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Abstract Solid heat-expandable foam precursors were

prepared by impregnating melt-blended poly(D,L-lactide)

(PDLLA)-poly(methyl methacrylate) (PMMA) blends with

liquid carbon dioxide (CO2). The phase behavior of these

blends was strongly dependent on the processing steps, but

impregnation with liquid CO2 led to phase separation

regardless of the prior thermomechanical history, and

crystallization in blends containing a low-D grade of

PDLLA suppressed subsequent expansion. On the other

hand, blends containing nominally amorphous high-D

PDLLA were found to be unstable with respect to expan-

sion under ambient conditions when saturated with CO2. It

was therefore necessary to reduce the overall CO2 content

by allowing it to desorb partially at 10 �C immediately

after impregnation. Under these conditions, the amorphous

PDLLA-50 wt% PMMA precursors were stable at ambient

temperature and pressure, and showed peak expansion

ratios at significantly higher temperatures than pure

PDLLA, thanks to the increase in effective glass transition

temperature with increasing PMMA content. It was hence

demonstrated that blending with PMMA may provide a

convenient means of tailoring the process window for heat-

expandable polylactide foams, as well as improved heat

stability.

Introduction

Polylactide (PLA) is a generic term for a range of

biodegradable amorphous and semicrystalline aliphatic

polyester thermoplastics derived from annually renewable

sources of biomass, which have attracted widespread

attention as a sustainable alternative to petroleum-based

polymers [1]. There has consequently been substantial

effort to develop PLA foams using environmentally

friendly physical blowing agents such as CO2 as a

replacement for expanded polystyrene (EPS) [2]. The range

of application of PLA nevertheless remains limited by its

relatively poor thermal resistance and long-term durability.

Its glass transition temperature, Tg, and heat deflection

temperature in the amorphous state of about 60 and 50 �C,
respectively, are significantly lower than those of PS, for

example. Various means of improving the thermal prop-

erties of PLA have been considered, including stereo

complexation [3], copolymerization, and blending [4].

Blending with one or more relatively high Tg polymers is

potentially a particularly straightforward and effective way

to tailor the glass transition, provided that the different

blend components show adequate compatibility and phys-

ical characteristics [5, 6]. One promising candidate for

blending with PLA is atactic poly(methyl methacrylate)

(PMMA), which is an inexpensive amorphous thermo-

plastic with a Tg typically around 110 �C, depending on its

comonomer content and tacticity. While the behavior of

PLA–PMMA blends may vary significantly with molar

mass, degree of crystallinity, and processing conditions,

they have been demonstrated from calorimetric data to

show at least partial miscibility and a composition depen-

dent Tg [6–15]. Moreover, the solubility of CO2 in PLA–

PMMA blends under both sub-critical and super-critical

conditions is known to be sufficient to permit its use as a
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physical blowing agent for the preparation of low-density

foams [11, 16].

The present work stems from our specific interest in the

use of liquid CO2 to prepare PLA–PMMA foam precursors

in the form of pellets or granules that are sufficiently stable

to allow straightforward handling under ambient condi-

tions, but expand on heating to an adjustable process

temperature of around 100 �C to form low-density foams

with a significantly higher Tg than unmodified PLA foams.

The ultimate aim is to develop sustainable alternatives to

EPS suitable for integration into a batch process for the

production of foam-core particleboard sandwich structures,

which requires not only a foam core with adequate thermal

stability, but also a good match between the expansion

temperature and the optimum consolidation temperature of

the particleboard facings. In what follows, we describe

(i) the preparation of model PLA–PMMA foam precursors

by melt blending, followed by impregnation with liquid

CO2 based on the literature procedures developed for PLA

[2, 17]; and (ii) preliminary studies of the thermally

induced foaming behavior of these precursors and the

characteristics of the resulting foams.

