition before mixing.

Pentaerythritol triacrylate (PETA), Dicumyl peroxide

(DCP) and Tetraethyl thiuram disulfide (TETDS)

were all bought from the Sigma company and used as

received.

Sample preparation

The long-chain branched PLLA (LCBPLA) was pre-

pared and the long-chain branched structure (as

shown in Fig. 1) can be obtained according to our

previous report [2]. Briefly, the monomer PETA and

DCP were used to modify the liner PLLA. Then, the

dried obtained PLLA ? 0.4%PETA (denoted as

LCBPLA in next section) pellets were chosen to blend

with different contents of PDLA in the dichlor-

oethane solvent. The corresponding detailed formu-

lation of each sample is listed in Table 1.

Measurements

Differential Scanning Calorimetry (DSC)

All the samples with a mass of around 5 * 8 mg

were heated from 40 to 240 �C to investigate the

melting behavior using the TA Instruments DSC Q20

under nitrogen atmosphere condition with a heating

rate of 10 �C/min. As for the nonisothermal

crystallization, the samples with 5 * 8 mg were

firstly heated from 40 �C to the treatment tempera-

tures (Ts = 190 * 230 �C) at a heating rate of 10 �C/
min, and stayed at this temperature for 5 min to

eliminate the heat history. And then the samples

were cooled down to 40 �C at a cooling rate of 3 �C/
min.

In situ WAXD measurements

Synchrotron two-dimensional wide-angle X-ray

diffraction (2D-WAXD) experiments were performed

at BL16B1 of Shanghai Synchrotron Radiation Facility

(SSRF, Shanghai, China) to investigate the crystal-

lization behavior. The Linkam THMS-600 hot stage

was used to precisely control the experiment tem-

perature. To observe the changes of crystalline

structures, the sample was heated from 40 �C to a

certain temperature (Ts = 190, 220 and 230 �C) with a

heating rate of 30 �C/min. After that, the sample was

cooled down to 80 �C with a cooling rate of 3 �C/
min. During cooling stage, the data were on-line

recorded by the MAR CCD detector (MAR-USA).

Rheological measurement

A strain-controlled rotational rheometer (ARES, TA

instruments, USA) equipped with a 25 mm parallel

plate geometry was employed to test the rheological

behaviors with the small amplitude oscillatory shear

(SAOS) mode. The dynamic frequency sweep was set

from 0.1 * 1000 rad/s. The rheological samples

were prepared using a compression molding with a

compression force of 10 MPa at the processing tem-

perature of 180 �C.

Polarizing Optical Microscope (POM)

The nucleation and crystalline morphologies of

samples were observed by means of POM (Olympus

BX51, Japan) equipped with a hot stage (LINKAM

THMS 600). The sample sandwiched between two

cover glasses was fully melted at 230 �C for 5 min.

And then, the sample was quickly cooled down to a

certain temperature of 156 �C with a cooling rate of

30 �C/min and then stayed for 40 min for an

isothermal crystallization. During this process, the

data were on-line recorded automatically.

Figure 1 Structural formula of LCBPLA.

6516 J Mater Sci (2021) 56:6514–6530



Results and discussion

Relation between the long-chain branches
and effect on crystallizations

The formation of Sc in PLLA/PDLA blends with

different contents of PDLA prepared by solution

casting (25 �C) method was investigated by WAXD

and DSC. As shown in Fig. 2, in comparison with the

pure PLLA material, the diffraction peak at the

diffraction degree of 12.1, 21.2, and 24.1� with adding

PDLA indicates the formation of PLLA stereocom-

plex crystallites (Sc) [27]. Furthermore, a further

increasing the PDLA content from 1 to 10 wt%

obviously strengthens the diffraction intensity of Sc
crystals of LCBPLA blends. Compared with

LCBPLA/PDLA blends, a weak but still visible

diffraction peak at 12.1� appears for the liner PLLA/

PDLA blend, corresponding to the Sc crystallites. It is

ascribed to the reason that the liner PLLA has a much

lower crystallinity and crystallization ability to form

Sc. In contrast, it should be noted that the addition of

PDLA into the long-chain branched blends can pro-

mote the polymorphism with multiplied diffraction

peaks.

