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ABSTRACT

Currently, preparing nanocellular semi-crystalline polymer foams by super-

critical CO2 is a big and newly developing challenge. In this paper, chain

extender (CE) and hydroxyl-functionalized graphene (HG) were introduced into

poly(lactic acid) (PLA) through melt blending method to improve the crystal-

lization behaviors, rheological properties and foaming behaviors of PLA. Dif-

ferential scanning calorimetry results showed that the cold crystallization

temperature of chain extended PLA (CPLA)/HG was higher 8.2 �C than that of

CPLA, due to the introduction of HG and the strong interaction between CPLA

and HG. The viscoelasticity of PLA was improved by the addition of CE and

HG, due to the formation of branching structure and the interaction between

CPLA and HG. Compared with that in PLA/HG, HG aggregation in CPLA/HG

became many but small, indicating that the aggregation of HG in the matrix

released. A facile batch foaming method with constant foaming temperature

slightly lower than melting temperature was employed to fabricate nanocellular

PLA foams in the presence of supercritical CO2. The transition temperature from

microcells to nanocells in various PLA foams was confirmed. The effect of chain

extension, foaming temperature and the introduction of HG on cell size, cell

density, cell size distribution and volume expansion ratio (VER) was studied

systematically. For the CPLA/HG foam prepared at 130 �C, its cell size could

reach 350 ± 247 nm as well as its cell density and VER were 1.76 9 1013 cells/

cm3 and 3.71 ± 0.16 times, respectively. Finally, the foaming mechanism for the

nanocell formation was proposed and explained by schematic diagram.
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Introduction

Nanocellular polymer foams as a kind of novel and

advanced material have the average cell size less than

1 lm and the cell density greater than 1012 cells/cm3,

which have attracted wide attention in academic and

industrial fields in recent years [1–3]. Nanocellular

polymer foams possess high toughness, low thermal

conductivity and excellent electrical properties [4],

which could be used widely in the fields of insulation

materials, separation membranes, sensors and filters

[5–7].

In general, the preparation methods of nanocellular

polymer foams mainly include: phase separation

method [8], batch foaming method [1], extrusion

foaming method [3], etching method [9], leaching

method [10], thermal decomposition method [11] and

so on. Among these, the phase separation method

and leaching method need to use a large number of

solvents, which were time-consuming, labor-inten-

sive, not economical and environmentally friendly.

Etching method and thermal decomposition method

generally require sacrificing part of the molecular

structure of polymer matrix, for example chain scis-

sion, causing damage to the properties of the polymer

itself. Compared with other foaming methods, the

batch foaming method is the most used method for

preparing nanocellular polymer foams and has some

advantages, such as low cost, high efficiency, no

damage to the environment and the molecular

structure of the polymer matrix [12].

Nanocellular poly(methyl methacrylate-co-ethyl

acrylate) (PMMA-co-EA) and poly(methyl

methacrylate-co-ethyl methacrylate) foams were

produced by a solid batch foaming process with

supercritical CO2, in the presence of silica nanopar-

ticles or polyhedral oligomeric silsesquioxane. The

results showed that after a post foaming treatment in

water bath at 70 �C for 3 min, a medium-density

nanocellular PMMA-co-EA foam with 0.5 wt% silica

nanoparticles was produced with the cell size of

95 nm, the cell density of 8.6 9 1015 cells/cm3, and

the volume expansion ratio (VER) of 4.88 [13]. A low-

temperature pathway to create polycarbonate (PC)

nanofoams was reported by Guo and Kumar, which

was based on saturating PC in liquid CO2 at - 30 �C
for 72 h. The resultant homogenous PC nanofoams

possessed the cell size in the range of 20–30 nm, the

cell nucleation density over 1015 cells/cm3 [14].

