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Abstract

The overall aim of this work has been to develop sustainable solid thermally activated foam
precursors suitable for the in-line production of lightweight bio-based foam core sandwich
structures with consolidated wood particle facings, using a non-inflammable, non-VOC (volatile
organic compound) as a blowing agent. A preliminary study showed that expandable PLA
(polylactide)/CO; could be prepared by impregnation of PLA, a commercially available bio-based
polyester, with supercritical CO,. However, the high processing temperatures, 7, and pressures, P,
associated with supercritical conditions resulted in premature foaming during the depressurization
step, making it difficult to adapt this technique to the production of foam precursors in the
particleboard process. In this thesis, PLA-based foam precursors were therefore prepared using
impregnation in liquid CO, at moderate 7 and P. It was subsequently shown that the resulting
heat-expandable materials could be successfully implemented in a simple one-step batch process
for the manufacture of foam core particleboard, an important first step towards full

implementation in a continuous process at the industrial scale.

The first part of the study involved determination of the optimum conditions for the impregnation
of PLA with CO,, so as to prepare foam precursors that were not only stable with respect to
foaming at ambient 7 and P but also expanded readily at elevated 7. Absorption and desorption of
CO, from initially amorphous low and intermediate D-isomer content PLA was modeled using a
concentration, ¢, dependent diffusion coefficient, D[c], such that D[c]=D[0]exp[Ac]. The
empirical constants D[0] and A were obtained by modeling desorption results under various
conditions. It was hence shown that CO, uptake by PLA at about 5 MPa and 10 °C was associated
with a step-like concentration gradient, consistent with the morphologies observed in PLA
specimens treated with liquid CO, for different times and then foamed. Further evidence in
support of the model was obtained from observations of CO,-induced crystallization in low D-
isomer content PLA. The high melting temperature, 7,,, of around 170 °C of the resulting
crystalline phase nevertheless hindered subsequent foam expansion at 7 at and around 100 °C, i.e.
the range of T associated with the particleboard process, which is turn fixed by the evolution of

water vapor from the wood particles used to form the facings.

Crystallization could be avoided through use of fully amorphous PLA with an intermediate D-
isomer content. Indeed, the significant reduction in the glass transition temperature, 7y, in the
presence of high concentrations of CO,, meant that amorphous specimens saturated under the

chosen impregnation conditions, i.e. containing close to 40 wt% CO,, tended to foam



spontaneously at room temperature, which is inconsistent with the stability requirements of the
particleboard process. However, impregnation for a limited time, followed by partial CO,
desorption at low 7 under conditions that could be inferred directly from the diffusion model, was
shown to lead to solid foam precursors with a uniform CO, content of around 0.1 g/g. These were
not only stable at room temperature, but contained sufficient CO, for the production of low

density foams on heating.

The second part of the study was devoted to adjusting the thermal response of the precursors to
better match the process conditions associated with the particleboard process, which imposed an
expansion 7" of around 100 °C. This typically exceeded the effective 7, of the PLA/CO; by well
over 40 °C, resulting in foam collapse during consolidation of wood particle facings. Fully
amorphous PLA was therefore extrusion-compounded with poly(methyl methacrylate) (PMMA)
in order to increase its 7,. The T, of PLA-PMMA blends with a wide range of compositions was
measured by differential scanning calorimetric (DSC) and the evolution of the corresponding a-
transition was characterized by dynamic mechanical analysis (DMA). The uptake of liquid CO,
during impregnation at 10 °C and 5 MPa was found to be dependent on PMMA content, but the
subsequent desorption rates were comparable with those obtained for unmodified PLA. It was
consequently possible to adapt the impregnation and conditioning procedure developed for
unmodified PLA in order to prepare solid foam precursors from PLA-50 wt% PMMA blends,
whose T, better matched the processing window imposed by the particleboard process. The free
expansion behavior of these precursors was investigated systematically as a function of 7, and low
density foams were successfully produced at foaming 7 of the order of 100 °C, as required by the

particleboard process.

In a first attempt to produce fully sustainable foam precursors with comparable processing
characteristics to the PLA-PMMA blends, based on previous observations of improved foaming
characteristics in the presence of cellulose-based reinforcements during supercritical processing,
the fully amorphous PLA was extrusion compounded either microcrystalline cellulose (MCC) or
wood fiber (WF). In the present case, the high shear during processing broke up the WF
somewhat, and the presence of residual moisture may also have led to hydrolysis of the PLA.
Moreover, network formation and weak interfacial bonding as inferred from scanning electron
microscopy (SEM) was argued to lead to significantly increased CO, desorption rates at high
additive contents. It was nevertheless possible to obtain stable biocomposite foam precursors
using suitable impregnation conditions, and foaming experiments were accordingly performed at
different 7. While the compression modulus at 25 °C of the resulting foams increased
substantially as the additive content increased, severe shrinkage was observed during free

expansion at 100 °C. Based on the results of relaxation measurements on the various compounds
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and the predictions of the diffusion model, it was demonstrated that CO, retention times were too
low in this range of 7 to sustain foaming over the times necessary to obtain structures that were

stable with respect to viscoelastic recovery.

A possible way of stabilizing foam structures with respect to shrinkage was suggested to be to
adjust the D-isomer content of the PLA in order to promote strain-induced crystallization during
expansion, while reducing or suppressing crystallization during impregnation, which was shown
previously to hinder foaming at and around 100 °C. A range of PLA with different D-isomer
contents were therefore prepared by blending the low and intermediate D-isomer content PLA in
the extruder, and DSC measurements confirmed a systematic decrease in the tendency to
crystallize with increasing overall D-isomer content. Initially amorphous specimens of the blends
were impregnated with liquid in CO; as previously, and the free foaming behavior investigated for
fixed foaming times at different 7. The resulting foam structures were found to vary markedly
with the D-isomer content, 1.4 % D-isomer PLA showing limited expansion with a distinct
semicrystalline skin-foam core structure, while substantial shrinkage persisted at 9.05 and 11.6 %
D-isomer. However expansion of 3.95 % and 6.5 % D-isomer PLA at and around 100 °C resulted
in low density foams (< 100 kg/m®), whose stability with respect to shrinkage could be attributed

to strain-induced crystallization during the expansion step.

The final part of the work involved direct demonstration of the suitability of the various
precursors for one-step foam core particleboard production, based on a batch process developed at
Bern University of Applied Science (BUAS), Biel/Bienne, in which a layer of foam precursor was
placed between two layers of wood particle mixed with a standard adhesive. A hot press was used
to compress the resulting sandwich and consolidate the wood particle facings and then opened
slightly to permit expansion of the foam core. By systematically adjusting the platen 7, the
process time and subsequent cooling rate, it was shown that PLA-50 wt% PMMA pellets
impregnated with liquid CO; and conditioned to give a uniform CO; content of 0.12 g/g not only
permitted straightforward handling but led to low density foam core particleboard with well
consolidated wood particle facings and satisfactory adhesion between the facings and the PLA-
PMMA foam core. The PLA-PMMA foam core itself had a density of about 100 kg/m’ and
showed superior mechanical properties to those obtained with commercial EPS (expandable
polystyrene) foams with a comparable density, although limited adhesion at the boundaries of the
original PLA-PMMA precursor pellets was suggested to lead to mismatch between the tensile and
compression modulus of the PLA-PMMA foams. A first attempt was also made to use plaque-
shaped foam precursors prepared from a commercial grade of PLA with an overall D-isomer
content of 5 % and no additives. The 1 mm thick precursors, containing about 0.1 g/g of CO,,

showed easy handling at ambient 7 and P and highly promising foaming behavior, with little or
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no foam collapse during foaming in the press. However, severe delamination was observed
between the foam core and the wood particle facings owing to the lack of adhesion between the
relatively crystalline skin of the expanded precursors and the wood particles. However, it is
suggested that in future trials this problem may be overcome by incorporating an adhesive layer

e.g. of fully amorphous (high D-isomer content) PLA at the surface of the precursor plaques.

In conclusion, a solid heat expandable foam precursor for the one-step particleboard process,
based on a sustainable polymer matrix and a non-VOC blowing agent, has been successfully
demonstrated. The accomplishments of this work, namely the establishment of processing
windows for impregnation and in situ foaming of these materials under conditions consistent with
the particleboard process, are expected not only to provide a firm basis for further development of
a light weight particleboard process at the industrial scale, but also to open the way to further
applications in e.g. insulation and packaging, in which in situ foaming in an open press would

provide a simple means of producing lightweight PLA-based sandwich structures.
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Résumeé

Le but général de ce travail a été de développer un précurseur de mousse solide et durable, adapté
a la production en ligne de panneaux sandwich légers avec des revétements de bois aggloméré et
un cceur de mousse de polymeére. Ce précurseur doit étre activé thermiquement et incorporer un
agent moussant non combustible et non-VOC (composé organique volatil). Une étude
préliminaire a montré que du PLA (polylactide)/CO, expansible pouvait étre préparé par
imprégnation du PLA, un polyester bio-sourcé commercial, avec du CO; supercritique. Cependant,
les hautes températures, 7, et pressions, P, associées aux conditions supercritiques provoquaient
un moussage prématuré durant 1’étape de dépressurisation, rendant cette technique difficilement
adaptable a la production de précurseurs de mousse destinés a la fabrication de panneaux
sandwich. Dans cette thése, un précurseur de mousse, expansible a la chaleur, a donc été préparé
par imprégnation de PLA avec du CO; liquide a T et P modérées. Il a été démontré par la suite
que ce matériau pouvait étre intégré avec succes dans un procédé de fabrication en une seule étape
de panneaux de bois aggloméré a coceur de mousse. Cela représente un premier pas important vers

son implémentation dans un procédé continu a I’échelle industrielle.

La premicre partie de I’étude a été consacrée a la détermination des conditions optimales
d’imprégnation du PLA avec le CO,, afin de préparer des précurseurs stables par rapport au
moussage a T et P ambiantes, mais expansibles a haute 7. L’absorption du CO; par du PLA
initialement amorphe ayant une teneur en D-lactide faible ou intermédiaire, et sa désorption, ont
¢té modélisées en utilisant un coefficient de diffusion, D[c], dépendant de la concentration de telle
sorte que D[c]=D[0]exp[Ac]. Les constantes empiriques D[0] et A ont été déterminées en
modélisant la vitesse de désorption dans différentes conditions. II a été ainsi montré que
I’assimilation du CO; par le PLA & 5 MPa et 10 °C environ était associée a un gradient de
concentration sous forme de marche, ce qui était cohérent avec la morphologie de disques de PLA
immergés dans du CO, liquide pendant différentes durées, et moussés par la suite. D’autres
preuves a ’appui du modéle ont été obtenues a partir d’observations de la cristallisation induite
par le CO, dans des disques de PLA de faible teneur en D-isomére. Cependant, la haute
température de fusion, 7, d’environ 170 °C de la phase cristalline limitait 1’expansion ultérieure
du PLA aux T autour de 100 °C, c’est-a-dire la plage de T caractéristique du procédé de
fabrication de plaques de bois aggloméré, en raison de I’évaporation d’eau provenant des

particules de bois.

ix



La cristallisation pouvait étre évitée en utilisant du PLA totalement amorphe avec une teneur en
D-lactide intermédiaire. En effet, la réduction importante de la température de transition vitreuse,
T, en présence de concentrations élevées de CO,, impliquait que des disques de PLA saturés dans
les conditions d’imprégnation choisies, c’est-a-dire contenant prés de 40 wt% CO,, avaient
tendance a mousser de fagon spontanée a la température ambiante, et ainsi ne remplissaient pas les
besoins de stabilité du procédé de fabrication de bois aggloméré. Cependant, il a ét¢ démontré
qu’une imprégnation de courte durée, suivie d’une désorption partielle du CO, a basse T d’une
durée qui pouvait étre déduite directement du modele de diffusion, conduisait a des précurseurs de
mousse solides avec une teneur en CO, uniforme d’environ 0.1 g/g. Ces derniers n’étaient pas
seulement stables a la température ambiante mais contenaient également suffisamment de CO,

pour la production de mousses de faible densité par chauffage.