It is seen in Fig. 2b that only a single peak at

around 165 �C can be discerned for PLLA and

LCBPLA samples, indicating the complete

homocrystallites (Hc) structures without a company-

ing of the Sc. However, regarding other samples

blended with PDLA, there is another obvious melting

peak at * 220 �C shown on the DSC curves, which

again proves the existence of the crystalline structure

(Sc). In contrast to the pure PLLA samples, the for-

mation of stereocomplex crystals in the series of the

PLLA ? 10% PDLA samples significantly improves

the crystalline behavior and thus contributes to a

higher crystallinity degree during the practical pro-

cessing. As a result, the cold crystalline peak of PLLA

material vanishes for all PLLA blends with adding

PDLA. In addition, it is observed that increasing the

content of PDLA slightly raises the melting temper-

ature of stereocomplex crystallites (Tm,sc) from 217.2

to 220.5 �C but decreases the melting temperature of

Table 1 The formulations and

abbreviations of samples Samples PLLA(g) DCP(g) TETDS(g) PETA(g) PDLA(wt%) PDLA(g)

Pure PLLA 65 – – – – –

PLLA ? 10%PDLA 58.5 – – – 10 6.5

LCBPLA 65 0.04 0.18 0.26 0 0

LCBPLA ? 1%PDLA 64.4 0.04 0.18 0.26 1 0.65

LCBPLA ? 3%PDLA 62.6 0.04 0.18 0.26 3 1.95

LCBPLA ? 5%PDLA 61.3 0.04 0.18 0.26 5 3.25

LCBPLA ? 8%PDLA 58.7 0.04 0.18 0.26 8 5.2

LCBPLA ? 10%PDLA 58.0 0.04 0.18 0.26 10 6.5

Figure 2 WAXD a and DSC melting b profiles of the compression-molded samples.
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homocrystallites from 167.1 �C to 162.8 �C for

LCBPLA composites as compared. Overall, it seems

that increasing the PDLA content facilitates the

stereocomplex crystal with more integrated struc-

tures or thicker lamellas.

To quantitatively compare the content of Sc com-

ponent in all the crystals formed during the pro-

cessing, the relative fraction of Sc (fSc;DSC) in the

crystalline phase of samples was estimated with the

DSC data by a term f sc , which is defined as

f sc ¼ 100%� Xsc=ðXsc
þ XHc). The corresponding cal-

culated results were displayed in Table 2. It is worth

to mention that a large value range of f sc from 0 to

20% can be achieved by only adjusting the PDLA

content added in the PLA blends. In addition, within

a same content of 10 wt% PDLA, introducing the

long-chain branches onto the molecular structures of

PLA material leads to an increase of the crystallinity

of Sc from 11.2 to 13.5% and decrease of crystallinity

of Hc, thus resulting in a higher relative content value

of Sc (f sc) increases from 20 to 30% as well, as com-

pared to its linear counterpart. Therefore, it is con-

cluded that the LCBPLA chain promotes the increase

of Sc in blends and the reasons are shown as follows:

intermolecular crystal nucleation and growth are

crucial factors for the development of crystalline

structures. Firstly, although forming the long-chain

branches can restrain the diffusion and mobility of

the bridged and surrounded chains, more nucleation

sites are obtained due to the more branched struc-

tures of the long-chain branched blends compared

with liner PLLA chains. Once the melt is cooled

down, the Sc crystals can firstly be formed, leading to

the formation of three-dimensional physically cross-

linked networks [28–30]. It is attributed to smaller

kinetic energy barrier of Sc crystals than that of Hc,

even though the latter seems to be more thermody-

namically favorable. Secondly, LCBPLLA/PDLA

blends own more intermolecular H-bond interactions

between enantiomers may favor the intermolecular

crystal nucleation and growth, resulting in the

enhanced Sc.

To have a direct insight into the difference of Sc
crystallite caused by factors of the PDAL and long-

chain branches introduced into the PLLA blends, we

delicately designed a dissolution experiment to

reveal the formed networks of molecular configura-

tions of the blends. It is noted in Fig. 3 that both pure

PLLA and LCBPLA are expected to be completely

dissolved in the dichloromethane solvent with a

complete transparence, indicating the long-chain

branches are not able to prevent the PLLA chains

from being dissolved in the dichloromethane solvent.