Throughout the analysis of previous studies, it could

be found that the investigations on the nanocellular

polymer foams were concentrated on the amorphous

polymer using solid batch foaming method. Cur-

rently, the preparation of nanocellular semi-crys-

talline polymer using the melt batch foaming method

was still very difficult, because the crystalline region

formed during the depressurization and cooling

period would influence the cell nucleation and cell

growth of semi-crystalline polymer as well as impede

the solubility and diffusibility of blowing agent.

Recently, nanocellular semi-crystalline poly(lactic

acid) (PLA) foams were fabricated by controlling the

viscosity, branching and crystallization of PLA in the

presence of supercritical N2 [15].

Supercritical CO2 as an environment-friendly

physical foaming agent for polymer, has some merits

such as non-toxic, non-flammability, low global

warming potential and ozone depletion potential,

and safe in performance [16, 17]. Compared with

supercritical N2, the diffusivity of supercritical CO2

was higher, leading to the rapid cell nucleation and

cell growth, the easily cell mergence and the large cell

size [18]. Therefore, the preparation of nanocellular

semi-crystalline polymer foams using supercritical

CO2 is a big and newly developing challenge

worldwide.

In our research, PLA as one of the typical

biodegradable polymer was chosen to produce

nanofoams, which was modified with chain extender

(CE) and hydroxyl-functionalized graphene (HG) to

improve its crystallization and melting behaviors,

viscoelasticity, and foaming properties. A batch

foaming approach was employed to prepare

nanocellular PLA foams, in which the foaming tem-

perature was constant and slightly lower than melt-

ing temperature (Tm) for 2 h. The effect of

introduction of HG, foaming temperature and the

chain extension on the crystallization and melting

behaviors, dynamic rheological and foaming prop-

erties of PLA would be investigated systematically.

The goal of this study was to provide guidance for

researching the transition of microcellular to

nanocellular structure in PLA foams.
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Experimental

Materials

Linear PLA (Grade 2003D) in pellet form with a melt

flow rate of 3.2 g/10 min (190 �C, 2.16 kg) was

bought from Nature Works Inc. It is a semi-crys-

talline polymer containing the D-isomer content of

approximately 4.3%, the density of 1.24 g/cm3, the

glass transition and melting temperature of 61.4 �C
and 147.6 �C, respectively. HG having the diameter

of 0.5–3 lm, the thickness of 0.55–3.74 nm, the num-

ber of layers less than 10, and the content of oxygen

more than 10 wt%, was purchased from J&K Scien-

tific Ltd. Multi-functional epoxy-based chain exten-

der (ADR-4370S) was provided by BASF, Germany

and its chemical structure is shown in Fig. 2a.

Preparation of various PLA samples

Prior to melt blending, PLA was dried in a vacuum at

80 �C for 8 h to remove water and mixed with other

component in a Haake internal mixer, according to

the formula displayed in Table 1. The melting tem-

perature, mixing time, and mixing speed were

190 �C, 15 min, and 60 rpm, respectively. The corre-

sponding sample names were denoted as pure PLA,

CPLA, PLA/HG, and CPLA/HG, respectively. Sub-

sequently, the resultant PLA samples were pressed

into a sheet by compression molding method at

190 �C and 10 MPa for 10 min and then cooled to

room temperature to obtain the sheet samples with

the thickness of 1 mm. At least, three samples in each

category of various PLA samples were fabricated,

according to the preparation method aforementioned

and then the small sheet with 1 cm 9 1 cm

(length 9 width) was cut in the center of each sample

for further characterization and foaming process.

Foaming process of various PLA samples

Various PLA foams were fabricated by the batch

foaming method in a stainless steel autoclave using

supercritical CO2 as physical blowing agent. Figure 1

represents the schematic diagram of the autoclave for

batch foaming. First, various PLA samples were put

into the autoclave for 120 min at a saturation pres-

sure of 10 MPa and the constant foaming tempera-

ture of 130, 135 and 140 �C, respectively. After the

CO2 was fully diffused and dissolved in the PLA

matrix, the pressure of the autoclave dropped by the

release of CO2 from 10 to 0.1 MPa in about 6 s, which

provided a driving force for cell nucleation and

growth to obtain various PLA foams.