La deuxiéme partie de 1’étude était consacrée a une meilleure adaptation du comportement
thermique des précurseurs aux conditions de mise en ceuvre des revétements d’aggloméré, qui
imposaient une 7' d’expansion de 100 °C environ lors de la préparation des panneaux sandwich.
Cette T dépassait typiquement de plus de 40 °C la T, effective du PLA/CO,, provoquant un
affaissement de la mousse durant la phase de consolidation de I’aggloméré. Le PLA amorphe a
donc ¢été mélangé par extrusion avec du poly méthacrylate de méthyle (PMMA) afin d’en
augmenter la 7,. La 7, de mélanges PLA-PMMA avec une large gamme de compositions a été
mesurée par calorimétrie différentielle a balayage (DSC) et I’évolution de la transition o
correspondante a été caractérisée par analyse mécanique dynamique (DMA). Il s’est avéré que
I’assimilation du CO, liquide durant I’imprégnation a 10 °C et 5 MPa était dépendante de la
teneur en PMMA, mais les vitesses de désorption obtenues par la suite étaient comparables a
celles obtenues pour le PLA non modifié. Il a donc été possible d’adapter le procédé
d’imprégnation et de conditionnement développé pour le PLA non modifié, afin de préparer des
précurseurs a partir de PLA-50 wt% PMMA, dont la T, correspondait mieux a la fenétre de mise
en ceuvre imposée par les revétements d’aggloméré. L expansion de ces précurseurs a été étudice
systématiquement en fonction de 7, et des mousses de faible densité ont été produites avec succes

a 100 °C, conformément aux besoins du procédé de fabrication des panneaux sandwich.

Dans une premiére tentative de produire un précurseur de mousse entierement bio-sourcé avec des
caractéristiques de transformation comparables a celles des mélanges PLA-PMMA, et basé sur
I’observation antérieure que le moussage du PLA imprégné avec du CO; supercritique est
ameélioré par la présence de renforts cellulosiques, le PLA amorphe a ét¢ mélangé par extrusion
avec de la cellulose microcristalline (MCC) ou des fibres de bois (WF). Dans le cas présent, le
cisaillement ¢élevé durant 1’extrusion provoquait une dégradation mécanique importante des WF et

la présence d’humidité résiduelle conduisait vraisemblablement a I’hydrolyse du PLA. En outre,



la formation d’un réseau continu de contacts entre les fibres, et 1’adhésion faible aux interfaces
mise en évidence par microscopie ¢lectronique a balayage (SEM), provoquaient une augmentation
importante de la vitesse de désorption de CO; lorsque la teneur en renfort était élevée. Il a été
néanmoins possible d’obtenir des précurseurs de mousse bicomposite stables en utilisant des
conditions d’imprégnation et de conditionnement appropriées, et de procéder a des tests de
moussage a différentes 7. Tandis que le module de compression a 25 °C des mousses obtenues
augmentait considérablement avec le taux de renfort, une forte recouvrance élastique était
observée suite a I’expansion libre a 100 °C. Sur la base de mesures de relaxation sur les différents
mélanges et des prédictions du modele de diffusion, il a ét€ montré que les temps de rétention du
CO, étaient trop courts dans cette gamme de 7 pour permettre la stabilisation des mousses par

rapport a la recouvrance €lastique.

Il a donc été proposé de stabiliser les structures de mousse par rapport a la recouvrance en ajustant
la teneur en D-lactide du PLA de manicre a obtenir une cristallisation induite par déformation
pendant I’expansion, tout en réduisant ou en supprimant la cristallisation pendant 1’imprégnation,
qui avait pour effet de limiter le moussage a 7 autour de 100 °C comme il avait été démontré
auparavant. Des PLA contenant des taux de D-lactide différents ont donc été préparés en
mélangeant par extrusion un PLA de faible teneur en D-lactide et un PLA de teneur en D-lactide
intermédiaire. Des mesures de DSC ont confirmé une réduction systématique de la tendance a
cristalliser lorsque la teneur en D-lactide augmentait. Des disques préparés a partir de ces
mélanges, et initialement & 1’état amorphe, ont été imprégnés avec du CO, liquide et conditionnés
suivant la méthode établie précédemment, et leur expansion libre a été étudi¢e en fonction de T’
pour un temps d’expansion fixe. La structure des mousses obtenues variait sensiblement en
fonction de la teneur en D-lactide. Le PLA 1.4 % D-lactide montrait une expansion limitée avec
une structure cceur expansé-écorce semicristalline, tandis qu’a 9.05 et 11.6 % de D-lactide une
recouvrance importante était observée. Par contre, a 3.95 % et 6.5 % de D-lactide, le moussage a

100 °C conduisait a des mousses de faible densité (< 100 kg/m3) d’une stabilité accrue, attribuée

a une cristallisation induite par déformation pendant I’expansion.

La derniére partie du travail avait pour but une démonstration directe de la pertinence des
différents précurseurs développés au cours de ce travail a la production en une étape de panneaux
sandwich, basée sur un procédé développé par la Haute Ecole Spécialisée Bernoise (BUAS),
Bienne, dans lequel une couche de précurseur de mousse est placée entre deux couches de fibres
de bois mélangées avec un adhésif standard. Une presse chauffante a été utilisée pour comprimer
ce sandwich et consolider les revétements d’aggloméré. Ensuite la presse est 1égérement ouverte
pour permettre 1’expansion du cceur. En ajustant systématiquement la 7" du plateau, la durée de

I’étape de compression et la vitesse de refroidissement ultérieure, il a été montré que des granulés
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PMMA de PLA-50 wt%, imprégnés de CO, liquide et conditionnés afin d’assurer une teneur
uniforme en CO; de 0.12 g/g, non seulement étaient facile & manipuler, mais permettaient aussi la
fabrication de panneaux de faible densité avec des revétements d’aggloméré bien consolidés et
une adhésion satisfaisante entre les revétements et le coeur de mousse PLA-PMMA. Le cceur de
mousse PLA-PMMA lui-méme avait une densité d’environ 100 kg/m’ et possédait des propriétés
mécaniques supérieures a celles obtenues avec des mousses de EPS (polystyréne expansible)
commercial de densité comparable, bien que 1’adhésion plutot faible entre les granulés de PLA-
PMMA conduisait vraisemblablement a une disparité entre les modules de Young et de
compression de la mousse PLA-PMMA. Une premicre tentative a aussi été réalisée avec des
précurseurs de mousse sous forme de plaque préparés a partir d’un PLA commercial avec une
teneur en D-lactide de 5 % sans adjuvants. Les précurseurs, d’une €paisseur de 1 mm, contenant
environ 0.1 g/g de CO,, se sont révélés faciles a manipuler aux 7 et P ambiantes et avaient un
comportement trés prometteur au niveau du moussage, avec peu ou pas recouvrance élastique
dans la presse. Cependant, des délaminages importants entre le cceur de mousse et les revétements
d’aggloméré ont été observés en raison d’un manque total d’adhésion entre la peau relativement
cristalline des précurseurs expansés et les fibres de bois. Toutefois, il serait possible dans des
tentatives futures de surmonter ce probléme en incorporant une couche d’adhésif, p.ex. du PLA

totalement amorphe (d’une teneur en D-lactide plus élevée) a la surface des plaques du précurseur.

En conclusion, un précurseur de mousse solide et expansible a la chaleur, adapté a la fabrication
de panneaux sandwich en une seule étape, et basé sur une matrice de polymere durable et un agent
moussant non-VOC, a été démontré avec succeés. Les réussites de ce travail, a savoir la
détermination de fenétres de mise en ceuvre pour I’imprégnation et le moussage in situ de ces
matériaux dans des conditions représentatives de celles du procédé de fabrication des panneaux,
fourniront non seulement une base solide au développement futur de panneaux sandwich légers au
niveau industriel, mais ouvriront aussi la voie a des applications futures dans des domaines tels
que l’isolation ou I’emballage, ou le moussage in situ dans une presse ouverte serait un moyen

simple de produire des structures sandwich légere a base de mousse de PLA.

Mots-clés

Panneau d’aggloméré a cceur de mousse, procédé de moussage en ligne, précurseur de mousse,

fenétres de mise en ceuvre, polylactide, CO, liquide
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Chapter 1

Introduction

1.1 Motivation and challenges

Over the past few decades, an increased need for wood composites has emerged as a result of two
main driving forces: the demand for engineered wood products with characteristics superior to
those of solid timber and the desire to reduce raw materials costs. Wood-based composite panels
are widely used in the furniture, building and packaging industries. The densities of particleboard
(PB) and medium density fiberboard (MDF) are 550 - 650 and 550 - 800 kg/m®, respectively, but
the panel industry requires lighter materials for two main reasons: (i) a strong increase in wood
prices in recent years, as shown in Figure 1.1 [1], (ii) a need for easier handling and reduced
transport costs owing to the development of the take-away furniture market and trade via internet.
However, while many attempts to produce replacements for natural wood have achieved lower
densities [2—5], the mechanical properties of the resulting products typically do not reach the
levels associated with conventional particleboard, and the complex process steps tend to increase

production costs.

=100)

Index (January 2010

2010 2011 2012 2013 2014 2015

e Plywood Particle board ~— Fibreboard
Figure 1.1 Monthly price change for wood-based panels [1].
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The main purpose of the present research is to develop a novel sustainable foaming system for
lightweight foam core particleboard compatible with an in-line production process in which
foaming and consolidation of the particleboard take place in a single step. It is thus hoped to
achieve industrial viability through simplified manufacture and hence reduced production costs.
To accomplish this goal, new solid-state foam precursors based on a bio-sourced polymer matrix
and a non-VOC blowing agent have been investigated. Process windows have been defined for
the in situ foaming of these precursors during particleboard consolidation, enabling the
development of industrially viable lightweight particleboard through materials, process and

performance optimization.

This work is of both environmental and industrial interest, implying reduced consumption of
wood and fossil-based resources to give equivalent or superior properties. However, it has also
involved significant challenges. One of the most important of these is defining the composition of
precursor system. Sufficient amounts of blowing agent (BA) must be introduced into the
precursor matrix to ensure dense, homogeneous pore nucleation at the process temperature, but
the precursor should remain stable with respect to foaming and loss of the BA during storage and
handling. High solubility and low diffusivity of the BA in the matrix are therefore critical.
However, green BAs, e.g. water, N, and CO,, have poor solubility in most commercial plastics,
and high solubility may imply excessive softening of the matrix owing to plasticization effects.
The thermal properties of the matrix are also clearly of major importance for the heat resistance

and long-term stability of the final product.

1.2 Approach

As set out in Section 1.1, the objective of this thesis was to develop an ecologically friendly
foaming system for economically viable ultra-light foam-core particleboard production. The
production cost of the foam core precursor should ideally be below 2 €/kg for an overall panel
thickness of 13-19 mm [6], and the foaming step should be compatible with the conventional in-
line particleboard process. The foam precursor is therefore required to take the form of a solid
pellet or granulate. Moreover, to meet safety requirements and to satisfy the increasing demand

for sustainable technology, the foaming system should be based on a non-flammable, non-VOC



BA and a bio-sourced and/or biodegradable matrix. Pelletized poly(lactide) (PLA) based matrices
were initially chosen for study, modified by melt compounding where necessary. The BA was
CO,, introduced into the foam matrix in liquid form at 10 °C and 5 MPa, i.e. conditions of
relatively low temperature and pressure [7,8]. Foaming of expandable solid polymer precursors in
a semi-open mold for green foaming systems such as PLA/CO; has not so far been described in
any detail in the literature. A knowledge of the time-temperature-pressure dependence of the
solubility and diffusivity of the BA in the polymer matrix is particularly important for
determining the conditions under which foaming is likely to be possible for a given process and
process geometry. Understanding and defining process windows therefore necessitated careful
characterization of the matrix and its compatibility with BA. The concentration dependent
diffusion behavior of CO, in PLA has been modeled numerically, and the results validated

experimentally [8].