Once PDLA was added into the PLLA blend, it is

found that some undissolved white particles sus-

pended in the solution, which is ascribed to the Sc
crystallite which has a trend in remaining its original

configurations in the presence of the dichlor-

omethane solvent in Fig. 3c–e. Increasing the PDLA

content from 3 wt% to 10 wt% seems to clearly result

in larger white suspended particles. Furthermore, in

Fig. 3d, the long-chain branches attached to the linear

PLLA molecules are in favor of larger white particles

as compared to the completely linear PLLA material

blended with the same content of 10 wt% PDLA,

indicating larger amount of Sc crystallites for

LCBPLA blend as well, which is in consistent with

the results shown in Fig. 2. It should be noted that Sc
are thought to act as likely the physical ‘cross-linking’

points for these PLLA chains, the schematic image of

which is shown in Fig. 3d, e. Due to the existence of

the cross-linked structures, this makes these interac-

tional PLLA molecule chains relax in a much slower

Table 2 Crystalline

information of Hc and Sc in

Samples

Sample Tm;Hc (�C) Tm;Sc (�C ) XSc (%) fSc (%)

PLLA 168.6 – 0 0

PLLA ? 10%PDLA 166.9 220.5 11.1 20.1

LCBPLA 167.1 – 0 0

LCBPLA ? 1%PDLA 167.2 217.2 1.1 2.3

LCBPLA ? 3%PDLA 165.6 218.1 4.3 9.4

LCBPLA ? 5%PDLA 166.4 218.9 5 11.2

LCBPLA ? 8%PDLA 163.1 220.2 8.8 18.3

LCBPLA ? 10%PDLA 162.8 220.5 13.5 30.4

Relative content of Sc is calculated as f sc=
XSc

XScþXHc
� 100%
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way and tend to take part in the formation of con-

figuration networks composed of Sc crystals and

molecule chains. Therefore, it accounts for the

undissolved white suspended particles in the

dichloromethane solvent in Fig. 3. Overall, it con-

firms again that both increasing PDLA content and

introducing the long-chain branches promote the

development of Sc during the practical processing.

The effect of long-chain branches
and crystalline structure on the rheological
behavior

Rheological test can be an effective and meaningful

tool to probe the network structures of materials with

the rheological functions such as storage modulus

G’(x) and loss modulus G’’(x) by means of the small

amplitude oscillatory shear (SAOS) measurement.

Figure 4 shows the rheological properties for various

PLLA blends at 180 �C, at which only the

homocrystallites of the PLLA material are melted

while the Sc crystallites remain their solid phase with

a high melting point of 220 �C, looking back to

Fig. 2b.

In Fig. 4a, b, neat PLLA chains are fully relaxed

and exhibited the typical terminal behavior with the

scaling law of approximate G’ � x2 and G’’ � x1.

Introducing the PDLA into PLLA or LCBPLA can

significantly increase the G’ and G’’ values. As for the

LCBPLA/PDLA blends, increasing the PDLA content

tremendously enhances the G’ and G’’ values, espe-

cially at the low frequency range. A relatively larger

change of the G’ compared to that of G’’ for the long-

chain branched samples implies that the elastic

properties of PLLA chains are more sensitive to the Sc
crystals. Furthermore, increasing the PDLA content

from 3 wt% to 10 wt% can decrease the slope of the

modulus curves, indicating that the relaxation

behavior of blends becomes slow. This phenomenon

may be ascribed to the network structures of Sc which

restrains the long-range motions of polymer chains

[31, 32]. Moreover, it is presented that adding the

long-chain branches into PLLA ? 10%PDLA blends

further increases the G’, resulting from more inte-

grated network structures composed of long-chain

branches and Sc crystals.

The loss tangent (tanh= G’/G’’) is thought to be

more sensitive and meaningful to the molecular

relaxation behavior than G’ and G’’ [33]. The tanh of

pure PLLA is remarkably decreased with the

increasing x, verifying that the typical character of

PLLA material as a viscoelastic liquid. However, as

for other samples, increasing x can gradually

decrease tanh, which reflects that the elastic behavior

becomes dominating [34]. This phenomenon becomes

more distinct with the increase of PDLA concentra-

tion, stemming from the formation of Sc network.

Therefore, we define the amount of 5 wt% as the

critical value for the formation of a network com-

posed of long-chain branches and the reserved Sc
crystallites, which is consistent with the results

reported by Winter et al. [35, 36]. In addition, the

frequency-independent loss tangent also indicates a

transition from the liquid-like to solid-like viscoelas-

tic behavior for LCBPLA blends at low frequencies.

This demonstrates that the long-range dynamic

polymer chains motion is restrained by the formed Sc
crystallite network with polymer molecules signifi-

cantly, and this restraining effect is even further

strengthened by the addition of long-chain branches.

Above all, the rheological results further confirm

the existence of the network structures composed of

Figure 3 The pictures of the

dissolved samples in

dichloromethane which were

taken after the solutions were

remained for 24 h.
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PLLA chains and Sc crystals which vary with the

content of PDLA and long-chain branches.