Characterizations

Differential scanning calorimetry (DSC)

DSC (Q20, TA, USA) was used to study the crystal-

lization and melting behaviors of various PLA sheet

samples. PLA sheet samples were equilibrated to

190 �C rapidly under a nitrogen atmosphere, held in

the molten state for 5 min to remove prior thermal

and stress histories. Subsequently, the samples were

cooled to 40 �C and re-heated to 190 �C at a cooling/

heating rate of 10 �C/min to record the crystallization

and melting behaviors. The relative crystallinity (vc)
of PLA in various PLA sheet samples was calculated

by Eq. (1) [19]:

vCðPLAÞ¼
DHmðPLAÞ � DHccðPLAÞ

DH0
mðPLAÞ�wðPLAÞ

� 100% ð1Þ

where DHm(PLA) is the melting enthalpy of PLA,

DHcc(PLA) is the cold crystallization enthalpy of PLA,

DH0
mðPLAÞ is the melting enthalpy of 100% crystalline

PLA that is 93 J/g [20], and W is the weight fraction

of PLA in various PLA samples.

Polarized optical microscope (POM)

Spherocrystal morphology of various PLA samples

was observed by a POM (BX-51, Olympus, Japan).

PLA samples were heated from room temperature to

200 �C at a rate of 30 �C/min, kept for 5 min to

eliminate thermal history, and then cooled down at a

rate of 10 �C/min to 120 �C and maintained for

40 min to observe the changes of crystal morphology.

Table 1 Formula of various PLA samples

Sample name PLA (wt%) CE (wt%) HG (wt%)

Pure PLA 100 0 0

CPLA 99 1 0

PLA/HG 99.99 0 0.01

CPLA/HG 98.99 1 0.01

J Mater Sci (2019) 54:3863–3877 3865



Transmission electron microscope (TEM)

PLA/HG and CPLA/HG were cut into the ultrathin

specimens with the thickness of 70 nm for TEM,

using a Leica ultramicrotome UC6/UC7 (2017) with a

diamond knife. The dispersion of HG in PLA/HG

and CPLA/HG was observed using TEM (Tecnai

Spirit) under an accelerated voltage of 80 kV.

Scanning electron microscope (SEM)

The fracture surface morphology of various PLA

foams was observed by an SEM (FEI, Quanta FEG) at

an acceleration voltage of 5 kV. PLA samples were

immersed into liquid nitrogen for 4 h, and then

fractured. Before observations, the fracture surfaces

of various PLA foams were sputter coated with Au to

prevent the build-up of electrostatic charge during

observations.

Rheological properties

The dynamic rheological properties of various PLA

samples were recorded using a rotational rheometer

(ARES Rheometer, TA, USA) with a parallel plate

(20 mm in diameter with a gap of 1.0 mm) at 190 �C.
The angular frequency (x) range was adjusted from

0.1 to 100 rad/s, and the maximum strain was fixed

at 5%, in order to confirm that these conditions were

within the linear viscoelastic region under nitrogen.

The complex viscosity (g*), storage modulus (G0), and

loss factor (tan d) of various PLA samples were

measured at various x. Moreover, the g* of various

PLA samples as a function of angular frequency (x)
were also measured in the oscillatory mode at 130,

135, and 140 �C.

Foaming properties

The VER (U) of various PLA foams was calculated by

Eq. (2):

U ¼ qf
qp

ð2Þ

where qf and qp are the bulk densities of the pre-foam

and post-foam samples in g/cm3, respectively, which

were measured by a density balance (Sartorius,

Goettingen, Germany).

By assuming the cells were spherical, cell density

(N0) (cells/cm3) was analyzed by using software

image tool and calculated by Eq. (3) [21]:

N0 ¼
nM2

A

� �3
2

U ð3Þ

where n is the number of cells in the SEM micro-

graph, M is the magnification factor, A is the area of

the micrograph (cm2), and U is the VER of the PLA

foams [22].