While it has been possible to adapt amorphous high D-isomer content PLA/CO, processing
methods to produce solid precursors that are compatible with the particleboard process, the
relatively low softening temperature of amorphous PLA severely limits its usefulness in structural
applications. Moreover, the processing window for the foaming of amorphous PLA in an open
press shows only limited overlap with those of typical skin layer materials, restricting both the
choice of these latter and the extent to which foaming conditions may be optimized. In a first
approach to overcoming these difficulties, blending with poly (methyl methacrylate) (PMMA) has
been investigated. PMMA has a significantly higher glass transition temperature, 7, than PLA,
and PLA/PMMA blends are known to be at least partly miscible [9]. The thermal, mechanical and
foaming behavior of a range of such blends has been studied, based on the same methodology as

for the pure PLA.

PMMA nevertheless has the disadvantage of being a synthetic petroleum-derived material. As an
alternative route to a fully sustainable PLA-based foam material with improved properties,
incorporation of natural cellulose fiber (wood fiber (WF) and microcrystalline cellulose (MCC))
has been investigated as a means of reinforcing the foam cell, as was demonstrated previously at

LTC by Boissard et al. for PLA foams prepared using a supercritical process [10].

The possibility of using crystallisable PLA with a low D-isomer content was also investigated,

given the superior heat resistance of this material compared with that of fully amorphous PLA. In



the open literature, low density foams have been demonstrated using PLAs with a range of
isomeric contents [11], but in the present case, premature crystallization during impregnation was
found to prevent expansion in the temperature range of interest for the particleboard consolidation.
The focus was therefore on the feasibility of obtaining semicrystalline PLA foaming precursors
whose processing windows matched those of a single step particleboard consolidation in a hot
press, via careful control of the degree of crystallinity at each processing step through a suitable

choice of D-content and processing parameters.

The final stage of the project was the optimization of the structure and physical properties of foam
core sandwich structures based on the various precursors by tailoring the process parameters, and
assessment of their potential for scale-up using a semi-industrial scale hot press under conditions
representative of the particleboard process. This part of the work was carried out in close

collaboration with the project partner, Bern University of Applied Science (BUAS).

1.3 Organization of this report

The organization of this thesis is shown schematically in Figure 1.2. Chapter 2, which describes
the state of the art, covers both foam core particleboard and processing of bio-based foam
materials. This provides the fundamental concepts required for subsequent chapters. The
experimental approach is defined in Chapter 3, along with the selected foam precursor materials
(polymers, blowing agent and fillers), and the processing and characterization techniques. The
diffusion behavior of CO, and the influence of crystallization on CO, diffusion are discussed
Chapter 4. Chapter 5 then describes the foaming behavior of PLA-PMMA blends. Efforts to
develop fully sustainable PLA biocomposite foams with cellulose based reinforcements and PLA
with controlled D-isomer contents are presented in Chapter 6 and Chapter 7, respectively. The
implementation of the materials in the particleboard process is described in Chapter 8 and, finally,

the overall conclusions and outlook are given in Chapter 9.
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Chapter 2
State of the art

This chapter begins with a short introduction to wood composites, for which efforts to achieve
low density wood composite panels are briefly surveyed, and foam core sandwich structures are
highlighted as one of the most promising routes to lightweight panels. This is followed by a
general discussion of polymer foaming, existing foam core particleboard technology and PLA
foaming. The aims of the chapter are to establish not only the significance of this thesis work, but
also the characteristics and processing windows of typical skin and core layer materials, providing
a foundation for the experimental approach to the development of novel foam core precursors,

including materials selection and process optimization, to be presented in subsequent chapters.

2.1 Introduction

Low-density wood composites

As briefly discussed in Section 1.1, there has been increasing interest in the development of
lightweight wood composites for a wide range of applications such as furniture, building and
packaging materials. A variety of techniques have been used in an attempt to produce cost
effective lightweight wood composites, for example, using alternative wood species or
agricultural residues [2,4,12], new adhesive systems, increased resin contents and optimized board
density profiles [3,13—-16]. Although the composites produced by the aforementioned methods
lead to significant density reductions, important properties such as the internal bond (IB) strength
and bending strength tend to be compromised. On the other hand, sandwich panels with faces
from thin particleboard or medium density fiberboard (MDF) and cores made from honeycomb
paper [5], very light wood species [12] or foams [17,18] have been demonstrated to meet many

property requirements while offering substantial weight reduction. However, high production
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costs owing to multiple production steps have restricted application of these materials. Recently,
in an effort to reduce costs, a novel one-step process for the production of foam core particleboard
was proposed using commercial polymeric foaming materials such as expandable polystyrene

(EPS) and expandable micro spheres (MS) [19-25].

General notions regarding foaming

Natural cellular materials have been used wherever a high strength to density ratio is required,
examples being wood, cork and bone. Man-made cellular materials are increasingly employed in

consumer and industrial goods in the form of foamed ceramics, metals and polymers [26].

Foaming typically occurs when dissolved or physically incorporated gas molecules generate
bubbles in a softened matrix material. This is usually a result of abrupt changes in external
conditions such as temperature and pressure, or changes in the material itself, preventing a smooth
response of the system. This type of foaming may therefore be regarded as a transition from a
metastable state to a stable state [27], and the degree of super-saturation of the gas in the polymer

matrix is often the primary driving force for cell nucleation and growth [26].

It follows that polymeric foams are typically manufactured from at least two materials: a polymer
matrix and a blowing agent (BA), which are associated either physically or chemically. The
polymeric matrix may be thermoplastic or thermoset depending on the chain connectivity. BAs
can be categorized into two types, based on the gas generation mechanism: physical blowing

agents (PBAs) and chemical blowing agents (CBAs).

PBAs do not alter the composition of a given system, but may change its physical state. They may
be introduced into the polymer matrix using three main methods: (i) physical blending, (ii)
physical dissolution, (iii) chemical reaction or encapsulation. Physical blending and dissolution
are most common for high output production such as foam extrusion. Under high pressure, a
gaseous PBA may be compressed into a sub- or supercritical state [28]. It is then blended or
dissolved in either the solid polymer or polymer melt, depending on temperature, to form a
metastable polymer/gas system. This metastable system may then be foamed using a pressure

drop and/or temperature increase to initiate cell nucleation and growth.
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CBAs generate gas molecules by reaction or thermally induced decomposition. A wide range of
CBAs have been commercialized for extrusion and injection foaming. However, processing is not
necessarily straightforward. Because chemical reactions may generate excessive heat, the thermal
behavior of the polymer and heat management may be crucial to process optimization. However,
the main disadvantage of CBAs with respect to PBAs in the present application is that they
usually result in relatively high foam densities, i.e. 500 - 700 kg/m* as opposed to 100 - 500 kg/m*
for foaming with PBAs [26].

In a PBA assisted process, foaming may be divided into 4 steps, depending on the interaction
between the gas and polymer: (i) gas diffusion and dissolution; (ii) cell nucleation; (iii) cell
growth; (iv) stabilization. In this thesis, the PBA was allowed to diffuse into the solid polymer in
a pressure chamber. Cell nucleation was then initiated in the resulting polymer/gas precursors by
increasing the temperature in order to soften the polymer matrix. Once the initial pores were
formed, they grew as additional gas molecules diffused from the matrix. The foaming temperature
was maintained for a predetermined expansion time and the cellular structure was finally
stabilized by cooling to below the softening temperature, i.e. the glass transition temperature or

melting temperature of the polymer. This foaming procedure is shown schematically in Figure 2.1.

Pressure chamber

Polymer

Tabymento), Polymer + CO, :
Polymer + air
(a) Impregnation (b) Foaming precursor  (c) Cell nucleation (d) Stabilization
at high 7, P at ambient 7, P and growth at low 7, ambient P
athigh 7, P

Figure 2.1 Schematic of the foaming procedure employed in this thesis.
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The diffusion process may be described by Fick’s second law

6_C = V(DVC) (2.1)

dt
such that the change in gas concentration with time, %, is a function of concentration gradient, VC,
and D is the diffusion coefficient or “diffusivity”. Table 2.1 gives examples of the measured

solubility, the maximum gas content and calculated diffusivity of CO; in different polymers under

different conditions.

Table 2.1 Solubility and diffusivity of CO; in different types of polymer matrix.

Solubility [wt%] | Diffusivity [ecm”s'] | Test conditions

PLA [29] 16.4 6.7 5.52 MPa, 25 °C

PS [30] 0.8 N/A 6.90 MPa, 25 °C
Polyvinylchloride o

(PVO) [31] 8.6 1.7 5.52 MPa, 25 °C

Numerous variables influence gas diffusion in polymers, but temperature, pressure, crystallinity
of the polymer and the interaction between gas and polymer are generally considered to be the
most important parameters for a given diffusing species. The diffusion rate increases as the
temperature increases because the gas molecules acquire sufficient energy to move from one
equilibrium state to another [30,32]. Increased pressure can also promote gas diffusion in a solid
polymer, but results in reduced diffusivity in a polymer melt owing to reduced free volume
[33,34]. Crystalline phases are known to have lower gas permeability than the amorphous phases
so that the diffusion rate is typically reduced as the degree of crystallinity increases [8,31,35].
Finally, specific intermolecular interactions may retard diffusion. For example, the carbonyl

group of PLA and CO,; show strong Lewis acid-base bonds which lead to slower diffusion [34].
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For a given system, the solubility, S, depends primarily on pressure, P, and temperature, 7. The
gas concentration, C, is then given by Henry’s law:

c
sSM=5 @2

Determining the solubility is of particular importance for the optimization of the gas concentration
with respect to the processing variables during the impregnation step, and materials properties
such as the crystallization behavior of the polymer, specific interactions between the gas and

polymer and the presence of additives [28,30,35-41].

The cell density, the number of cells per unit area or volume and the cell distribution are
established at the nucleating step. Three types of nucleation are generally considered: (i)
homogeneous, (ii) heterogeneous and (iii) mixed nucleation [26]. According to Colton J ef al. the

homogeneous nucleation rate, Ny,m., may be expressed by [42]

—A
Nyomo = Cofoexp( GHomo/kT) (2.3)

(2.4)

where Cy is the concentration of the gas dissolved in the matrix, fj is a frequency factor for the gas
molecules, 4Gpomo 1s the free energy for homogeneous nucleation, & is the Bolzman constant, 7 is
temperature, y is the interfacial tension and AP is the pressure difference. According to this
equation, the gas concentration and interfacial energy at the gas-polymer interface are important

parameters for homogeneous nucleation.

The activation energy for heterogeneous nucleation is lower than for homogeneous nucleation and

it typically occurs when additives are present. The heterogeneous nucleation rate is given by
—AG
Nyer = C1frexp ( Het/k'p) (2.5)
AGyer = AGHomoS(0) (2.6)
1
S(0) = 7 (2 + cos8)(1 — cosh)? 2.7)

where C; is the concentration of heterogeneous sites, f; is the frequency factor and 4 is the wetting

angle between the gas and the additives.
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Mixed nucleation is the combination of the both nucleation mechanisms. Because heterogeneous
nucleation is associated with a low activation energy, it may consume of the blowing agent prior
to homogeneous nucleation. The reduced gas concentration, C’y, and the modified homogeneous

nucleation rate, N om0, 1 then given by

CO = CO - NHettnb (2.8)

/ / —AG
Nysomo = foCo exp(T27Homo/in) (2.9
where ¢ is time, n;, is number of gas molecules in a bubble formed by heterogeneous nucleation
and AG o, is the free energy after change by heterogeneous nucleation. The overall nucleation

rate, NV, is then

/

N=N

Homo

+Nyee  (2.10)

The concentration difference between the interior and exterior of the bubble is the major driving
force in cell growth [26]. The blowing agent diffuses from the gas-rich polymer/gas phase
towards the cell nuclei. The main force opposing cell expansion are viscoelastic forces and the
surface tension of the polymer. The diffusion rate should be high enough to overcome these forces,
but if it is too high, the blowing agent will tend to escape from the system before foaming and/or
stabilization is complete. Therefore, care must be taken in choosing process parameters that affect

the diffusion rates, and in particular the temperature and the overall specimen dimensions.

The resulting cellular structure is frozen at temperatures below the glass transition temperature, or
the melting temperature of the polymer in cases where crystallization during foaming contributes
to stabilization [11,43,44]. It is significant in this respect that small gas molecules such as CO,
may substantially modify the thermal behavior of polymer matrices through plasticization. Thus
the glass transition temperature decreases and crystallization rates increase at a given temperature

depending on the CO; content and its evolution during foaming [8,35,45].