Melting behavior and polymorphic
crystalline structure

DSC characterizations were conducted to capture the

changes of the melting behavior and polymorphic

crystalline structure of the blends as shown in Fig. 5

and Table 3. In Fig. 5a, the crystallization peak of

PLLA and PLLA ? 10% PDLA samples can be faintly

discerned, resulting from the low crystalline ability.

However, the formation of Sc can significantly

enhance the onset of the crystalline temperature from

109.6 �C for PLLA to 136.9 �C for PLLA ? 10%

PDLA. Compared with the pure PLLA sample, the

crystalline temperatures (onset of crystalline tem-

perature: To and the peak crystalline temperature: Tp)

of LCBPLA sample significantly increase due to the

formation of long-chain branches, e.g., To from

109.6 �C for PLLA to 143.4 �C and Tp from 99.2 �C for

PLLA to 139.8 �C, respectively. However, a slight

increase of the LCBPLA blends by mixing with PDLA

is achieved, as shown in Fig. 5a. Increasing the PDLA

content to 5 wt% results in the highest To and Tp

temperatures with 145.4 and 141.1 �C, respectively. It
indicates that the formation of long-chain branches

attached to the linear PLLA molecules plays a pre-

dominating role in enhancing the crystalline tem-

peratures, although the residual stereocomplex

crystals with a higher melting temperature (240 �C)
than the melting temperature (200 �C) we choose can

contribute to a larger crystallization ability as well.

In addition, an interesting phenomenon was

observed in Fig. 5a and Table 3 that introducing the

long-chain branches into PLLA blends promotes the

crystalline rate of blends, namely the crystallization

time decreasing from 6.1 to 2.7 min for liner PLLA. In

contrast, the LCBPLA(PLLA)/PDLA blends show an

opposite phenomenon, which is accounted for the

formation of Sc decreasing the crystalline rate. This

can be ascribed to the formation of structural

molecular network between LCBPLA and PDLA

shown in Fig. 3, which prohibits the mobility of

Figure 4 The changes of a storage modulus (G0), b loss modulus (G0 0) and c loss tangent (tanh) with frequency dependences (x) for
various PLLA blends.
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molecular chains. There are two ways for the poly-

mer crystal nucleation occurring during the nucle-

ation process, including the intramolecular and

intermolecular nucleation, respectively. Intramolecu-

lar nucleation needs to cross over a lower free energy

barrier in contrast to intermolecular nucleation

[37, 38]. Hence, the formation of network structures

composed of polymer chains and Sc crystals can

simultaneously enhance the density of nucleation

and decrease the mobility of molecular chains,

inducing the increase of crystalline temperature but

decrease the crystallization rate as a consequence. In

addition, compared with linear PLA sample and its

corresponding blend, the cold crystallization peak of

LCBPLA/PDLA blends disappears and the single

melting peak instead of the typical double melting

peaks becomes sharper in Fig. 5 b. The reason is that

the macromolecular chains in the amorphous

domains with the improved flexibility and mobility

caused by the heating behavior reorganize into the

crystalline regions. Therefore, the cold crystallization

peak could reflect the crystallization ability of

macromolecular chain segments to a certain degree.

The long-chain branches play an important role in

forming nucleation sites, markedly enhancing the

nucleation ability of PLLA during the cooling pro-

cess. In our previous report [2], long-chain branches

can significantly shift the crystalline temperature to a

higher value and enhances the crystalline ability

during the cooling process, thus leading to the

absence of cold crystalline peak. Interestingly, it

should be noted that the crystallinity of Sc for

LCBPLA ? 10%PDLA shown in Table 3 has no

obvious change compared with that in Fig. 2 and

Table 2. It indicates that the Sc crystals with very

highly integrated structures have been formed in the

practical processing, which remain stable during the

cooling process in Fig. 5. Consequently, it again

highlights that the different crystallization behavior

of PLLA molecules for PLLA blends as discussed

Figure 5 a DSC cooling curves of samples with the cooling rate and melting temperature being 3 �C/min and 200 �C, respectively; and
b the second-melting curves of the same samples and the heating rate is 10 �C/min.