Experimental

Two different commercial grades of poly(D,L-lactide)

(PDLLA), whose density is about 1.25 g/cm3 in the

amorphous state [1], were obtained in pellet form from

NatureWorks LLC and will be referred to in what follows

as PLA1 and PLA2. PLA1 (weight average molar mass,

Mw = 158,000 g/mol) contained 1.6 % D-isomer and was

nominally semicrystalline, while PLA2 (Mw = 320,000 -

g/mol) contained 11.6 % D-isomer and was nominally

amorphous, although it is known to show limited crys-

tallinity, e.g., after prolonged annealing at temperatures

immediately above Tg. An injection molding grade of

atactic PMMA (density 1.19 g/cm3,Mw & 100,000 g/mol)

was provided by Evonik Industries AG in pellet form. Tg
was determined by differential scanning calorimetry (DSC,

TA Instruments Q100) heating scans at 10 K/min on

5–6 mg specimens to be 61.0, 58.3, and 110.3 �C for

PLA1, PLA2, and the PMMA, respectively, and the peak

melting temperature (Tm) of the as-received PLA1 was

172.1 �C. 99.5 % pure CO2 from Carbagas AG was used as

the blowing agent, and a general-purpose grade of talc

from Fisher Scientific was used as a nucleating agent for

the foaming studies.

A twin-screw extruder equipped with a pelletizer (Prism

TSE 16, Thermo Electron Corporation, 16 mm barrel

diameter, L/D ratio of 15:1) was used to prepare PDLLA–

PMMA blends with different compositions. The feed, melt,

and metering temperatures were set to 190, 220, and

210 �C, respectively, and the screw speed was approxi-

mately 30 RPM. Prior to processing, the PDLLA was dried

overnight at 40 �C in a vacuum oven, and the PMMA was

dried for at least 2 h at 90 �C in a convection oven. After

blending and pelletizing, the blends were stored in a freezer

at -20 �C.
The as-received and blended pellets were dried and

compression molded into 1-mm-thick disks with a diameter

of 25 mm using a hot press (Fontijne TP 50 with

255 9 255 mm2 heating platens). In each case, the pellets

were placed between polyimide release films in a stainless

steel mold and held at 200 �C for 5 min. A nominal

hydraulic force of 6 kN, equivalent to a pressure of

0.25 MPa, was then applied at the same temperature for a

further 5 min, after which the platens were cooled under

pressure to room temperature over approximately 15 min

using the integrated water cooling system. 0.5–0.6-mm-

thick films were prepared for dynamic mechanical analysis

(DMA, TA instruments Q800) using the same procedure.

Strips cut from the films were subjected to heating scans

from 25 to 150 �C at 3 K/min with a 0.05 % sinusoidal

deformation in tensile mode at a frequency of 1 Hz.

Impregnation of the compression-molded disks with

liquid CO2 was carried out at approximately 5 MPa and

10 �C using a high-pressure chamber from Autoclave

France equipped with a cooling system. After the required

impregnation time had elapsed, the pressure was released at

a rate of 0.01 MPa/s in each case. After depressurization,

certain specimens were immediately transferred to a high

precision balance, and the mass loss due to desorption of

the CO2 was monitored as a function of time at 21 �C [17].

The impregnated disks were foamed by immersing them

in a thermostatically controlled silicone oil bath, where

they were allowed to undergo free expansion and equili-

brate at the temperature of the bath. The resulting mor-

phologies were investigated by scanning electron

microscopy (SEM, Philips XLF30-FEG operated at

between 1 and 3 kV), and the corresponding mechanical

response was evaluated from DMA heating scans on 4–8-

mm-sided cubic blocks cut from the foams (scanning range

25–150 �C at 3 K/min with a 0.05 % sinusoidal deforma-

tion in compression mode at a frequency of 1 Hz). The

foam density was estimated directly from the mass of these

blocks.

Results and discussion

Thermal and mechanical properties of the blends

All the compression-molded, extruded, and injected spec-

imens were suggested by DSC heating scans from 20 to

230 �C at 10 K/min to be substantially amorphous, in so
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far as the net enthalpy changes in this temperature range

were very much less than the reported heat of fusion of

fully crystalline poly-L-lactide of 93 J/g [18]. PLA1 nev-

ertheless showed a pronounced cold crystallization exo-

therm with a peak at about 113 �C, followed by a melting

endotherm with a peak at about 170 �C, and approximately

the same area as the crystallization peak. As seen from

Fig. 1a, the as-blended PLA1-20 wt% PMMA pellets also

underwent cold crystallization during the heating scans, in

this case with an exothermic peak at about 146 �C, and a

melting peak at close to 169 �C. However, while a slight

endotherm persisted in PLA1-40 wt% PMMA, there was

no evidence of cold crystallization under these conditions

at higher PMMA contents.