One well-known PBA-based polymeric foaming material is expandable polystyrene (EPS), which
is composed of polystyrene (PS) as the matrix and typically 4 to 7 % n-pentane as the blowing
agent. Amorphous PS with a glass transition temperature of around 100 °C is used to form 0.2
mm to 3 mm diameter EPS beads and the blowing agent is added during the polymerization step.

A chest molding technique is widely employed to foam EPS beads and is generally carried out in
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two steps: pre-expansion and molding. In the pre-expansion step, the beads are treated with hot air
and/or steam to adjust their density to around 64 kg/m® and the cavity of the mold is then filled
with the pre-expanded beads. Steam at a temperature of about 110 °C is introduced into the mold,
inducing further expansion of the beads [46]. Although EPS products with a wide range of foam
densities, from 8 to 64 kg/m’, are used in various applications [46], the hazardous nature of the
blowing agent, which is a volatile organic compound (VOC) and is explosive at concentrations of
more than 1.3 % by volume [17], makes it unsuitable for a particleboard process that makes use of
an open press (see 2.2.1). Efforts to develop EPS beads using water as a blowing agent have been
described in the literature [47—49]. However, premature loss of the blowing agent was reported

and the resulting foam densities are relatively low.

Another PBA assisted foaming material of potential interest for foam core particleboard consists
of expandable microspheres (MS). As shown in Figure 2.2, the MS in question are hollow
polymeric beads containing a blowing agent. Typically, the shell material is a copolymer of
acrylonitrile (AN) and other monomers such as methyl methacrylate (MMA), methyl acrylate
(MA), and methacrylonitrile (MAN) [50]. The polymer composition is crucial for the foaming
process through it influence on the gas barrier properties and thermal behavior of the shell. The
blowing agent is isobutene, with a boiling point of -11.7 °C. When the MS are heated, the
thermoplastic shell softens and the low boiling point hydrocarbon increases the internal pressure
leading to a density of as low as 25 kg/m® [51]. This foaming technology is available on the
market but a major limitation with regard to the particleboard process is that it again relies on an
inflammable VOC as the foaming agent [17]. Moreover, neither EPS nor expandable MS are bio-

based or biodegradable.

Shell thickness Shell thickness

2pm 01pm I
Hydrocarbon \[

Heat

Thermoplastic shell

12pym 47um

Figure 2.2 Schematic of the expansion mechanics of expandable microspheres (MS)

[www.akzonobel.com].
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2.2 Foam core particleboard

In Section 2.1, lightweight wood composites were briefly introduced and foam core particleboard
was suggested to be the most promising method to achieve density reduction and satisfactory
mechanical performance. Moreover, a general description of polymer based foaming was given
and the limitations of petroleum-based matrices and inflammable or toxic blowing agents were
explained. In what follows, a new process for the production of foam core particleboard by a

single step process will be introduced.

2.2.1 Fabrication of foam core particleboard from one step process

Although a strong demand for lightweight panels has been identified [18] and various strategies
for weight reduction in furniture have been tried over the last few decades, there are still no
economically viable lightweight panels on the market for standard furniture parts of 13 to 19 mm

thickness.

Foam precursor,
possibly enriched
with wood particles

Wood furnish material F=2..3 MPa

Mat formation Face layer consolidation Core layer expansion
and consolidation

Figure 2.3 Concept of the in-line foam core particleboard process [18].

The lack of lightweight solutions has been the driving force for the development of the in-line
foaming technology for manufacturing the foam core particleboard [17,18,52]. Figure 2.3, shows
a model one-step process based on the conventional and relatively cost-efficient particleboard

process. A three layered mat is formed from adhesive-treated wood particle surface layers and a
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foam precursor core layer. Consolidation and foaming take place in a hot press. When the
temperature of the core layer has reached the level needed to activate the foam precursor, the
press is slightly opened to give room for the core material to expand. Finally, the panel is cooled
to stabilize the foam. The inventors used EPS and MS as the core layer materials, and were able to
achieve a core density of 120 to 180 kg/m’, resulting in an average panel density of 300 to 500
kg/m® depending on the thickness and formulation of the surface layers. Adequate interfacial
wetting was also obtained as shown in Figure 2.4. The specific mechanical properties of the
panels were demonstrated to be significantly better than the requirements of conventional
particleboard (Figure 2.5) [17]. Further investigation showed these panels can be machined and

post-processed [18].

Figure 2.4 Micrographs of the interface between wood particles and foams (A: EPS, B: MS)

produced by the in-line foaming process [17].

Specific bending strength [Nm/kg]
B EPS panel []MS panel
25620
23590 2385023570
20930 ——
] 19320 Particleboard
-—- L | - L. | - requirement
16430
3 4 5
Surface thickness [mm)]

Figure 2.5 Specific bending strength of foam core particleboard with different core materials (EPS

and MS), and surface thicknesses [17].
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Figure 2.6 shows a proposed continuous production process based on the same concept, but using
a double belt press. The adhesive treated wood particles and foam precursors would be introduced
on a moving belt in order to form the three-layered mat. The mat would be densified, and skin

layer consolidation, core layer foaming and cooling would subsequently take place in-line

A feasibility study conducted by the University of Hamburg in cooperation with a producer of
wood-based panel manufacturing machinery, a chemical company and a panel producer came to
the conclusion that the in-line foaming technology is economically feasible, provided that the cost

of the precursor is below 2 €/kg [6].

Wood particle mat
Expandable foam precursor

Heating zone Cooling zone

Figure 2.6 Concept for continuous production of foam core panel [53].

2.2.2 Particleboard process windows

In the conventional particleboard panel production process the temperature is known to be around
100 °C in the central plane of the panel. This is a consequence of water evaporation from the
wood particle/adhesive system. The wood particles contain moisture levels typically up to 2 wt%
and the widely used urea-formaldehyde based adhesive system is based on an aqueous solution
[54]. Conduction is the main heat transfer mechanism at the interface between the hot press
platens, which are generally heated to well above 100 °C, and the outermost surfaces of the
particleboard, but water vapor transport is known to be the main heat transfer mechanism from the
platens to the inside of particleboard [55], limiting the core temperature to around 100 °C in the

initial stages of the process.
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Thoemen et al. proposed the heat accumulation in the wood composite during hot pressing to be

described by [56]

aT
—Vq — Hymg, = Cupua (2.11)

where ¢ is the conductive heat flux, Hy is the latent heat of sorption from the vapor to the bound
water state per unit mass [Jkg '], m., is the evaporation rate in the units of kg m>s ', ¢, and p,

are the specific heat and density of the wood-facing at a given moisture content, respectively.
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Figure 2.7 Dimensions and positions of sensors in a medium-density fiberboard mat and variation

of temperature and gas pressure as a function of press time [56].

According to Equation 2.11, the heat from the hot press platens initially causes evaporation of
water from the wood particles, so that the core layer T remains at 100 °C, but subsequently
accumulates in the fiberboard, raising its 7 to greater than 100 °C. This hypothesis was evaluated
experimentally, and, as shown in Figure 2.7, the core temperature was confirmed to remain at
about 100 °C (the platen T was set to 190 °C in the example shown) until the water in the wood
particle formulation had evaporated, as reflected by an increase in gas pressure, and then

gradually increased.

21



Commercial adhesive systems for wood composite panel process have generally been developed
to be compatible with the above conditions. However, if specific types of foam precursors are
employed, the optimum conditions for initiation and stabilization of foaming do not necessarily
correspond to a core temperature of 100 °C. Determination of processing windows that allow
synchronization of adhesive cure and foaming is therefore of particular importance for any
prospective foam core particleboard process. For example, if the foaming system requires a lower
processing temperature than 100 °C because of a low softening temperature or a need to limit loss
of the blowing agent through diffusion, reduced platen temperatures and low temperature curable
adhesive systems and might be envisaged, e.g. a modified tannin-hexamine binder cured at 70 °C
or a urea-formaldehyde resin with ammonium peroxodisulfate as a catalyst, which has a gelation

temperature of 80 °C [57].

2.2.3 Mechanics of sandwich structures and particleboard

Mechanics of sandwich structures

Sandwich structures are used for a variety of structural applications, providing excellent specific

properties. As shown in Figure 2.8, typical sandwich structure consists of two stiff, but thin face

skins separated by a light-weight core such as wood, foam or honeycomb [58].

Homogeneous core materials:

Wood cores Foam cores

Structured core materials:

Honeycomb cores Corrugated cores Textile cores

Figure 2.8 Schematic of typical sandwich structures with various core materials [58].
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The relationship between the external load and the stress in the face and the core of an ideal
sandwich panel is [59]

PLs

= 2.12
? 2tp(ts + tc)b (212)

where o and 7 are the bending stress of the face and the shear stress of core, respectively, P is the
peak load, Lg is the span length, b is the width of the sandwich and ¢ denotes thickness with
subscript S for the sandwich, C for the core and f for the face. Equations 2.12 and 2.13 show that
the thicknesses of the skin and the core layer are of particular importance for mechanical property
optimization. Once the target mechanical property is defined, e.g. a bending load requirement for
a furniture application as shown in Figure 2.5, and the mechanical behavior of the skin and core
layer is known, the thickness profile may be optimized. However, it should be born in mind that

modifying the relative thicknesses of these layers will also alter the overall density [17].

In practice the load bearing mechanisms of the sandwich structure play an important role in its
mechanical response. Kumar S. A. et al. investigated the flexural behavior of a sandwich with a
phenolic foam core and glass fiber reinforced plastic faces and identified different load bearing
mechanisms according to loading conditions, i.e. bending of the face material for high span to

depth ratios and shear of the core material for low spans [60].

Particleboard mechanics

It follows from the previous section that it is important to understand the relationship between the
processing parameters, microstructure and properties of the particleboard faces and foam core if
the desired properties are to be obtained. In the foam core particleboard of interest in the present
work, relatively thin particleboard layers will serve as the skins of the sandwich structure. There
have been substantial efforts to investigate the structure of wood based composites at the micro
and sub-micrometer level [61,62]. The correlation between the microstructure and macroscopic
properties of wood-based panels may then be analyzed using numerical models. Figure 2.9 shows

the X-ray micro-computed tomography (CT) images of particleboard, showing void distributions
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and local accumulation of the adhesive, which are assumed to be important for mechanical
properties, and are controlled by processing parameters such as the amount of resin and/or the

applied pressure.

Figure 2.9 X-ray pu-CT images of particleboard prepared from a commercial adhesive and wood
particles. The wood particles, adhesive and voids are shown in red, blue and black, respectively

[61].

An example of multi-scale modeling of wood-based panels was given by Stuerzenbecher R. et al.
[63]. The representative volume element (RVE) technique was employed to predict mechanical
characteristics of strand board, as shown schematically in Figure 2.10. Although numerous factors
are known to influence the mechanical properties in strand-based wood composites, e.g. the
density profile, the orientation and quality of the strands and the distribution of the adhesive, this
approach led to acceptable agreement between the predicted behavior and experimental data from

bending tests on 30 mm thick strand boards.
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Figure 2.10 The concept of multiscale modeling based on laminate theory using RVE [63].

Foam mechanics

The Ashby model [64] is widely used to predict mechanical properties of cellular solids. The
basic idea is that the mechanical behavior of foams is related to the cell wall materials and cell

structural parameters such as relative density, open cell content and the anisotropy of the foam.

The 3-dimensional cube model with cell edges and faces is shown in Figure 2.10.

-

S Ei}

==

(a) )

Figure 2.11 3-dimensional models for (a) an open cell and (b) a closed cell foam [64]. / and ¢

denote the cell wall length and the thickness of the cell edges, respectively.

Four deformation modes, linear elasticity, nonlinear elasticity, plastic collapse and fracture, are

shown in Figure 2.11 based on a 2-dimensional hexagonal model and Table 2.2 gives expressions
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for different foam properties based on bulk foam parameters. It is seen that the density ratio

between foam and unfoamed solid material, p/py, is a dominant factor for overall performance.