Table 3 The relative DSC

parameters for various PLLA-

based blends

Sample To (�C) Tp (�C) T0.5 (min) XSC (%)

PLLA 109.6 99.2 6.1 0

PLLA ? 10% PDLA 136.9 121.5 7.9 12.3

LCBPLA 143.4 139.8 2.7 0

LCBPLA ? 1%PDLA 144.2 140.1 3.1 1.5

LCBPLA ? 3%PDLA 145.1 140.9 3.43 4.1

LCBPLA ? 5%PDLA 145.4 141.5 3.35 5.3

LCBPLA ? 8%PDLA 144.9 140.6 3.28 9.1

LCBPLA ? 10%PDLA 144.8 140.2 2.79 14.2
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above at least can be attributed to the presence of the

residual Sc crystals. It seems that the residual Sc
crystal served as a preserved template to attract the

polymer chains to locate on it, which is defined as

kind of ‘memory effect’ for the crystallization

behavior of the polymer chains during the second-

melting procedure. It on the other hand appears that

a programmed crystallization behavior of the PLA

chains can be achieved by adjusting this template

effect or memory effect caused by the Sc crystals. This

probably enlarges its potential application fields as

for this PLLA-based material.

The melt memory effect on the crystalline
structures

With the aim at comprehensively studying the

influence on the crystallization behavior of the blends

caused by the memory effect and recrystallization of

Sc, the thermal history of the samples during the

general processing was investigated, as shown in

Fig. 6. It shows the DSC cooling and second-melting

curves of the samples at different thermal treatment

temperatures (Ts). As presented in Fig. 6a, b, the

thermal history almost does not influence the crys-

tallization and melting behavior of PLA material,

while it leads to a significant effect on that of the

PLLA/PDLA blend. For example, increasing the

thermal treatment temperature of PLLA/PDLA

blend from 190 to 230 �C firstly decreases the crys-

tallization temperature and then unexpectedly moves

that to a higher temperature. This can be attributed to

the following two factors. First of all, the uncom-

pleted Sc crystallites seem to start melting at a higher

treatment temperature once the temperature goes

lower than the melting point of Sc crystals (Tm,sc
shown in Table 2), which is expected to decrease the

number and size of the preformed relatively perfect

Sc crystals. As a consequence, the surface of Sc is not

able to provide enough nucleation sites for the

heterogeneous crystallization behavior. However,

increasing the treatment temperature (C Tm,sc) allows

for promoting the accomplishment of the full melt

behavior of the Sc crystals, which contributes to the

release of all the PDLA chains. Secondly, during the

cooling stage, the Sc crystals are thought to recrys-

tallize to act as the templates to attract the molecule

chains to reside on them. In addition, the formation of

network structure composed of polymer chains and

Sc crystals aforementioned above might take place at

a certain temperature between that of Sc and Hc

crystals, restraining the motions of the molecular

chains to some extent. Therefore, when the treatment

temperature exceeds the Tm,sc in Fig. 6a, c, the

reformed Sc with a large surface can effectively act as

the heterogeneous nucleation sites, increasing the

Figure 6 The DSC cooling a,

c and second-melting b,

d curves for different samples

such as PLLA with 10 wt%

PDLA or not (top images) and

LCPLAwith 10 wt% PDLA or

not (bottom images) at various

thermal treatment

temperatures.
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crystallization temperature in return [39]. As shown

in Fig. 6b, d, the melting peak of Hc of PLLA/PDLA

blend did not have an obvious change, while the

melting temperature of Sc crystals shifted to a higher

temperature when the thermal treatment tempera-

ture was below 220 �C. The reason is that the Sc
crystals with less integrated structures seem to melt

and recrystallize during this thermal treatment pro-

cess, leading to the corresponding Sc crystals with

thicker lamellas and more integrated crystalline

structures. This similar phenomenon is also observed

for LCBPLA blends, as shown in Fig. 6d.

For a further proof and understanding of the

crystallization behavior of the blends caused by the

formation of Sc crystals for PLLA-based samples, the

changes of crystalline structures in cooling process

were investigated with the in situ WAXD with hot

stage. Figure 7 shows the diffraction intensity chan-

ges of PLLA/PDLA and LCBPLA/PDLA samples

recorded upon a cooling program with various

thermal treatment temperature (Ts = 190, 220 and

230 �C). Based on these WAXD data, the intensity

changes of Sc (110) diffraction and Hc (110)/(200)

diffraction were evaluated, as depicted in Fig. 8. As

shown in Fig. 7, when the melting temperature

exceeds 190 �C, all samples do not show any dis-

cernable diffraction peaks of Hc. During the cooling

process, the diffraction peaks of Hc can be noticed at

approximately 140 �C. The intensity of 110/200 plane

for Hc crystallites increases gradually with the cool-

ing temperature decreasing from 140 to 80 �C.
However, the intensity of 110 plane for Sc crystallites