The data in Fig. 1 also suggested the presence of two glass

transitions during the first DSC heating scan of the as-ex-

truded blends, whose estimated mid-point temperatures are

given in Table 1 as Tg1 and Tg2, with the subscript 2 denoting

the higher transition temperature. The blends with the lowest

PDLLA contents showed an endothermic peak immediately

above Tg1, which was attributed to physical aging, and may

have masked a second glass transition in certain cases.

However, a single, albeit relatively broad glass transition

was observed in all the blends during subsequent cooling at

10 K/min from 230 to 20 �C, as well as in the following

second heating scan. As seen from Fig. 2, where the

identifiable Tg have been plotted as a function of the PMMA

content, the transition temperatures, Tg12, measured from the

second heating scan were intermediate between Tg1 and Tg2.

For both PLA1 and PLA2, Tg1 showed a small but

significant increase over the Tg of the pure PDLLA as the

PMMA content increased, and Tg2 increased by around

30 K as the PMMA content was raised from 40 to 100

wt%, indicating partial miscibility in the as-extruded

specimens [19]. On the other hand, the observation of a

single Tg on cooling from 230 �C and during the second

heating scan was suggestive of complete miscibility in each

case, the evolution of Tg12 with PMMA content indicating

strong plasticization by the PDLLA over the whole com-

position range. Following Herrera et al. [20], this plasti-

cizing effect could be accounted for empirically using the

Breckner equation for a two-component blend [21]:

Tg /ð Þ ¼ TgA

þ TgB � TgA
� �

1þ k1ð Þ/� k1 þ k2ð Þ/2 þ k2/
3

� �
;

ð1Þ

where / is the volume fraction of component B (the

PDLLA in this case), with k1 = -0.9 and k2 = 0.4, as

shown in Fig. 2.

These results are at least qualitatively consistent with

literature results for PLA–PMMA with comparable Mw

Fig. 1 First and second DSC

heating scans of the as-blended

a PLA1–PMMA blends and

b PLA2–PMMA blends; c DSC

heating scans from impregnated

compression-molded disks after

impregnation for 3 h in liquid

CO2 at 5 MPa and 10 �C,
followed by complete

desorption of the CO2
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after thermal cycling [12, 14, 15], for which it has been

suggested that there exists an upper critical solution tem-

perature (UCST) in excess of 200 �C, depending on the

molar mass, composition, and tacticity, such that initially

phase-separated blends show a single, broad calorimetric

Tg after heating to above the UCST [12, 13]. A broad

calorimetric glass transition may nevertheless correspond

to distinct effective glass transitions associated with

intrinsic variations in the local composition, as has been

demonstrated for a range of miscible amorphous polymers

by, e.g., thermally stimulated depolarization current

experiments [20, 22]. Estimates of the effective local Tg for

the PDLLA- and PMMA-rich regions of the specimens

showing a single calorimetric Tg are also included in

Fig. 2, assuming the same mixing rule as for Tg12 (Eq. 1)

but by replacing the global concentration by the local ‘‘self-

concentration,’’ following [20] (the characteristic ratios,

C?, were taken to be 11.7 and about 9 for PDLLA [23] and

atactic PMMA [24], respectively). The Tg1 and Tg2 of the

as-extruded blends were generally well outside this

Table 1 Thermal transition

temperatures (±0.5 K) and

heats of fusion, DH, determined

by DSC for the different PLA–

PMMA blends

wt% PMMA Tg1 (�C) Tg2 (�C) Tg12 (�C) Tma (�C) Tmb (�C) DH (J/g)