(@)

BUCKLIN

(b) ‘F

© r Koo (d) IF F

F
BENDING
B BEAI

Figure 2.12 2-D hexagonal model for different cell wall deformation modes: (a) linear elastic
deformation: cell wall bending, (b) nonlinear deformation: cell wall buckling, (c) plastic yielding
and (d) fracture. /, # and F are the cell wall length, the cell edge thickness and the applied force,

respectively.

Table 2.2 Expressions for the mechanical properties of foams [64]. E and p are the modulus and
density respectively, K¢ is the fracture toughness of foam with units of MPa m'? C;to C; and B,
to B, are dimensionless constants, / is the cell size and the subscripts “solid” and “foam” denote

the properties of the solid and the foam.

Property Open cell foam Closed cell foam
E 2 E 3
Linear elasticity —foam _ C, (‘Dfoﬂ> _foam _ B, (‘Ofoﬂ)
Esolid pfoam Esolid pfoam
Fracture 3/2 2
Ky = G, (p ! °“"‘) roamVTl | Kic = C, (M) OfoamVTl
toughness Psolid solid
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Although the unit cell based Ashby model provides insight into cellular solid mechanics, it is of
limited relevance to real foam materials, whose geometry is typically irregular and disordered. To
solve the non-repeating cell problem, considerable use of statistical and/or numerical techniques
has been made [65—68]. Numerous studies have identified negative contributions to mechanical
properties from irregular cell structures, e.g. non hexagonal or defective cell wall structures show
decreased compressive elastic modulus at a given density [65], and curved or corrugated cell
walls result in reduced stiffness in metallic foams [66]. However, numerical models, illustrated in
Figure 2.12, incorporating various degrees of non-uniformity, have also shown that limited non-
uniformity may improve stiffness in an open cell foam [67]. Such models may well be applicable
to the mechanical behavior of the foams to be described in this thesis, but they require detailed
structural information that is difficult to obtain systematically, and are unwieldy compared with

the Ashby approach, which is generally sufficient for order-of-magnitude correlations.

Figure 2.13 2D and 3D cellular model with irregularity represented by a [67].

If the matrix materials are compounded with fillers or reinforcements, the calculation of the
modulus may incorporate predictions for the cell wall modulus based on standard expressions for
particle or fiber reinforcement. The Halpin-Tsai equations, for example, are widely used to
describe the elastic modulus, E, in a composite material containing randomly distributed

geometrically anisotropic fillers [69,70]:

3 5
E=cE +2E (214
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n (B¢ /En) _ (Br/En) (2.16)

- (Ef/En) + (21/d) andir = (Ef/Epm) +2

where £ and E7 are longitudinal and transverse modulus of the composite, £rand E,, are Young’s
modulus of the reinforcement and matrix, #r and #; constants given by equation 2.16, Vy is
volume fraction of reinforcement and //d is aspect ratio of the reinforcement. The Halpin-Tsai
equation is considered to be one of most accurate models for the prediction of the elastic behavior
of natural fiber based composites from the geometry and orientation of the fibers and the elastic

properties of the fibers and matrix [71,72].

2.3 PLA foaming

PLA

Poly(lactide) (PLA) is an aliphatic polyester considered to be a competitive “green” alternative to
polystyrene (PS) [73]. Although it is a synthetic polymer, it is derived from yearly renewable
resources such as corn sugar, and is biodegradable, which has attracted considerable interest. As
shown in Figure 2.13, PLA is polymerized by direct condensation of lactic acid or ring-opening

polymerization of cyclic lactide [74].
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Figure 2.14 PLA polymerization by (1) condensation and (2) ring-opening polymerization. Lactic

acid is a chiral molecule with two L- and D-enantiomers. [75,76].

The ring-opening process is known to be capable of not only producing high molecular weight
polymers but also facilitating control of the molecular architecture through control of the
enantiomer ratio. The D- to L-lactide ratio is important for the crystallization behavior and related
characteristics such as the thermal, mechanical and rheological behavior. PLA is usually
amorphous at high D-isomer contents (>10%), but semi-crystalline at low D-isomer contents
(<2%). Semicrystalline PLA crystallizes between 110 and 130 °C, and the crystallization rate is
slower than those of typical commodity thermoplastics. Table 2.3 summarizes some important

physical properties of PLA [74,77,78].
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Table 2.3 Typical properties of PLA.

Semi-crystalline PLA Amorphous PLA
Glass transition temperature [°C] 55-65 55-65
Melting temperature [°C] 150-170 -
Tensile strength [MPa] 59 44
Elastic modulus [GPa] 4 3.5
Elongation at break [%] 5.5 7
Yield strength [MPa] 70 50

PLA degradation may occur by hydrolysis or reaction with enzymes. In general, high molecular
weight polymer chains are hydrolyzed to lower molecular weight oligomers and enzymatic
degradation then follows. CO,, H>O and humus are the end products. Amorphous regions absorb
moisture easily and degrade faster than crystalline regions, and process may be accelerated by
high temperature and high moisture content. Possible depolymerization in the presence of water
means that a thorough drying step is needed prior to the use of melt processes such as extrusion

and injection molding [79].

Unmodified PLA shows a low melt viscosity and poor melt strength due to its linear chain
structure and relatively low molecular weight. These characteristics make thermoforming difficult,
but the poor melting strength can be overcome to a certain extent by introducing chain extender

during melt processing [80—82].

2.3.1 PLA foaming technology

D-isomer content and crystallization

As briefly mentioned in Section 2.3, it is known that the D-isomer content significantly influences
the crystallization behavior of PLA, and low D-isomer content PLA may be beneficial for
foaming because of the higher melt strength engendered by the formation of a network of
nucleated crystals during foaming, and the consequent improvement cell stability. The effect of
D-isomer content on PLA foaming has been widely investigated using batch processing and foam

extrusion [11,44,83]. Initially amorphous PLA with 1.4 to 11.8 % of D-isomer content was
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foamed by subcritical CO, treatment, followed by immersion in water at 80 °C [11]. It was
reported that high D-isomer contents resulted in smaller cell sizes and a lower open cell content
(Figure 2.14), which are believed to be favorable for the mechanical properties of foams. On the
other hand, while a fine cell structure was obtained with 1~4 % D-isomer PLA and batch
processing using supercritical CO,, D-isomer contents of 10 and 28.5 % gave unsatisfactory foam
microstructures under these conditions because of extensive cell coalescence and cell rupture
during cell growth [83]. Moreover, cell rupture due to low melt strength may cause premature gas

loss during foam expansion and hence severe shrinkage [84].

Figure 2.15 The foam morphology of (a) 1.4, (b) 4.3, (c) 7.7 and (d) 11.8 % D-isomer content
PLA foams treated with supercritical CO; and foamed at 80 °C [11].

Crystallization can also promote cell nucleation [44,85]. Heterogeneous nucleation at the surface
of a spherulite in low D-isomer PLA with supercritical CO, as the blowing agent is shown in
Figure 2.15 [86]. The nucleation density was found to be significantly increased as the spherulite
density increased. This was explained by expulsion of the CO, from the crystalline phase, which

resulted in a locally increased CO, concentration in the amorphous phase.
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(c) 6.1 sec (6.8 MPa) (d) 7.1 sec (6.5 MPa)

Figure 2.16 Optical microscopy of foam cell nucleation in PLA with 1 % D-isomer in the
presence of supercritical CO,. The saturation pressure and temperature were 11 MPa and 180 °C,

respectively [86].

Recent studies have focused on CO, foaming of PLA beads that show a double crystal melting
peak [87,88]. This novel approach is claimed to be cost effective and suitable for sintering in
steam chest molding. Long chain branched PLA with 4.6 % D-isomer contents was treated by
sub- or supercritical CO; at 140 to 150 °C. After the desired saturation time had elapsed, PLA was
foamed by pressure release and cooling to ambient conditions. High melting temperature, 7,
crystals are formed by CO, saturation at relatively high temperatures and pressures, and low 7},
crystals are formed during foaming and degassing. The crystallinity permits handling of the
partially foamed beads, but when the subsequent steam chest molding temperature is chosen to be
between the upper T,, and lower T,, the beads partially melt, allowing further expansion and
bonding. The crystalline structure in foams prepared by this technique may be advantageous in
terms both of foam stability and microstructure, and the mechanical and thermal behavior in the
target application. However, the required processing temperature, > 140 °C, is too high for this

approach to be of direct interest for the particleboard process.
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Figure 2.17 Schematic of double crystal melting behavior in a DSC scan and the temperature

range for steam chest molding [87].

PLA composite foam products

A wide range natural or synthetic additives have been employed to promote cell nucleation in
foams and/or obtain the desired final properties [89-93]. For example, micron and sub-micron
sized additives such as cellulose fibers, talc or nanoclays are widely used to increase the cell

nucleation rate by providing heterogeneous nucleation sites.

In the case of PLA, there has been particular interest in the use of bio-sourced fillers to give fully
biodegradable composite foams with improved mechanical properties. These include flax fiber
[91], silk fibroin powder [92], wood flour [93] and microfibrillated cellulose (MFC) [40]. Flax
fiber was compounded with low D-isomer PLA and an epoxy functional silane as a coupling
agent using a twin screw extruder [91]. Supercritical N, assisted injection molded 1, 10 and 20 wt%
flax-PLA composite foams showed a higher cell density, higher crystallinity and improved
specific modulus with respect to unmodified PLA foams. Up to 7 wt% of silk fibroin powder was
mixed with PLA by solvent processing using CH,Cl, and foamed by a supercritical CO, batch
process [92]. A decrease in cell size from 52 pm in neat PLA foams to 15 pm at 7 wt% filler, and
an increased cell density was reported, but no mechanical test data. Batch foaming behavior of

PLA-10, 20, 30, and 40 wt% wood flour composites was observed by Matuana et al. [93]. A
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decreased cell size was observed with increasing filler content but also a reduced expansion ratio,

which was attributed to increased matrix stiffness.

Nano sized additives such as nanofibrillar cellulose (NFC) or carbon nanotubes (CNT), have been
employed to produce microcellular or nanocellular foams (the cell density of a microcellular foam
is defined as 109 to 1012 cells/cm’®, and that of a nanocellular foam is >1012 cells/cm® [94]).
Compared with conventional foams, micro- or nanocellular foams have been reported to show
superior impact strength [95], higher fracture strength [96], longer fatigue life [97] and superior
heat insulation properties [98]. The primary processing requirement for these additives is the
achievement of a homogeneous dispersion and/or exfoliation in the matrix. If this can be achieved,
the addition of nano fillers may not only promote cell nucleation but also improve the melt
strength of the polymer, resulting in reduced cell coalescence [99]. Thus, PLA-nanoclay foams
produced by a batch foaming technique showed sub-micron sized cells, and the high aspect ratio
and platelet-shaped structure of the nanoclay resulted in superior viscoelastic properties in the

polymer melt [100,101].

2.3.2 PLA foam processing

PLA foam extrusion

Considerable effort has been devoted to developing PLA foam processing techniques. Three main
processing methods have been adopted, namely foam extrusion, injection and batch foaming. In
the foam extrusion process, the polymer is fed into the extruder and then the blowing agent gas is
introduced into the extruder barrel to dissolve or mechanically mix the gas with the polymer melt
under high pressure. The pressure drop at the extrusion die induces thermodynamic instability and
phase separation, resulting in cell nucleation and cell growth. Finally, the foam product is

stabilized by cooling [26,84].
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Figure 2.18 Schematic of the foam extrusion process [102].

PLA/sub- or super-critical CO, foam extrusion has been widely investigated for applications such
as food packaging [103]. Reignier et al. obtained low density foams using amorphous PLA/9 wt%
CO, (Figure 2.17) with a foam expansion ratio of up to 25, although the foam morphology was
non-uniform and the cells coalesced and shrunk [102]. Cell coalescence and shrinkage could
nevertheless be minimized by improving the melt strength via chain branching and/or
compounding PLAs with different D-isomer contents [44,104]. Finally, Figure 2.18 shows a
tandem extrusion set-up that has been shown to provide a more homogeneous polymer/blowing

agent mixture and more precise temperature control with help of additional mixing in a second

extruder [85].