Results and discussion

Interactions mechanism between PLA, CE,
and/or HG

Two chemical interactions between PLA, CE, and/or

HG may occur during the melt mixing process of

PLA samples, due to the reactions between the epoxy

groups on CE and the hydroxyl and/or carboxyl

groups on PLA and HG. The corresponding interac-

tion schematic diagram is represented in Fig. 2b, c.

One was the chain extension between PLA and CE,

which is shown in Fig. 2b. Another was chemical

reaction between PLA, CE and HG, which is dis-

played in Fig. 2c.

Figure 1 Schematic diagram

of the autoclave for batch

foaming.
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Crystallization and melting behaviors

After the chain extension of PLA, the molecular chain

architecture of PLA would transform from linear

structure to branching structure [23]. Both the chan-

ges in the architecture and the addition of HG would

affect the crystallization and melting behaviors of

PLA, which would further have a significant impact

on the foaming behaviors [24].

Figure 3 shows the DSC curves of various PLA

samples at the cooling (a) and heating (b) rates of

10 �C/min. It could be observed in Fig. 3a that there

was no apparent crystallization peak in the cooling

curve of various PLA samples. This was because the

poor flexibility of the molecular chains of PLA

restricted the motion of chain segment of PLA and

there was not enough time for the crystallization of

PLA molecular chains to be completed during the

cooling process [25].

The corresponding cold crystallization tempera-

tures (Tcc), Tm, DHm, DHcc and vc are summarized in

Table 2. Both the chain extension and the addition of

HG would make the Tcc of PLA increase, which may

be because the added HG and the resultant branching

structures hindered the movement of chain segments

of PLA for the crystal growth in the heating process

[26, 27]. An interesting phenomenon could be

observed in Fig. 3b and Table 2 that the Tcc of PLA/

HG was slightly higher than that of pure PLA, but the

Tcc of CPLA/HG was largely higher than that of

CPLA, implying that there was a strong interaction

between CPLA and HG, maybe the reaction between

the hydroxyl groups on HG and the residual epoxy

groups on CPLA [35]. In addition, the chain extension

Figure 2 Chemical structure

of CE a and schematic

representation of possible

reaction mechanisms between

PLA, CE, and HG or not (b,

c).

Figure 3 DSC curves of

various PLA samples at

cooling (a) and heating

(b) rate of 10 �C/min.
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and the addition of HG had little influence on the Tm

of PLA.

From the statistics in Table 2, after the chain

extension and/or the addition of HG, the vc of PLA
was slightly increased. This should be attributed to

two aspects. One was that the branching points

formed in CPLA could be acted as the homogeneous

crystallization nucleation sites [28, 29]. The other was

that HG could play a role in heterogeneous crystal-

lization nucleation point during the crystallization

process. The two aspects would promote the crys-

tallization process of PLA and further affect its

foaming behaviors [30].

POM observation

In order to further study the effect of CE and HG on

the crystal morphology of PLA, the number and size

of spherocrystals in various PLA samples were

observed by POM, as displayed in Fig. 4. A small

amount of large spherocrystals could be seen in the

POM image of pure PLA, as shown in Fig. 4a. The

interfaces between crystalline region and amorphous

region were clear, hinting that this was a typical

homogeneous nucleation phenomenon [31]. It could

be found in Fig. 4b that the number of spherulites in

CPLA increased significantly, and the size of spher-

ulites decreased largely. This was because after the

addition of the CE, the branching structures were

formed in CPLA, which could serve as the sites of

crystallization nucleation and promote the number of

spherulites [32]. However, the generation of branch-

ing structures in CPLA would impede the movement

of chain segments into the crystal lattice of CPLA,

which restricted the growth of spherocrystals. In

other words, the generation of branching structures

was beneficial to the crystallization nucleation but

Table 2 Thermal properties

of various PLA samples Sample name Tcc (�C) Tm (�C) DHcc (J/g) DHm (J/g) vc (%)