has no clear changes. This phenomenon suggests that

the Sc crystals could be retained when the melting

temperature is lower than 220 �C. Moreover, in

comparison with other samples at various melting

temperature, the intensity is noted to be the strongest

for the Sc crystals at the cooling temperature of

220 �C. When the temperature is higher than 220 �C,
all the samples does not show any visible diffraction

peaks, indicating that there are only the amorphous

crystals before the cooling treatment as shown in

Fig. 8c and f. However, with cooling down the sam-

ple from 230 �C, the diffraction peaks of Sc are

observed when the temperature is approaching

around 210 �C. As for the LCBPLA sample, the

diffraction peak of Sc appears to be clearly noted and

the peak area rapidly increases, as shown in Fig. 8f.

To have a deep insight into understanding these

phenomena, we propose a speculated mechanism

Figure 7 WAXD patterns of

samples during cooling

process, a–c:

LCBPLA ? 10% PDLA and

d–f: PLLA ? 10% PDLA.
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with aspect to changing the crystalline structure of Sc
and various nucleation effectiveness upon thermal

treatment temperature, as shown in Fig. 9. It is

thought that when the melting temperature is lower

than 190 �C (Fig. 9a), the Sc crystals on one hand tend

to stay unmelted and embedded among the PLA

molecular chains, which can act as nucleation sites

during cooling stage. On the other hand, the unmel-

ted Sc significantly improves the crystallization

ability of polymer molecules to form Hc crystals.

With increasing the melting temperature to 220 �C
(lower than the melting temperature of Sc, Fig. 9b),

some Sc crystals with less integrated structures would

be melted and other unmelted Sc would promote the

development of Sc itself and act as the heterogeneous

nucleation sites for Hc during the cooling process,

leading to the formation of the relatively perfect Sc
crystals and thus a higher melt temperature (as

Figure 8 Temperature-dependent peak areas for Sc (110)

diffraction and Hc (110)/(200) diffraction upon heating the

PLLA/PDLA and LCBPLA/PDLA blends. Peak area was

normalized by the maximum value of Hc (110)/(200) diffraction

of each sample. a–c: PLLA/PDLA and d–f: LCBPLA/PDLA.

Black curves represent the results regarding Sc intensity while red

curves for Hc intensity.
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shown in Fig. 6b, d). When the thermal treatment

temperature reaches to 230 �C (Fig. 9c), the Sc crystals

would completely melt and PDLA molecules would

well disperse in the polymer matrix. During the

cooling process, the Sc crystals with small area size

and less integrated structures will be reformed,

inducing the crystallization behavior of the Sc and Hc

crystals simultaneously. Consequently, the less inte-

grated Sc crystals can act as the stereocomplex

nucleating agents and thus enhance the melting

temperature To of these blends. Above all, the Sc
crystals appear to keep diverse configuration states

due to the cooling treatments starting from different

melting temperatures, thus producing different

influences on the crystallization behavior of the PLA

molecule. Specially, the crystallization ability is

clearly enhanced when the blends are cooled from

230 �C at which the Sc can be fully melted, followed

by the formation of the crystals with integrated

structure.

Nucleation enhancement by high melting
point PLA crystallites

To study effect of Sc crystallites and molecular weight

on the nucleation efficiency (NE), the self-nucleation

experiment is presented in Fig. 10 and the NE term is

also defined as follows with the crystallization tem-

perature (Tp) [40, 41]:

NE %ð Þ ¼
Tp � Tmin

p

Tmax
p � Tmin

p

� 100% ð1Þ

where Tmin
p is the crystallization peak temperature of

pure polymer and Tmax
p corresponds to the maximum

crystallization temperature for a ‘self-nucleated’ melt.

For the processed PLLA melt, Tmin
p is determined to

be 99.4 �C, while Tmax
p is determined to be 141.8 �C,

which can be found in Fig. 10a. Because of the self-

nucleation seeds created by the melting behavior in

the partial melting zone, the crystallization peak

temperature increased sharply with the decrease of

Ts [38, 39]. According to the reports [30, 41], Tmax
p

should occur at the lowest Ts of the partial melting

zone and can be obtained in Fig. 10. Figure 10b

shows that Ts = 168 �C is the lowest temperature,

since the melting peak is only discerned when Ts is

lower than 168 �C. Thus, Tmax
p = 141.8 �C is achieved.