®&- first
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Figure 2.19 An example of a tandem foam extrusion set-up for foam extrusion of PLA.
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PLA foam injection molding

Injection molding technique is generally advantageous over other melt processing techniques in
terms of dimensional stability and cycle time. In the foam injection technique, a mold cavity is
fully filled with the polymer/blowing agent mixture under high pressure. Supercritical N, is the
usual blowing agent, as in the MuCell® injection molding technology, but has a lower solubility
in PLA than CO; [34]. Investigations have focused on microcellular foaming with/without nano
sized additives [105,106]. The enhanced melt strength obtained by reactive compounding with a
chain extender results in a uniform foam morphology with cell sizes of 3-40 pum. Further
developments include mold opening as an additional process step and low pressure foam injection
[107]. These allow higher foam expansion ratios with larger average cell sizes than conventional

techniques.

PLA batch foaming

Batch foaming has typically done in a high pressure chamber and been widely used to investigate
the influence of parameters such as composition [108—110], the type of blowing agent and content,
and the use of additives on the foaming behavior [10,43,111-115]. A matrix polymer sample is
placed in a temperature controlled high pressure chamber and impregnated with the blowing agent
under the desired conditions. A decrease in pressure and/or an increase in temperature lowers the
solubility of the gas and softens the polymer matrix. This results in nucleation and growth of foam
cells. A disadvantage of this type of foaming process is its low productivity rate. In general, a
considerable time is required to produce the desired polymer/gas mixture because of the need to
establish a high pressure and high temperature environment, and the low gas diffusion rate into
the polymer matrix, especially at a low temperatures. Moreover, the production capacity per batch

is typically small owing to the limited space inside the pressure chamber.

Even so, foam products aimed at biomedical applications have been demonstrated with
considerable success using this approach [112,114], thanks to the well controlled foam structures,
due in turn to the precisely determined process conditions. A bioresorbable PLA grade was
compounded with a ceramic filler and foamed under supercritical CO, conditions at 100 to 250

bar and 195 °C using a batch foaming process. The correlation between the processing parameters
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and cell morphology was investigated, higher cell densities being observed at higher pressures,
and as the depressurization rate increased from 2.3 to 8.0 bar/s, with an increase in cell

coalescence as the cooling rate decreased from 4.5 to 3.4 °C/s. [43,111].

Plasticized PLA foams have also been investigated for bioresorbable tissue replacement scaffolds.
A biomedical grade polyethylene glycol (PEG) was compounded with amorphous and crystalline
PLA. Samples with compositions were saturated with CO, at pressures of 150 to 280 bar, and

temperatures of 150 to 180 °C, with degassing and cooling rates of 1.6 to 17 bar/s and 0.6 to
7 °C/s, respectively. Foams produced from PLA-20% PEG showed rubber like properties at 37 °C
and larger cell sizes than unmodified PLA foams [108—110].

PLA/NFC and PLA/WF composite foams were prepared by a wet process and processed with
supercritical CO,. The resulting foams showed good mechanical properties in compressive tests.
However, because of PLA degradation by water contained in the cellulose, reinforcement in
certain foams was offset by a loss in matrix properties. The use of NFC and WF reinforcement
therefore offers potential for mechanical property improvement but also potential drawbacks in

the context of the particleboard process, in which the presence of water is unavoidable [10].

PLA bead foaming

Another important PLA foam production technique is bead foaming, which may be used to mold
foam products with a three dimensional geometry, and has been widely employed for expandable
polystyrene (EPS) foam products [46]. As mentioned in Section 2.1, this technique comprises
three main steps: (a) a physical blowing agent (PBA) is introduced into a polymer matrix; (b) the
impregnated foam beads are pre-expanded and the PBA content stabilized; (c) the mold cavity is
partially filled with the foam beads and hot air or steam is used to provoke further expansion and
fusion. In commercial PLA bead foaming, typically a high D-isomer content PLA in pellet form is
impregnated by CO; under sub- or super-critical conditions and pre-expanded and conditioned at
a relatively low 7. The pre-expanded beads are then molded using high 7 steam [7,116,117].
Figure 2.20 shows one example of the transformation of PLA pellets into a final foam product.
(Low D-isomer content PLA bead foaming technology has also recently been investigated [11,87],

but is not yet available on the market to the best of our knowledge.) Moderate impregnation
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conditions, e.g. impregnation with liquid CO, at 6 MPa and 10 °C, and low depressurization rates
are known to be employed in the industrial process, and up to about 40 % of CO, by weight is
initially absorbed by the PLA. More than 11 % of CO; is retained in 11.6 % D-isomer content
PLA after pre-expansion at low 7, followed by 42 hr storage at -18 °C and ambient pressure.
Chest molding using steam 110 °C steam results in acceptable fusion between the beads and low

foam densities. The overall properties of final foams are shown in Table 2.4.

PLA pellets CO, impregnation Pre-expansion Molding

Figure 2.20 PLA bead foam process [7,116]

Table 2.4 Properties of chest molded PLA foam in comparison with EPS foam [116].

PLA bead foam EPS foam

Density [kg/m”’] 25 25
Thermal resistance [m*K/W] ~0.69 ~0.68
Thermal conductivity [W/mK] ~0.035 ~0.035
Compressive modulus [MPa] 2.9 53
Compressive stress [MPa] 0.07 0.12
Shear modulus [MPa] 3.0 3.2
Shear strength [MPa] 0.11 0.12
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Chapter 3

Experimental

This chapter presents the main experimental approaches used in this thesis and other specific
techniques will be introduced in subsequent chapters. First, foam core materials and skin materials
of the foam core sandwich panels are described. Sample preparation methods, i.e. hot press
molding, extrusion and injection molding, are then introduced, along with the impregnation and

foaming procedures. Finally, the characterization techniques are briefly described.

3.1 Materials

3.1.1 Foam precursor: polymers and additives

Two different grades of PLA were obtained from NatureWorks LLC in pellet form, and are
referred to as PLA1 and PLA2 in what follows. PLA1 contained 1.4 % D-isomer and was
nominally semicrystalline, while PLA2 contained 11.6 % D-isomer and was nominally
amorphous. PLA must be dried before use and the producer recommends moisture levels below
250 parts per million (ppm). Unless mentioned otherwise, all PLA materials were dried at 40 °C

under vacuum for at least 18 hr prior to use, following the standard procedure.

An injection grade poly(methyl methacrylate) (PMMA) was provided from Evonik Industries AG
in pellet form. The PMMA pellets were dried at 90 °C for at least 1 hr in a convection oven prior

to use.

A general purpose grade of talc from Fisher Scientific was used as a foam nucleating agent and

99.9 % pure CO; from Carbagas AG was used as a blowing agent.
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To produce biocomposite matrices, bleached birch wood fiber (WF) (Innventia AB) and
commercial microcrystalline cellulose (MCC) (Sigma-Aldrich) were used as additives. The WF
and MCC were dried in a convection oven at ambient pressure for 24 hr at 80 °C and 100 °C,

respectively.

3.1.2 Surface layer materials: wood particles and adhesive system

Conventional fine wood particles, mainly spruce and pine, with an average particle size of less
than 2 mm, were supplied from a particleboard mill. The particles was mixed with 12 wt% urea
formaldehyde (UF) resin (Kaurit 350, BASF, Germany) based on dry mass of the wood particles.
3 wt% ammonium persulfate was added to the resin as hardener. The adhesive was then sprayed
onto the particles in a rotating drum-type blender using a compressed air spray head. The target

density and thickness for the surface layers were 750 kg/m’ and 3 mm, respectively.

3.2 Specimen preparation

3.2.1 Molding and compounding

Hot press molding

The as-received or compounded pellets were hot-pressed to fabricate 1 mm thick discs with the
diameter of 25 mm by using a hot press (Fontijne TP 50 with 255x255 mm” heating platens) after
drying as described in Section 3.1.1. The pellets were placed between polyimide release films in a
stainless steel mold and melted without any force at 200 °C for 5 min. A nominal hydraulic force
of 6 kN, which was 0.25 MPa to the mold, was then applied at the same temperature for a further
5 min, after which the platens were cooled under pressure to below 40 °C over approximately 10
min using the integrated water cooling system. 0.2 to 0.5 mm thick films for dynamic mechanical
analysis (DMA) were also produced following same hot pressing procedures but without the disc

shape mold.
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Extrusion

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 compounds of polymers
with/without nucleating agent. The temperatures at the feeding, melting and metering zone of the
extruder barrel were set to 190, 220 and 210 °C, respectively. The drive motor speed was set to 20
rpm and the internal pressure of the barrel was 30 to 40 bar. The resulting filaments of 1 to 1.5
mm in diameter were cooled in air at ambient temperature and pelletized into 2 to 3 mm long

granules.

Micro extrusion and injection molding

A tabletop twin conical co-rotating micro extruder shown in Figure 3.1 (DSM Micro 5
compounder and Microinjection molder 5.5, Netherlands) was chosen to compound polymers
and/or additives in a small quantity, less than 5 cc. The temperature of the extrusion barrel was set
to 200 °C, the screw rotation speed was 100 rpm and the residence time was kept constant at 120 s.
After the dwell time elapsed, the nozzle was opened and the polymer melt was either extruded
into air and cooled down or molded using an injection unit supplied with the extruder, consisting
of a cylindrical reservoir and a pneumatic piston, to produce dog-bone shaped specimens with an
overall length of 75 mm, a thickness of 2 mm, an overall width of 12.5 mm and a gage width of 4

mm. The temperatures of the reservoir and the mold were 200 °C and 40 °C, respectively.
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Figure 3.1 Conical screw configuration in the barrel of the micro extruder. In order to achieve
homogeneous mixing the residence time could be varied by circulating the melt in the extruder via

a back-flow channel visible to the left of the screws.

3.2.2 Impregnation and desorption of CO,

Impregnation of the 1 mm thick discs with CO, was carried out at approximately 5 MPa and
10 °C using a high pressure chamber (Autoclave France), shown in Figure 3.2, equipped with a
cooling system. Samples were placed in the chamber and CO, was then introduced until the
desired pressure was reached. After the designated impregnation time had -elapsed,
depressurization was carried out at 0.01 MPa/sec. A 3 hr impregnation time was chosen to prepare
CO; saturated specimens because longer impregnation times of up to 7 hr did not significantly
increase CO, uptake in the specimens. Shorter treatments were also used to prepare specimens

containing different amount of CO;. This will be discussed in more detail in Section 4.3.

The desorption behavior of the 1 mm thick discs was investigated by gravimetry [8]. After
impregnation and depressurization, the specimens were immediately transferred to a high
precision balance and CO, loss was then monitored as a function of time. CO, contents were

expressed as the weight of CO, per weight of the unimpregnated specimen.
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Figure 3.2 Schematic [70] and image of the high pressure chamber used in the thesis.

3.2.3 Foaming

Free foaming was carried out by immersing impregnated discs into a thermostatic bath filled with
water or silicon oil at different temperatures. After 1 min foaming in the bath, the specimens were
cooled down in a water bath at 20 °C. The in situ foaming behavior during the foam core
particleboard production process, described in Section 2.2.1, was also investigated. The hot press
temperature, pressure or closing gap, press open time and cooling time were the principle process

parameters.

3.3 Characterization

3.3.1 Density measurements

The foam density was determined by measuring the weight per unit volume. Rectangular shaped
specimens were cut out from the disc-shaped foams obtained as described in 3.2.3 and the weight
and dimensions were measured. A skin-core morphology was often observed so that the reported

values are averages for the whole specimen thickness.
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The relative density between a solid and a foam, pyeia/pam, Was used as a measure of the degree
of expansion of the foams. A nominal density of 1.24 g/cm’ was assumed throughout for

unmodified PLA and the densities of the composites, pcomp, Were calculated by

Peomp = VePr + VinPm (3.1

where V and p are the volume fraction and density and the subscripts fand m denote the filler and

matrix respectively.

3.3.2 Differential scanning calorimetry (DSC)

The glass transition temperature (7,), cold crystallization temperature (7¢), melting temperature
(T,y) and crystallinity (X.) were determined by DSC (TA Instruments Q100), which measures the
difference in the amount of heat required to increase the temperature of a 5-6 mg specimen and an
empty reference capsule. In this work, the thermal behaviour was generally determined with
heating scans at 10 K/min in the temperature range 20-230 °C. T, was taken from the mid-point of
the corresponding step-like increase in heat flow rate. The degree of crystallinity (X.) was
calculated using the following equation
(AH,, — AH,)

AHy000 (1 — W)

X, = 100 (3.2)

where 4H,, and AH, are the measured melting and fusion enthalpies, 4H;ypo; is the melt enthalpy
of 100 % crystalline PLA, taken to be 91 J/g [74], and W is the weight fraction of any additives

present.