Pure PLA 117.1 ± 0.1 146.5 ± 0.0 23.4 ± 0.1 24.4 ± 0.2 1.0 ± 0.1

CPLA 120.5 ± 0.1 146.7 ± 0.2 9.8 ± 0.2 11.2 ± 0.0 1.5 ± 0.2

PLA/HG 117.9 ± 0.0 147.2 ± 0.1 19.4 ± 0.1 20.6 ± 0.0 1.3 ± 0.0

CPLA/HG 126.1 ± 0.2 146.7 ± 0.0 2.3 ± 0.3 4.3 ± 0.1 2.1 ± 0.2

Figure 4 POM images of

various PLA samples

isothermally crystallized for

40 min at 120 �C: a pure PLA,

b CPLA, c PLA/HG, d CPLA/

HG.
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harmful to the crystallization growth, leading to the

formation of a large amount of small spherocrystals.

Compared with pure PLA, the number of sphero-

crystals in PLA/HG increased and their spherocrys-

tal size decreased, as shown in Fig. 4c. This was

mainly because the heterogeneous nucleation effect

of HG in the crystallization process of PLA improved

the crystallization performance of PLA and increased

the area of the crystalline region, which was consis-

tent with the trend of vc in DSC results. After the

introduction of both CE and HG into PLA, many but

small spherocrystals could be observed in the POM

image of CPLA/HG (Fig. 4d), due to the combined

action of CE and HG on the crystallization nucleation

and growth of PLA.

Rheological properties

The viscoelasticity of polymer melt was usually tes-

ted by the dynamic rotational rheometer. The shear

rheological parameters (g*, G0 and tan d) of polymer

melt are very sensitive to the changes in the molec-

ular chain structure of polymer as well as the content

and type of added fillers [33].

The g* has an important influence on the cell

growth. If the g* is too low, the phenomenon of cell

mergence and cell rupture would be aggravated and

the blowing agent in the foaming system would

escape, leading to high density and low VER. If the g*
is too high, the cell growth would be hindered

greatly, resulting in the decrease in cell size [34].

Figure 5a shows the relationship between g* of vari-
ous PLA samples and x. In Fig. 5a, all the four PLA

samples (pure PLA, PLA/HG, CPLA and CPLA/

HG) exhibited typical shear-thinning phenomenon of

pseudoplastic fluid in the range of x from 0.1 to

100 rad/s. The g* of CPLA and CPLA/HG was much

higher than that of pure PLA and PLA/HG, indi-

cating that the addition of the CE had a significant

effect on increasing the g* of PLA, especially at low x.
This was mainly because the formation of branching

structures increased the relaxation time and viscosity

of PLA [35].

The relationship between G0 of various PLA sam-

ples and x is represented in Fig. 5b. The G0 could

reflect the melt elasticity of polymer, which was one

of the important indexes to measure the melt strength

and foamability of polymer. The bigger the G0, the

better the melt elasticity and melt strength were, the

higher the foamability was [36]. In Fig. 5b, the G0 of

CPLA and CPLA/HG was higher than that of pure

PLA and PLA/HG, especially in the low x regions,

suggesting that a longer relaxation mechanism exis-

ted [37]. The branching molecular chains in CPLA

and CPLA/HG could be easily entangled with their

surrounding other PLA molecular chains. These

entanglement points could be acted as temporary

cross-linking sites to improve the elasticity of PLA

melt [38]. Similar shear rheological behaviors were

found in other branching PLA system [39]. Besides

that, it could be also found in Fig. 5a, b that com-

pared with pure PLA and CPLA, both g* and G0 of

PLA/HG and CPLA/HG increased. This maybe

because the introduction of HG hindered the motion

of PLA and CPLA molecular chains as well as the

hydroxyl groups on the HG reacted with the

remaining epoxy groups on CPLA in CPLA/HG

system.