Using the Tp obtained from the nonisothermal

crystallization (Fig. 5), the nucleation efficiency is

obtained in Fig. 11. The NE rapidly increases from

52.2% for PLLA ? 10% PDLA sample to 95.9% for

LCBPLA ? 10%PDLA blend. This is because the

long-chain branches can provide more nucleation

sites and promote the formation of more Sc. The long-

chain branches play an important role in forming

nucleation sites, markedly enhancing the nucleation

ability of PLLA during the cooling process, due to the

branched topological structure. Hence, they can sig-

nificantly enhance crystalline temperatures (onset

and peak crystalline temperatures) and ability, facil-

itating the crystallization. However, as further

increasing the content of PDLA (more than 5 wt%

PDLA), the NE value slightly decreases from 98.3% to

96.2%, indicating that 5 wt% PDLA is an optimal

addition for improving the NE value. Introducing the

long-chain branches into PDLA blends can promote

the development of Sc, inducing the enhancement of

Sc content. During the cooling process, the Sc can act

as the heterogeneous sites and improve the crys-

talline ability. However, the forming amount content

of Sc can entangle the PLLA molecular chains and

form the network, prohibiting the movements of the

Figure 9 Schematic

illustration of the evolution of

crystalline structures of the

LCBPLA/PDLA sample with

various thermal treatment

temperatures (Ts).
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molecular chains. It is expected that this prohibiting

factor plays a dominant role when the PDLA content

exceeds 5 wt%, resulting in the decrease of the crys-

talline temperatures, as shown in Fig. 5 and Table 3.

In addition, the effect caused by the annealed

temperature on the NE value was also investigated.

As shown in Fig. 11b, an expected phenomenon for

LCBPLA melt is observed that the NE value decrea-

ses gradually with increasing the Ts temperature

from 190 to 230 �C. However, an opposite phe-

nomenon for the LCBPLA or PLLA blend with 10%

PDLA melt is noted that NE value decreases slightly

from 190 to 220 �C firstly but then increases signifi-

cantly with further increasing Ts to 230 �C. The rea-

son could be due to the varying melting behavior of

Sc crystals in blend with adding PDLA, thus resulting

in different crystallization behavior during cooling

process from the desired Ts (190, 220 or 230 �C). The
possible explanations are presented as follows:

increasing the melt temperature from 190 �C to

220 �C can promote the melting of some parts of the

pre-existed imperfect Sc crystals due to the Sc with a

melting temperature of 225 �C. It means that as the

melt is cooled from the Ts of 220 �C, the reserved Sc
crystals can work as the temperate for forming the

new Sc and optimizing the incomplete Sc thus having

a larger crystal thickness and size, which as a result

enhances the crystalline temperature of Sc, as shown

in Fig. 6. [42] Hence, the resulting relatively perfect Sc
in case of Ts = 220 �C in comparison with the

incomplete Sc at Ts = 190 �C could perform a larger

ability of the heterogeneous nucleation for Hc

Figure 10 The DSC cooling curves of PLLA at various thermal treatment temperatures a and the second-melting curves b.

Figure 11 a Nucleation efficiency (NE) of PLLA at various contents of PDLA at 190 �C and b Nucleation efficiency of PLLA at different

thermal treatment temperatures.
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crystals. However, it can also be expected that the

complex network between Sc and PLLA molecular

chains can be built with Ts = 220 �C, resulting from

forming perfect Sc among molecular chains. In this

case, the molecular chains can be entangled and the

mobility of PLLA molecules is decreased, thus

weakening the heterogeneous nucleation ability in

comparison to the case at Ts = 190 �C. The two fac-

tors seem to play an opposite role in influencing the

NE value. Therefore, a slight decrease of NE value is

observed for both LCBPLA and PLLA blend by

increasing Ts from 190 to 220 �C, shown in Fig. 11.

With the Ts temperature at 230 �C, in the cooling

process, driven by a large supercoiling, the chain

bundles or crystals fragments can form complete Sc
crystals with relatively more smooth and larger sur-

faces compared with the corresponding samples

treated at 220 �C, which is able to act as new tem-

plates for the further formation of smaller complete

Sc, as illustrated in Fig. 9c. Simultaneously, the

inhibiting effect of network to the movement of PLLA

molecular chains becomes weak due to a weaker

suppression effect from network structures formed

by Sc and PLLA molecules. Both two factors play a

role in providing sufficient nucleating site and tem-

plates effect to promote the improvement of Hc

crystalline ability as compared to that with Ts-

= 220 �C, leading to the crystalline temperature sig-

nificantly enhanced (as shown in Fig. 6) and a large

enhancement of NE value (seen in Fig. 11b).