Extruded PLA1–PMMA

0 60.6 169.9 32.6

20 61.0 – 61.0 170.1 166.2 8.0

40 62.5 77.4 66.1 168.6 168.6 0.5

60 68.0 83.7 73.3 – – –

80 71.2 92.4 88.7 – – –

100 110.0 – – –

Extruded PLA2–PMMA

0 58.4 – – –

20 60.3 – 59.7 – – –

40 60.9 78.1 63.3 – – –

60 66.5 81.6 72.3 – – –

80 71.5 95.7 93.1 – – –

100 110.0 – – –

Compression-molded PLA1–PMMA

0 60.6 169.4 29.0

20 58.6 – 617 167.0 165.8 17.0

40 62.8 82.7 65.2 167.2 – 1.7

60 73.4 – 75.5 – – –

80 – 95.2 88 – – –

100 109.6 – – –

Compression-molded PLA2–PMMA

0 57.5 – – –

20 55.3 – 58.3 – – –

40 61.0 84.5 63.3 – – –

60 68.9 – 72.8 – – –

80 – 88.3 92.7 – – –

100 109.6 – – –

Compression-molded PLA1–PMMA after impregnation

20 56.3 – – 169.5 29.5

40 55.6 103.6 – 165.9 20.9

60 58.9 104.7 – 162.8 13.4

80 60.5 105.9 – 159.6 4.9

Compression-molded PLA2–PMMA after impregnation

20 57.9 89.8 – – –

40 56.3 94.1 – – –

60 59.2 103.6 – – –

80 60.2 109.8 – – –
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envelope at intermediate compositions, confirming

macroscopic phase separation to have taken place.

It follows that the present melt blending procedure, for

which the extrusion temperatures (maximum 220 �C) and
drying conditions were chosen to limit degradation of the

PDLLA, was inadequate to give homogeneous blends and,

similarly, double glass transitions persisted in the molded

specimens (Table 1). For comparison, Samuel et al. [15]

have reported melt blending with an extrusion temperature

of 210 �C to give homogeneous blends between PLA with

Mw = 218,000 g/mol and PMMA with Mw in the range

92,000–97,000 g/mol. However, they also found phase

separation in solvent cast specimens to be irreversible even

after heating to 250 �C, implying shear deformation during

the extrusion process to be an important factor for the

effective miscibility of PLA–PMMA blends. It would

therefore be of interest to carry out more systematic studies

of the influence of the initial processing conditions on

phase separation in the present case. However, in view of

the effect of the subsequent CO2 impregnation step to be

discussed below, this was not of immediate practical con-

cern for the preparation of the foam precursors.

DMA results are shown in Fig. 3 for compression-

molded films of the pure resins and PDLLA-50 wt%

PMMA. The a transition temperatures, Ta, defined as the

temperature of the main peak in tan d were 86.9 and

85.8 �C for PLA1-50 wt% PMMA and PLA2-50 wt%

PMMA, whereas the Ta were 69.4, 70.6 ,and 126.2 �C for

PLA1, PLA2 ,and PMMA, respectively. PLA1 also showed

a marked increase in storage modulus above about 90 �C
owing to cold crystallization, but this effect was absent for

PLA1-50 wt% PMMA. Consistent with the observation of

two glass transitions at 65.5 and 85.1 �C in DSC scans of

the films, the DMA transitions for the PLA1-50 wt%

PMMA and PLA2-50 wt% PMMA showed relatively small

step-like drops in storage modulus at about 67 and 65 �C,
respectively, followed by a more substantial decrease as the

temperature increased further.

CO2 impregnation and desorption behavior

Because the CO2 content stabilized in all the materials for

impregnation times in liquid CO2 at 5 MPa and 10 �C
longer than about 3 h, it was assumed to have reached

saturation under these conditions, implying equilibrium

CO2 contents of about 0.27, 0.42, and 0.27 g/g for neat

PLA1, PLA2, and PMMA, respectively. High CO2 contents

are predicted to reduce Tg of PLA to well below the

impregnation temperature of 10 �C [17, 25], facilitating

crystallization, and the degree of crystallinity of initially

amorphous specimens of PLA1 has been found to be about

34 wt% after impregnation [17, 26]. The difference in the

equilibrium CO2 contents of PLA1 and PLA2 may there-

fore be accounted for by assuming the CO2 to be insoluble

in the crystalline phase and a simple rule of mixtures. Gas

solubility in polymer blends is also expected to follow a

simple rule of mixtures [27], as borne out in the present

case by the data in Fig. 4. Indeed, the overall equilibrium

CO2 content was roughly independent of composition in

the PLA1–PMMA blends, implying phase separation and

crystallization of the PLA1 over the whole composition

range (and a local CO2 content in the amorphous regions of

the PLA1 that significantly exceeded the global CO2

content).