In Fig. 5c, it could be seen that the big peak of

mechanical loss appeared at the x around 1 rad/s in

the tan d curves of pure PLA and PLA/HG, respec-

tively. The tan d of CPLA and CPLA/HG decreased

gradually as the x increased, indicating their

mechanical loss peaks at the low x, at least below

0.1 rad/s. The lower the x at the mechanical loss

peak, the longer the relaxation time was. After the

addition of CE, the tan d of CPLA and CPLA/HG

was much lower than that of pure PLA and PLA/

HG, suggesting that the elastic response became fast,

the viscous dissipation decreased gradually and thus

the foamability was enhanced [39]. This could be

attributed to the fact that the formation of branching

structures enhanced the number of entanglements

between PLA molecular chains. These entanglements

could be acted as physical network points to enhance

the melt elasticity of CPLA and CPLA/HG [37].

The dispersion of HG in PLA matrix

For polymeric composites, the dispersion of fillers is

vital to the properties of final product [40]. The dis-

persion status of HG in PLA/HG and CPLA/HG was

observed by TEM. Figure 6a, b represents the TEM

images of PLA/HG and CPLA/HG, respectively. In

Fig. 6a, some HG aggregation of could be seen,

indicating the poor dispersion of HG in PLA matrix.

As comparison, after HG was added into PLA matrix

during the chain extension, the size of HG aggrega-

tion decreased and the number of small HG aggre-

gation increased, indicating that the aggregation of

J Mater Sci (2019) 54:3863–3877 3869



HG in PLA matrix released (Fig. 6b). The reason may

be that the hydroxyl group on HG reacted with the

epoxy group on CE during the chain extension, and

HG was indirectly connected with the molecular

chains of CPLA, which was helpful for the good

dispersion of HG in CPLA matrix.

Foaming properties

Because the transition temperature from microcellu-

lar to nanocellular structure in pure PLA foams and

PLA/HG foams had a large different from that in

CPLA foams and CPLA/HG foams, all the four PLA

foams (pure PLA foam, PLA/HG foam, CPLA foam

and CPLA/HG foam) were divided into two cate-

gories for discussion. One was the pure PLA foams

and PLA/HG foams at the foaming temperature of

140 �C and 135 �C, respectively. The other was CPLA

foams and CPLA/HG foams at the foaming temper-

ature of 135 �C and 130 �C, respectively.
Figures 7 and 8 show the cellular morphology and

cell number frequency distribution of pure PLA

foams and PLA/HG foams at the foaming tempera-

ture of 140 �C and 135 �C, respectively. The corre-

sponding cellular parameters of pure PLA foams and

PLA/HG foams are summarized in Table 3.

Figure 5 Dynamic shear

rheological properties of

various PLA samples versus x
at the temperature of 190 �C:
a g*, b G0, c tan d.

Figure 6 TEM images of

PLA/HG (a) and CPLA/HG

(b).
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It could be found in Fig. 7 and Table 3 that

microcells appeared in pure PLA foam and PLA/HG

foams at 140 �C. When the foaming temperature

decreased from 140 to 135 �C, an obvious transition

from microcells to nanocells in pure PLA foams and

PLA/HG foams was observed. For pure PLA foams,

Figure 7 SEM images of the

cellular morphology of various

PLA foams: a pure PLA foam,

140 �C; b PLA/HG foam,

140 �C; c pure PLA foam,

135 �C; d PLA/HG foam,

135 �C.

Figure 8 Cell number

frequency distribution of

various PLA foams: a pure

PLA foam, 140 �C; b PLA/

HG foam, 140 �C; c pure PLA

foam, 135 �C; d PLA/HG

foam, 135 �C.
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the average cell size was 440 ± 247 nm, the density

was about 5.77 9 1012 cells/cm3, and the VER was

1.51 ± 0.31 times. When HG was added into PLA, the

average cell size of PLA/HG foams decreased to

400 ± 222 nm, their cell density and VER increased

to 5.95 9 1012 cells/cm3 and 1.73 ± 0.14 times,

slightly and respectively. This should be attributed to

the heterogeneous nucleating effect of HG for the cell

nucleation and the crystallization nucleation as well

as the improvement of the rheological properties of

PLA by the addition of HG [41–43].