Both PLA grades showed T, of ~60 °C as-received, and the melting temperature, 7, of the as-
received PLA1 was 170 °C. Specimens produced by extrusion, hot press molding and injection
molding were generally amorphous in which case PLA1 showed a cold crystallization endotherm
at about 100 °C. Details of the DSC investigations of the influence of blending, impregnation and

foaming and will be provided in Section 5.
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3.3.3 Dynamic mechanical analysis (DMA)

DMA provides information on the viscoelastic behavior of a material by applying small
sinusoidal deformations to a suitable specimen. When a sinusoidal strain, ¢, is applied to a

viscoelastic specimen the corresponding stress, o, shows with a phase lag, J, such that
€ = gy sin(tw) (3.3)
o = g, sin(tw + 6) (3.4)

where ¢y and oy are the amplitude of strain and stress respectively, ¢ is time and w is the frequency
of the solicitation. The storage modulus, £, and loss modulus, £”, represent the elastic response

and viscous response of the specimen respectively and are defined by

, 0
E =—cosd (3.5)
€o

Op
E" = —siné (3.6)
€o

The ratio between these two moduli provides the phase lag,

tan§ = — (3.7)
ano = —— .
E

/

Tensile mode DMA measurements (DMA Q800, TA instrument) were carried out on the hot
pressed films, described in 3.2.1, using a 3 °C/min ramp rate from 20 to 150 °C and a 0.05%
sinusoidal deformation at 1 Hz. The compressive behavior of foams was investigated using the
same apparatus. Cuboid foam specimens with a cross-sectional area greater of at least 3x3 mm?,

were cut from the foamed discs using a razor blade in each case.

3.3.4 Mechanical properties

A screw driven universal testing machine (Series LFM-125 kN, Walter+Bai AG) was used to
perform tensile tests on the injection molded dog-bone shaped specimens with the crosshead
speed set to 5 mm/min. In each case, the elastic modulus was determined from the slope of the

stress-strain curve in the elastic domain between 0 and 0.05 % strain.
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3.3.5 Morphological characterization

The morphologies of the foams, i.e. open cell content, cell size & distribution and cell density,
were investigated by scanning electron microscopy (SEM, Philips XLF30-FEG). Specimens were
cut with razor blade and coated with a 15-20 nm thick layer of carbon using a carbon coater.
Secondary electrons at a relatively low accelerating voltage (usually below 5 kV) were used for

imaging.

An optical microscope (Olympus OM2) was chosen to investigate the fiber distribution and
breakage in biocomposites and CO, induced crystallization behavior in PLAIl. For the
biocomposites, 0.2 to 0.5 mm thick hot pressed films were observed in transmitted light. Cross-
sections of about 2 pm in thickness of PLA1 before and after treatment with CO, were observed
in transmitted light using crossed polarizers. Thin sections were prepared at room temperature

using a Reichert-Jung Ultracut-E ultramicrotome equipped with a diamond knife (Diatome).

Ultrathin sections of about 50 nm in thickness were prepared for transmission electron
microscopy (TEM, Tecnai Spirit BioTWIN) in the same way from specimens stained by
overnight exposure to RuO4 vapor, and were observed in bright field with an accelerating voltage

of 80 kV.
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Chapter 4
CO, absorption, desorption and

diffusion in PLA

As discussed in Section 2.2, the one step foam core particleboard process is one of the most
promising production methods for achieving a lightweight structure without compromising
mechanical properties and at an acceptable production cost. For the required sequence of process
steps, i.e. 3-layered mat formation, surface layer consolidation, core layer expansion and
stabilization, to be feasible, the foam precursor materials should be stable with respect to foaming
at room temperature, allowing straightforward handling during the mat preparation step, but show
adequate foaming behaviour at high temperature, 7, and pressure, P. As set out in Section 2.1, the
foaming behaviour and resulting foam structures are strongly dependent on the diffusion
behaviour of the blowing agent in PBA assisted foaming. It follows that an investigation of the
diffusion of the blowing agent in the polymer matrix, i.e. in this case, CO, in PLA, should be the

first step for the development of a suitable foam precursor.

It is known from the literature that it is possible to produce expandable PLA by impregnation with
CO; under supercritical conditions. However, the minimum CO, concentrations of around 10 wt%,
widely considered to be necessary for the production of low density foams, are sufficient to
reduce the matrix glass transition temperature, 7, to temperatures well below those corresponding
to the critical point of CO, (31.1 °C and 7.39 MPa). This makes it difficult to avoid foaming
during the depressurization step and tends to result in agglomeration of the PLA granules,
particularly when nominally amorphous grades of PLA are employed [73]. Moreover, the
maximum CO, contents attainable at a given pressure are limited by the reduced slopes of the

sorption isotherms for CO; in PLA at elevated 7 [34,36]. These drawbacks may at least to some
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extent be overcome by processing with liquid CO, in the range of 7 immediately above the triple
point (-56.6 °C and 518 kPa), where PLA remains in the glassy state up to relatively high CO,
contents [7]. Even so, too high a CO, content will reduce 7, to well below room temperature,
resulting in foaming and rapid desorption of the CO, subsequent to impregnation, again

particularly when nominally amorphous grades are employed [73].

It has been demonstrated that the dependence of 7,0n CO, content may be adequately described
using the free volume model of Chow [45] with the lattice coordinate number, z, set to 2 [118].
However, only limited data for diffusion of CO,in PLA are available in the open literature, and,
to our knowledge, there is little detailed indication of how diffusion rates vary with CO, content,
although the plasticizing effect of CO; is expected to become critical at 7 in the vicinity of 7. The
overall aim of this section is: (i) to use simple gravimetric measurements of desorption rates of
CO; from different grades of PLA in order to obtain a semi-quantitative description of dependence
of the effective diffusion coefficient on temperature and CO, content in regimes of direct
relevance to practical processing windows; (ii) to use this understanding to determine process
parameters likely to satisfy basic performance requirements, namely adequate stability of foam
precursors during handling at room temperature prior to thermally induced forming at elevated 7;
(ii1) and to investigate morphological development during sorption of liquid CO2 by a PLA with a
low D-isomer content that crystallizes readily on annealing above 7, or during slow cooling from

the melt.

4.1 Diffusion of CO; in semicrystalline PLA

4.1.1 Desorption measurements

Systematic measurements, described in Section 3.2.2, of the CO, desorption rates were carried out
using PLA1 as a model system, because its tendency to undergo cold crystallization during
impregnation inhibited foaming over a relatively wide range of 7" and CO; contents in the vicinity
of T,. It could therefore be assumed that the matrix of the test specimens formed a continuum
under these conditions, as confirmed by visual inspection. Figure 4.1 shows desorption data at

different 7 and ambient pressure for the disc-shaped specimens impregnated by immersion in
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liquid CO; for 3 hr at approximately 10 °C and 5 MPa. This resulted in an initial overall CO,
content of about 0.29 g/g, which was assumed to be saturated as introduced in Section 3.2.2.
60 °C was in this case the upper limit of the range of 7 in which no foaming was observed during
desorption from specimens impregnated under these conditions. Above 60 °C significant
whitening was observed, but only limited expansion as long as 7 remained well below 7}, as will

be discussed later.
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Figure 4.1 Experimental data for CO, desorption at the temperatures indicated from saturated
discs of PLA1 with a thickness of 1 mm prior to impregnation, along with numerical fits to the
data (continuous curves) using Equations 4.1 to 4.3 to describe 1-dimensional desorption of a

non-swelling solute from an infinitely wide 1 mm thick sheet.

The data in Figure 4.1 were inconsistent with a constant diffusion coefficient, D, their implying D
to decrease steeply with CO, content, c, as reflected by the tendency of the curves to flatten off at
intermediate ¢ after long times, ¢. It was assumed that desorption in the present case could be

approximated to by Fick’s second law in one dimension, i.e.

dc(x,t)

0
at E(D [eCx 0]

dc(x, t)) @1

0x
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where x is normal to plane of the discs, c[0 <x </,0] =0.29 g/g and c[0,f] = c[Lf] = 0 g/g, where /
is the plate thickness [119]. The dependence of D on ¢ was modelled over the whole range of ¢

using the empirical, but widely used expression for soluble penetrants
D[c(x,t)] = D[0] exp[Ac(x, t)] (4.2)

where D[0] and 4 are empirical fitting constants and D[0] may be interpreted as the limiting value
of D at zero CO; concentration [120—123]. The overall CO, content in g/g at time ¢ was then given

by

l
X[t] = f C(xl’ Dax  43)
0

X[t] was determined numerically using the method of lines with second-order finite difference
discretization incorporated in Mathematica 9™ (Wolfram Research). Approximate fits to the data
were obtained by adjusting D[0] and A, as shown in Figure 4.1. To maintain simplicity, no
attempt was made to account explicitly for changes in the specimen dimensions due to swelling of
the PLA by the CO,, implying a systematic error in the absolute values of D of up to 10 % for the
largest ¢ considered here (assuming volume swelling to be approximately commensurate with the
CO, content) [124,125]. There was also significant experimental uncertainty at short times,
mainly owing to loss of CO; during transfer and temperature equilibration), resulting in an
experimental error of about 2 % in the initial CO; content, although the numerical simulations
indicated this to have little influence on X(¢) for ¢ greater than a few minutes under the present

conditions.

Figure 4.2 shows the values of D[0] and A used to fit the data in Figure 4.1, plotted as a function
of 1/T. At T well below the nominal 7, of approximately 60 °C for PLA, 4 was estimated to be
between 23 and 24 (the relative insensitivity of X[¢] to A in this range of 7 made precise
determination difficult). 4 nevertheless decreased significantly as T approached 7, indicating D
to become less dependent on CO, concentration in this regime. The trends in D[0] were consistent
with an Arrhenius expression of the form

D[0.T] = Dyexp (— %) (4.4)
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for T'<< T, where E, is an activation energy [J/(mol-K)], whereas above and immediately below

T,, D[0] could be fitted with the Williams-Landel-Ferry (WLF) equation [126]
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Figure 4.2 Fitting parameters used to obtain the numerical fits in Figure 4.1 as a function of 1/7,
along with fit of Equation 4.4 to the data for D[0] for 7 < 40 °C (Dy=4.6 x 10'm%s and E/R =
4178 K) and a fit of Equation 4.5 to the data D[0] for T > 50 °C (7, =323 K, C; =12.5 and C, =
60 K with D[0,7,] = 1.4 x 102 m%s).

as shown in Figure 4.2. Similar trends in the limit of zero concentration have been reported for
measurements e.g. by forced Rayleigh scattering on other systems in the equivalent range of T’
[127], and the absolute values of both D[0] and E, were consistent with correlations established
by Koros for a broad range of polymers and penetrants in the glassy state [128], bearing in mind
that the degree of crystallinity of PLA1 was estimated from DSC to be approximately 34 wt%
after saturation with CO, under the present conditions and that experimental values of D are
known to be reduced in semicrystalline polymers [120] (if the densities of amorphous and
crystalline PLA are taken to be 1.25 g/cm’® and about 1.4 g/cm® respectively [74], 34 wt%

crystallinity implies an amorphous content of about 68 vol%).
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4.1.2 Numerical modelling of the sorption process

The dependence of D on ¢ determined empirically from the desorption data for PLA1 was also
used to model the initial time dependence of sorption at 10 °C in liquid CO,. This was
problematical from a computational point of view owing to the relatively large values of 4
inferred from Figure 4.1. A strong dependence of D on c¢ implies very steep concentration
gradients during sorption, leading to numerical instabilities for any reasonable choice of time-step.
These could be reduced by truncating D given by Equation 4.2 at ¢ beyond the range of
immediate interest, leading to results such as shown in Figure 4.3, where the boundary conditions
were modified to simulate sorption into a semi-infinite plate with a surface CO, concentration of
0.29 g/g, using 4 = 23 and D[0] = 1.8 x 107> m?*/s. Consistent with previous observations on
similar systems, e.g. PS/n-pentane [124], the diffusion profile showed some of the qualitative
features associated with “case II” diffusion, i.e. steady advance of a well-defined step-like
diffusion front [129—132]. However, the solute uptake predicted for a semi-infinite plate was not

172

proportional to ¢, but rather increased as ¢#'°. As shown in Appendix 1, where an analytical

expression (Equation A5) for the CO, uptake by a plate of finite thickness / has been derived

following Huang et al. [122], this is a direct consequence of the use of Equation 4.2 to describe

D[0].