As seen from Fig. 1c, DSC heating scans of the blends

after impregnation in liquid CO2 for 3 h, followed by

complete CO2 desorption (which could be achieved e.g., by

storage under ambient conditions for a minimum of 1 week

[17]), showed two well-separated glass transitions for all

the compositions investigated, and Tg1 and Tg2 were rela-

tively close to the Tg of the PDLLA and PMMA, respec-

tively (cf. Table 1), indicating significantly greater phase

purity than prior to impregnation. Moreover, all the PLA1–

PMMA blends showed a clear melting peak, with a single

maximum that decreased from 169.5 to about 159.6 �C and

a corresponding heat of fusion that decreased from 19.5 to

4.9 J/g as the PMMA content increased from 20 to 80 wt%.

Thus, the presence of the CO2 was confirmed to favor both

phase separation and crystallization in the blends at 10 �C,
consistent with the observed trends in the overall equilib-

rium CO2 content in Fig. 4.

Fig. 2 Tg of the blends estimated from the mid-points of the glass

transitions in Fig. 1 as a function of PMMA content. The solid curve

is a fit to the data from the second DSC heating scans using Eq. (1)

and the hatched curves are corresponding estimates of the effective

local Tg for the PLA- and PMMA-rich regions obtained as described

in the main text
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Figure 5 shows the CO2 content of the compression-

molded disks, expressed as the overall mass of CO2 per

unit mass of the un-impregnated specimens, as a function

of time at 21 �C after impregnation for 3 h in liquid CO2 at

5 MPa and 10 �C. The desorption rates from PLA1,

PMMA, and PLA1–PMMA at ambient temperature were

comparable, while the PMMA and the PMMA-rich blends

showed somewhat greater mass loss after short times; the

CO2 content decreased to about 0.15 g/g in all the speci-

mens after desorption for 1 h and little or no foaming was

observed during the measurements. As observed previously

[17], crystallization induced by the CO2 was therefore

sufficient to stabilize PLA1 with respect to foaming at

temperatures well below its melting point, and estimates of

Tg as a function of CO2 content [25] suggested the glass

transition of the PMMA not to decrease to substantially

below room temperature, even at saturation. On the other

hand, the amorphous PLA2 and its blends with PMMA

foamed spontaneously on heating to 21 �C after impreg-

nation, resulting in relatively rapid desorption of the CO2,

particularly at high PLA2 contents, where PLA2-rich

regions presumably formed a continuous phase. The blends

with intermediate compositions showed the lowest CO2

contents after desorption for 1 h, owing to both their

reduced overall CO2 contents at saturation and the effect of

foaming. Indeed, even PLA2-80 wt% PMMA showed

Fig. 3 DMA results from

compression-molded films

tested in tension: a storage

moduli and b tan d

Fig. 4 CO2 content of compression-molded disks immediately after

impregnation for 3 h in liquid CO2 at 5 MPa and 10 �C as a function

of their PMMA content

Fig. 5 CO2 content of compression-molded disks of a PLA1–PMMA and b PLA2–PMMA and the corresponding homopolymers as a function

of time under ambient conditions after impregnation for 3 h in liquid CO2 at 5 MPa and 10 �C
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significantly faster CO2 desorption than the pure PMMA

under these conditions.