Compared with those of pure PLA foam and PLA/

HG foam prepared at 140 �C, the cell size and VER of

pure PLA foam and PLA/HG foam decreased and

their cell density increased, respectively, at the

foaming temperature of 135 �C. This was because

with the foaming temperature decreasing, the vis-

cosity of PLA increased, which was helpful for

restricting cell growth and mergence as well as result

in small cell, high cell density and low VER [44].

Foaming temperature had a significant effect on tai-

loring the cellular structure and foaming properties

of semi-crystalline polymer, especially for the gen-

eration of nanocellular foams [45].

The cell number frequency distribution of pure

PLA foams and PLA/HG foams at 140 and 135 �C is

shown in Fig. 8. It could be found that the addition of

HG had little effect on the cell size distribution of

pure PLA foam and PLA/HG foam. However,

foaming temperature had a great influence on the cell

size distribution of pure PLA foam and PLA/HG

foam, which was mainly related to the changes of

viscoelasticity.

Figures 9 and 10 illustrate the SEM micrographs

and cell number frequency distribution of CPLA

foams and CPLA/HG foams at the foaming temper-

ature of 135 �C and 130 �C, respectively. The corre-

sponding cellular parameters of CPLA foams and

CPLA/HG foams are displayed in Table 4.

It could be seen from Fig. 9 and Table 4, with the

foaming temperature of 135 �C, the cell size of CPLA

foam and CPLA/HG foam were in microcellular

rank. When the foaming temperature decreased from

135 to 130 �C, a similar transition from microcells to

nanocells occurred in CPLA foams and CPLA/HG

foams. Especially, the cell size of CPLA/HG foams

could reach 350 ± 247 nm. At the same time, the cell

density of CPLA foams and CPLA/HG foams

increased largely and their VER decreased for several

times. The VER of various PLA foams exhibited great

sensitivity as a function of temperature, obviously

due to their viscosity, and therefore matrix stiffness

was more sensitive to temperature (Fig. 11). Similar

phenomenon was found in other study [15]. After the

introduction of HG into PLA matrix, it could be

observed in Table 4 that the change trend on the cell

size, cell density and VER in CPLA foam and CPLA/

HG foam were similar to those of pure PLA foam and

PLA/HG foam, because HG could be served as the

heterogeneous cell nucleation point.

It could be found in Fig. 10 that the addition of HG

in CPLA/HG foams had a little influence on the cell

size distribution but decreasing foaming temperature

had a great effect on the cell size distribution.

In order to investigate the effect of chain extension

on the cellular parameters and cell size distribution,

the four PLA foams prepared at 135 �C were chosen

and employed to study. As shown in Tables 3 and 4,

when the foaming temperature was 135 �C, CPLA

foam and CPLA/HG foam had larger cell size, lower

cell density and higher VER than pure PLA foam and

PLA/HG foam. The main reason was that the melt

strength of PLA was improved by the formation of

branching structure. In the process of cell growth, the

foaming agent escaped slowly and the cells had suf-

ficient time to grow or merge, leading to large cell

size and high VER. After the addition of CE, the cell

size distribution of PLA became broad significantly.

Similar phenomenon was observed in our previous

study [46].

Table 3 The cellular

parameters of pure PLA foams

and PLA/HG foams at 140 �C
and 135 �C, respectively

Sample name Cell size (nm) Cell density (cells/cm3) VER

140 �C
Pure PLA 1.07 9 103 ± 0.51 9 103 1.19 9 1012 3.65 ± 0.23

PLA/HG 1.04 9 103 ± 0.70 9 103 1.89 9 1012 6.30 ± 0.17

135 �C
Pure PLA 440 ± 247 5.77 9 1012 1.51 ± 0.31

PLA/HG 400 ± 222 5.95 9 1012 1.73 ± 0.14
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Figure 9 SEM images of the

cellular morphology of various

PLA foams: a CPLA foam,

135 �C; b CPLA/HG foam,

135 �C; c CPLA foam,

130 �C; d CPLA/HG foam,

130 �C.