Crystalline morphology during isothermal
crystallization process

To demonstrate the effect of long-chain branched

structures on the spherulitic growth of Sc crystallites,

isothermal crystallization behavior was investigated

by means of the POM characterization, as shown in

Fig. 12 and Table 4. The isothermal temperature was

set at 156 �C, at which the formation of Hc was not

able to occur so that only the Sc existed. The POM

micrographs of LCBPLA/PDLA with various PDLA

content are displayed in Fig. 12. As expected, intro-

ducing PDLA appears to induce the formation of

much more crystallization sites at the beginning of

the crystallization process. Increasing the PDLA

content enlarges the number of these Sc spherulites

from 80 to 109 and the size from 56.47 to 94.13 lm.

Furthermore, with increasing the PDLA content,

there needs a shorter time for an instant observation

for the appearance of the spherulites. As a conse-

quence, the combined effect of increasing crystal-

lization time and PDLA content contributes to a

larger density and size of spherulites. In addition, as

shown in Fig. 12f, g, there are spherulites with larger

size and nucleation density for the LCBPLA ? 10%

PDLA blends as compared with liner PLLA ? 10%

PDLA blends, indicating that the long-chain branches

allow for accelerating the growing rate of Sc crystal-

lites. We attribute this to the factor as follows: when

the melt was cooled from 230 �C, the long-chain

branches can provide more branched structures act-

ing as heterogeneous nucleation sites, so with intro-

ducing the long-chain branches, more Sc were formed

(as shown in Table 4), thus, providing more

Figure 12 Selected POM micrographs during isothermal

crystallization at Ts of 156 �C for the samples of a LCBPLA,

b LCBPLA ? 1%PDLA, c LCBPLA ? 3%PDLA,

d LCBPLA ? 5%PDLA, e LCBPLA ? 8%PDLA,

f LCBPLA ? 10%PDLA and g PLLA ? 10%PDLA.

Table 4 Numbers of Nuclei counted for neat PLLA and

LCBPLA/PDLA blends with various PDLA concentrations at

temperature = 156 �C

Sample (a) (b) (c) (d) (e) (f) (g)

Number 0 0 80 109 94 89 72

Average size (lm) 0 0 56.47 69.7 86.7 94.13 78.4
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nucleation sites or surface. With more heterogeneous

nucleation sites, the overall crystallization rate of Sc
should be further increased, so that the nucleation

density was further enhanced. Back to Fig. 6, it is

seen that the Sc can be completely melted when the

cooling process starts from a temperature high to

230 �C, which leads to the release of the PDLA

molecular chains. Consequently, it explains the rea-

son why the formation of Sc crystals occurs firstly

during the whole crystallization process.

Conclusions

In summary, an effective approach is proposed to

enhance the Sc crystallization ability but depress the

homocrystallization of PLLA molecule regarding the

PLLA/PDLA blends by the miscible polymer blend-

ing with hydrogen bond interactions. The formation

of Sc can significantly improve the rheological prop-

erties including the G’ and G’’ of melt due to the

cross-linking network configurations composed of

the Sc and long-chain branches. Provided certain

processing conditions, Sc are exclusively formed in

both nonisothermal and isothermal crystallizations of

LCBPLA/PDLA blend. Homocrystallization is dra-

matically suppressed and the crystallization behavior

of the Sc crystals becomes predominant by means of

introducing long-chain branches to the linear PLLA

molecules and increasing the PDLA content. The

long-chain branches are able to significantly increase

the crystalline ability of Sc crystals from 20.1%

(PLLA ? 10%PDLA)–30.4% (LCBPLA ? 10%PDLA)

and enlarge the average size of spherulites from 78.4

to 94.13 lm. Furthermore the combined effect of

PDLA and long-chain branches sharply enhances the

nucleation density from 52.2% for PLLA ? 10%

PDLA–98.3% for LCBPLA ? 5%PDLA and reach the

highest nucleation promoting effect. During melting

process, changing the thermal treatment tempera-

tures can make Sc with diverse topological configu-

ration structures. Increasing the melting temperature

from 190 to 230 �C can promote the development of

Sc with more integrated structures. During the cool-

ing stage, the presence of Sc crystals moves the

crystallization temperature to a higher value. Our

work will provide a guidance for a new design

strategy for new PLA-based materials and using Sc as

a nucleation agent in actual industrial applications.
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