Foaming behavior

Only PLA2, PLA2–PMMA, and PMMA were considered

for foaming tests, because crystallization of PLA1 and

PLA1–PMMA during impregnation tended to suppress

foaming not only at ambient temperature, but also in

temperature regimes of immediate interest for the direct

replacement of EPS. In order to promote relatively

homogeneous cellular structures at the scale of the speci-

men thicknesses, 1 wt% talc was included in the formu-

lations as a nucleation agent. Mineral fillers have been

reported to influence the mechanical properties of PLA [28,

29], but this level of loading did not result in significant

changes in either mechanical properties or CO2 transport in

the present case. As discussed in the previous section, the

amorphous PLA2 and PLA2–PMMA precursors saturated

with CO2 at 5 MPa and 10 �C became unstable with

respect to foaming on removal from the autoclave, because

of the associated reduction in Tg. It was therefore necessary

to modify the impregnation conditions so as to obtain a

CO2 content sufficient to give low-density foams on heat-

ing, but low enough to prevent room temperature foaming

[17, 30]. Following previous work, the CO2 content was

adjusted by partial impregnation in liquid CO2 at 10 �C and

5 MPa, followed by conditioning in air at 10 �C and at

ambient pressure, which served to homogenize the CO2

concentration in the specimen interior [17]. Thus,

impregnation for 30 min and conditioning for 2 h led to

overall CO2 contents of 0.17 and 0.13 g/g in PLA2 and

PLA2-50 wt% PMMA, respectively, whereas impregnation

for 2 h and conditioning for 2 h gave an overall CO2

content of about 0.08 g/g CO2 in the pure PMMA. For

comparison, 0.1 g/g of CO2 would ideally lead to a mini-

mum bulk foam density close to 20 kg/m3 assuming

expansion of the CO2 to take place entirely within the

foam.

Figure 6 shows the expansion ratio, q/q*, where q is the

matrix density and q* is the foam density, for the above

impregnation and conditioning treatments as a function of

the foaming temperature, along with SEM micrographs of

the resulting cell morphology. Consistent with its relatively

high initial CO2 content, PLA2 generally showed the

highest degree of expansion, with q/q* reaching a maxi-

mum of 56.9 (q* = 22 kg/m3), at 80 �C, falling off as the

temperature was increased further. Expansion was reduced

for PLA2-50 wt% PMMA owing to its reduced overall CO2

content, but the maximum in q/q* of 18.8 (q* = 67 kg/m3)

shifted to 100 �C. Similarly, PMMA showed a maximum

in q/q* of about 26.1 (q* = 46 kg/m3), at 130 �C.

For PLA2 and PMMA, the maximum in q/q* occurred at
about Tg ? 20 �C, where Tg is the glass transition temper-

ature in the absence of CO2 (Table 1). Tg1 and Tg2 were

estimated fromDSCheating scans (Fig. 7) to be about 64 and

96 �C, respectively, in PLA2-50 wt% PMMA after

impregnation and desorption of the CO2, although the glass

transitions were less well defined than for the fully impreg-

nated specimens (cf. Fig. 1c). Theweak endotherm visible at

123 �Cwas also present in DSC heating scans of pure PLA2

after partial impregnation in the presence of talc, and was

attributed to residual crystallization (this effect was less

evident in the neat PLA2, as seen from Fig. 1). The glass

transitions were even less well defined after foaming at

100 �C, as also shown in Fig. 7. In this case, the heat capacity
increased gradually over the whole of the temperature range

between about 60 and 110 �C, and the endotherm at 123 �C
was absent. Finally, a second heating scan of the foams after

cooling at 10 �C from 230 �C showed a single broad glass

transition centered on about 70 �C. While the relatively

complex thermomechanical history and non-uniform expo-

sure to CO2 of these specimens rendered detailed interpre-

tation of these results difficult, it is speculated that the high

strains associated with cell expansion may have promoted

homogenization of the matrix microstructures during high

temperature foaming, as has been suggested previously for

extrusion blending [15]. Certainly, the observation of a

maximum in q/q* at about 100 �C for the blends implied an

effective softening temperature intermediate between those

of the pure PLA2 and PMMA.

The SEM micrographs of the various PLA2, PLA2-50

wt% PMMA, and PMMA foams in Fig. 6b were generally

suggestive of a mixed open and closed cell morphology;

while closed cells appeared to dominate, certain cells were

connected via perforations in the cell walls. The apparent

maximum cell size increased as the foaming temperature

increased in both PLA2 and PLA2-50 wt% PMMA, a trend

that was attributed to increasing matrix softening and hence

increasing competition between cell growth and/or coa-

lescence, and cell nucleation, there being no simple cor-

relation between the cell sizes and the overall expansion

ratio. Moreover, at the highest foaming temperatures, sig-

nificant shrinkage was observed in the outer regions of the

foams subsequent to expansion, presumably because the

cell walls were no longer sufficiently rigid to prevent strain

recovery associated with the drop in CO2 pressure towards

the end of the expansion process. This led to both an

increase in the overall density and inhomogeneous

microstructures. The PMMA foams also showed a rela-

tively dense core, implying incomplete penetration of the

CO2 during the impregnation step [17].