Figure 10 Cell number

frequency distribution of

various PLA foams: a CPLA

foam, 135 �C; b CPLA/HG

foam, 135 �C; c CPLA foam,

130 �C; d CPLA/HG foam,

130 �C.
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Foaming mechanism

According to the classical cell nucleation theory, the

cell nucleation of polymer foams could be divided into

homogeneous nucleation and heterogeneous nucle-

ation [47]. Homogeneous cell nucleation would hap-

pen when sufficient dissolved blowing agent gas

formed clusters for a long enough time to make a

critical cell radius. Heterogeneous cell nucleation was

the most common type of cell nucleation for polymer

foam, which was generally generated at the interface

between the additive or second polymer phase and the

matrix phase. The presence of the interface could

reduce the activation energy for acquiring a stable cell

and increase the number of cell nucleation points.

Figure 12 demonstrates the schematic diagram for

the cell formation of the four PLA foams. For the cell

nucleation process, since the foaming temperature

was constant and slightly lower than Tm, numerous

Table 4 The cellular

parameters of CPLA foams

and CPLA/HG foams at

135 �C and 130 �C,
respectively

Sample name Cell size (nm) Cell density (cells/cm3) VER

135 �C
CPLA 4.03 9 103 ± 2.59 9 103 2.74 9 1011 25.00 ± 0.39

CPLA/HG 2.91 9 103 ± 1.60 9 103 3.73 9 1011 25.20 ± 0.35

130 �C
CPLA 530 ± 380 1.81 9 1012 2.72 ± 0.10

CPLA/HG 350 ± 247 1.76 9 1013 3.71 ± 0.16

Figure 11 g* of various PLA samples at 0.1 rad/s as a function of

foaming temperature (130, 135 and 140 �C). The inset shows the

g* measured at 135 and 140 �C.

Figure 12 The cell formation

schematics of the four PLA

foams.
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relative perfect spherocrystals in PLA matrix would

not be melt, acting as the cell nucleation points. Some

cells would be generated at the interfaces between the

crystalline region and amorphous region in the four

PLA foams. On the other hand, some HG reserved

possibly in the amorphous region of PLA/HG or

CPLA/HG, and some cells may occur at the inter-

faces between PLA matrix and HG. For the cell

growth and stabilization process, the immediately

cooling after depressurization and the presence of

numerous crystalline regions would limit the cell

growth, resulting in nanocellular or microcellular

PLA foams.

Conclusion

In this paper, CE and HG were introduced into PLA

through melt blending method to improve the crys-

tallization behaviors, rheological properties and

supercritical CO2 foaming performance of PLA. An

interesting phenomenon was observed in DSC results

that the Tcc of PLA/HG was slightly higher than that

of pure PLA, but the Tcc of CPLA/HG was greatly

higher than that of CPLA, due to the strong interac-

tion between CPLA and HG. Compared with other

PLA samples, many but small spherocrystals were

observed in the POM image of CPLA/HG. The TEM

observation displayed that after HG was added into

PLA matrix during the chain extension, HG aggre-

gation became numerous and small.

Nanocellular PLA foams were fabricated success-

fully using a facile batch foaming method with con-

stant foaming temperature slightly lower than Tm. The

transition temperature from microcells to nanocells in

various PLA foams was confirmed. The foaming

parameters of CPLA/HG foam fabricated at 130 �C
were optimum, its cell size could reach 350 ± 247 nm

as well as its cell density and VER were 1.76 9 1013 -

cells/cm3 and 3.71 ± 0.16 times, respectively. Com-

pared with the addition of HG, foaming temperature

and chain extension had a significant influence on the

cell size distribution of PLA foams.
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