The room temperature storage moduli of the foams, E0,
obtained from compressive DMA tests varied between 0.1

and 50 MPa depending on the foaming temperature and the

7214 J Mater Sci (2015) 50:7208–7217
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matrix, while the a transition temperatures corresponding

to the peak in tan d (Fig. 8) were broadly consistent with

the thermal behavior inferred from the DSC measurements,

and the DMA results for the matrices (Fig. 3). Thus, the

PLA2-50 wt% PMMA foams showed broad a-transitions
with an onset between 60 and 70 �C, but extending to well

above 100 �C, such that tan d reached a maximum at

temperatures between 80 and 90 �C, i.e., significantly

higher than for the PLA2 foams. Both the PLA2 and PLA2-

50 wt% PMMA foams showed significant shrinkage during

the measurements, particularly at the lowest foaming

temperature, 60 �C, which was reflected by an increase in

E0 as the temperature approached the onset of the a
transition.

Relative moduli, E0/ E0
m, where E0

m is the room tem-

perature tensile storage modulus of the corresponding

compression-molded specimens (Fig. 3), have been plotted

against q*/q in Fig. 9. Also shown are simplified Ashby-

type scaling laws for a closed-cell foam (linear dependence

on q*/q) and for an open-cell foam (quadratic dependence

on q*/q) [31]. The relative moduli were roughly consistent

with quadratic scaling, with the exception of the foams

produced at 100 �C, for which they were more than an

order of magnitude less than would be expected on this

Fig. 6 a Expansion ratio, q/q*

after free expansion of PLA2,

PMMA, and PLA2-50 wt%

PMMA in a silicone oil bath at

various temperatures and for the

impregnation/conditioning

conditions specified; b SEM

micrographs of the

corresponding foam

morphologies
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basis. However, as described above, relatively high foam-

ing temperatures resulted in inhomogeneous internal mor-

phologies, so that the overall foam densities were no longer

necessarily determinant for the observed compression

moduli.

Conclusion

It has been demonstrated that is possible to produce solid-

state foam precursors by melt blending of a commercial

amorphous high-D PDLLA and PMMA, followed by

impregnation with liquid CO2 and conditioning at ambient

pressure in order to adjust the overall CO2 content. These

precursors were shown to be stable with respect to both

foaming and short-term CO2 desorption at room tempera-

ture, but could be expanded to form foams with relative

densities down to about 0.05 by immersion in a silicon oil

bath at temperatures in the neighborhood of 100 �C. The
maximum extrusion temperatures for the blends were

limited to 220 �C in order to limit degradation of the

PDLLA, under which conditions they tended to show two

distinct Tg’s. Moreover, both DSC and DMA indicated

impregnation with liquid CO2 to result in marked phase

separation, obviating efforts to obtain homogeneous blends

by prior heat treatment. Even so, the present results indi-

cated that blending PDLLA with PMMA may provide a

relatively straightforward means of not only tailoring the

process window corresponding to foam expansion, but also

increasing the effective softening temperature of the

resulting foams. The use of a thermostatically controlled

silicon oil bath to initiate expansion in the present case was

chosen for convenience rather than to represent a practical

processing route, and therefore, no attempt was made to

optimize the foam microstructures with respect to blend

composition, molar mass, impregnation conditions, pre-

cursor geometry, additives, and foaming temperature, for

example. However, in ongoing work, we have been able to

demonstrate the suitability of granular amorphous PDLLA-

50 wt% PMMA precursors impregnated with liquid CO2

Fig. 7 DSC heating scans from PLA2-50 wt% PMMA after

impregnation for 30 min in liquid CO2 at 5 MPa and 10 �C and

conditioning for 2 h at ambient pressure and 10 �C, followed by

complete desorption of the CO2 at room temperature (solid curve);

impregnation and conditioning under the same conditions followed by

free expansion at 100 �C (hatched curves)

Fig. 8 DMA results from

a PLA2 and b PLA2-50 wt%

PMMA foams prepared at

different foaming temperatures

Fig. 9 Relative storage moduli for PLA2, PMMA and PLA2-50 wt%

PMMA foams prepared at different foaming temperatures as a

function of their relative density
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for the production of low-density foams using an open

hydraulic press in which the foaming temperature is con-

strained to be close to 100 �C. This will provide the focus

for our future efforts towards process optimization.
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