CO, content [g/g]*100

Figure 4.3 Sorption profile as a function of time predicted for 1-dimensional diffusion into a semi-

infinite sheet of PLA1 at 10 °C assuming ¢(x < 0,£)=0.29 g/g, 4=23 and D[0]=1.8 x 10" m?/s.
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Figure 4.4 shows the observed degree of sorption in as-molded and hence initially amorphous
PLA1 discs immersed in liquid CO, at 10 °C and 5 MPa, normalized with respect to the

concentration at saturation and plotted as a function of 7'

, along with data for PLA2 obtained
under the same conditions. As seen from Figure 4.4, the use of Equation A5 with fitting
parameters derived from desorption experiments at 10 °C (cf. Figure 4.3) underestimated the
sorption rate in the initially amorphous PLAT1 discs. Indeed, it may be inferred from Equation A5
that the effective value D[0] in the early stages of sorption into these latter was about twice that
derived from the desorption data, assuming the effective value of Ac,, where ¢, is the saturation

concentration, to remain constant (see Appendix 1).
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Figure 4.4 Normalized sorption as a function of ' for as-molded PLAI (filled triangles) and
PLA2 (open triangles) discs with an initial thickness of 1 mm, immersed in liquid CO; at 10 °C
and 5 MPa, along with sorption profiles predicted from Equation AS (solid curves) for Ac, = 6.67
and (i) D[0] = 1.8 x 10" m?/s and (ii) D[0] = 3.6 x 107> m?s.

The sorption data for PLA2, which remained essentially amorphous throughout impregnation,
suggested the CO, content to reach saturation at about 0.43 g/g after roughly 2000 s immersion.
For comparison, CO, contents of up to 0.55 g/g have been observed in PLDA under supercritical
conditions [125], and the CO;content of about 0.29 g/g at saturation in PLA1 under the present

conditions also implies a CO, content of 0.43 g per g of the amorphous phase. Moreover, while
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the sorption rates for the initially amorphous PLA1 and PLA2 discs were similar at short times,
those for PLA1 slowed significantly with respect to those of PLA2 after relatively long times, an
effect that may be attributed to cold crystallization in regions of the discs behind the diffusion
front. In cases where crystalline lamellae act essentially as a physical barrier to diffusion, i.e.
diffusion of small molecules in polymers with relatively low degrees of crystallinity, D is often
assumed to be equal to its value in the corresponding amorphous polymer, D, divided by a
tortuosity factor, # = f,". f, is the amorphous volume fraction, i.c. about 0.68 in PLA1 after
prolonged immersion in liquid CO,, and # is an empirical constant between 1 and 2 depending on

the polymer [133]. It follows from the results in Figure 4.4 that n was about 2 for PLATI.

These conclusions are nevertheless highly conditional on the underlying assumptions and
approximations, e.g. the possible limitations of Equation 4.2 as an accurate description of D[c],
particularly at relatively large values of ¢, the experimental uncertainty in the transient CO,
contents and the CO, content at saturation, and the lack of geometrical corrections for swelling.
More importantly, any comprehensive description of the diffusion process may also need to take
into account the non-Fickian processes (linked to time dependent swelling, multiple sorption
mechanisms, physical aging etc.), that are widely assumed to be characteristic of the glassy state
and the transition zone of polymeric materials [120,121,123,129-138]. The use of a single valued
function D[c] within a Fickian framework to describe both sorption and desorption may therefore
be questionable. However, regardless of such detailed considerations, which are beyond the scope
of the present work given the limited quality of the sorption data, an immediate practical
consequence of the case Il-type diffusion inferred from the simulations is that partial
impregnation under these conditions will result in near-saturation of the outer regions of the

specimens, while the inner regions remain substantially free of CO,.

4.1.3 Desorption from partially impregnated specimens

Figure 4.5 shows simulated CO, concentration profiles for 1-dimensional desorption from 1 mm
thick PLA1 sheets as a function of time at 10 °C, assuming a step-like initial CO, concentration
profile, with a maximum CO; concentration of 0.29 g/g and two different overall CO, contents,
assuming 4 = 23 and D[0] = 1.8 x 10" m?/s, as previously (an hence implicitly that the specimens

had undergone cold crystallization).
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CO, content [g/g] x 100

CO, content [g/g] x 100

Figure 4.5 Desorption profile as a function of time predicted for an infinitely wide 1 mm thick

sheet of PLA1 at 10 °C assuming a step-like initial CO, concentration profile (+=0) corresponding
to overall CO, contents of (a) 0.10 and (b) 0.20 g/g, 4=23 and D[0] = 1.8 x 10" m?/s.

The concentration profile rapidly became relatively uniform across most of the sheet thickness at
the timescale shown, and the long term behaviour was insensitive to the exact form of the initial

concentration profile and any transient sorption, a case II-type diffusion front advancing rapidly to
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the mid-point of the sheet during the early stages of desorption (moreover, in the light of the
previous discussion it is reasonable to assume the rate of diffusion into the core of initially
amorphous specimens of PLA1 to be underestimated in these simulations, because the core is not

expected to show significant cold crystallization).
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Figure 4.6 . (a) Experimental data for CO, desorption at 23 °C from partly saturated discs of
PLA1 with a thickness of approximately 1 mm prior to impregnation and numerical fits to the
data assuming an infinitely wide 1 mm thick sheet (continuous curves) and initial concentration
profiles adjusted to match the initial overall level of sorption as described in the text with 4=23
and D[0]=3.3 x 107" m?s; (b) dependence of 7, on CO, concentration in amorphous PLA
following Chow, taking z=2.

The relevance of the model predictions to the experimental data is borne out by Figure 4.6 (a), in
which experimental data for CO, desorption at 23 °C from partly saturated discs of PLA1 with a
thickness of approximately 1 mm prior to impregnation and different overall CO, contents, is seen
to be well described by: (i) assuming an initial step-like CO, concentration profile (slightly
smoothed to avoid numerical instabilities) and adjusting this latter to match the initial overall CO,
contents measured experimentally and (ii) taking 4 = 23 and D[0] = 3.3 x 10™"* m?/s throughout. It

was inferred from these results that it should be possible to stabilize the room temperature CO,
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content at around 0.1 g/g (assumed to be adequate for foaming) throughout the interior of the
discs, by partial impregnation in liquid CO, followed by partial desorption. Indeed, existing
protocols for the production of expandable PLA using liquid CO, emphasize the need for a low
temperature conditioning step at ambient pressure in order to reduce the CO; content in saturated
specimens to manageable levels [7]. On the other hand, Figures 4.5 and 4.6 (a) suggest that it
should be possible to achieve close to ideal CO; dispersions using relatively short impregnation
times. That a CO, content of 0.1 g/g should be stable under these conditions may be inferred from
Figure 4.6 (b), where T, has been plotted as a function of ¢, using a fit of Chow’s equation [45] to
experimental data from the literature [118], indicating 7, of amorphous PLA to fall below room
temperature at close to 0.1 g/g. It follows that amorphous PLA containing a uniform dispersion of

0.1 g/g of CO;, should not show premature foaming during handling at room temperature.

An alternative means of obtaining a relatively flat CO, profile at a relatively low overall CO,
contents is to saturate the discs at higher temperatures, i.e. under supercritical conditions, where
the equilibrium sorption is lower. Figure 4.7 shows experimental desorption data for CO,
desorption at 23 °C from PLA1 impregnated at 40 °C and 8 MPa along with a fit of Equations 4.1
to 4.3 obtained by assuming A = 23 and adjusting the initial CO; content and D[0]. Because
depressurization was carried out over a period of around 1000 s in order to restrict foaming, it was
assumed somewhat arbitrarily that = 0 in Figure 4.7 corresponded to ¢ = 1000 s in the simulation,
so that the initial transients seen e.g. in the data in Figure 4.1 were absent. The value of D[0] of 2
x 107" m?/s obtained by this fitting procedure was nevertheless significantly lower than the value
of 3.3 x 10" m?%s inferred from the fits to the desorption data for specimens impregnated with
liquid CO,. It was beyond the scope of the present work to examine these effects systematically,
so that the precise reasons for the reduced desorption rate in this case remain open to question.
However, it appears that the effective diffusion constant during desorption may be sensitive to the
sorption conditions, even where the final degree of crystallinity is insensitive to the method of
impregnation. Indeed no significant differences were observed between DSC heating scans

obtained after impregnation under supercritical conditions and in liquid CO,.
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Figure 4.7 Experimental data for CO, desorption at 23 °C from a disc of PLA1 saturated under
supercritical conditions (40 °C and 8 MPa for 3 hr) with a thickness of approximately 1 mm prior
to impregnation and numerical simulation assuming an infinitely wide 1 mm thick sheet
(continuous curves) and initial CO, content of 0.18 g/g, D[0]=2 x 10" m?/s and A=23 with a time
delay of 1000 s (see the main text).

4.2 Desorption from PLA2

At 0.43 g/g of CO,, the T, of PLA may be assumed to be well below room temperature (more than
40 °C below room temperature according to Chow’s equation [45]). Indeed when room
temperature desorption measurements were attempted on specimens of PLA2 saturated with
liquid CO; at 10 °C, not only did the specimens foam, but the foam structures were unstable,
leading to rapid desorption of the CO; via rupture of the cell walls. This is reflected by Figure 4.8,
which shows data for desorption at 23 °C from 1 mm thick discs of PLA2 fully and partly
impregnated with liquid CO,, along with data for a PLA2 disc impregnated under supercritical
conditions, as described for PLA1 in the previous section. The specimen temperatures decreased
to about -30 °C immediately after depressurization, (indeed the depressurization rates used here
were sufficient to produce dry-ice in the autoclave chamber). However, as T approached room

temperature after 100 to 200 s, the CO, content of the saturated specimens not only diminished
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rapidly to much lower levels than for PLA1 for a given ¢ (cf. Figure 4.1) but also fell to levels
below those observed for partially saturated PLA2. On the other hand, while specimens of PLA2
impregnated under supercritical conditions showed some degree of foaming during
depressurization, as evidenced by their opacity after removal from the autoclave, their final CO,
content was about 0.18 g/g, implying 7, to be close to 0 °C (cf. Figure 4.6 (b)). There was no
further significant expansion at 23 °C, and subsequent desorption was relatively slow, as seen

from Figure 4.8, suggesting stability to be maintained up to 7 somewhat greater than 7.
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Figure 4.8 Experimental data for CO, desorption at 23 °C from discs of PLA2 with a thickness of
approximately 1 mm prior to impregnation for (a) 3 hr and (b) 10 minutes in liquid CO; at 10 °C

and 5 MPa, and (c) under supercritical conditions (40 °C and 8 MPa for 3 hr).

4.3 Consequences for foaming

It was inferred from the results described in the preceding sections that it should be possible to
produce an acceptable solid amorphous PLA2 precursor by partial impregnation in liquid CO; at
10 °C and 5 MPa followed by conditioning at ambient pressure at a sufficiently low temperature
to prevent foaming. Conditioning was carried out by rapidly transferring the specimens to a

freezer maintained at 10 °C, i.e. more than 30 °C above the estimated 7, for the highest CO,
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contents. There was nevertheless little sign of foaming owing to the reduction in 7 due to
depressurization, which was presumably sufficient to prevent foaming during transfer and the
initial stages of conditioning. However, for any reasonable choice of D[0], the step-like CO,
concentration profiles assumed for partially impregnated specimens were predicted to flatten
after relatively short times, as discussed previously for PLA1 (cf. Figure 4.5). Thus, a PLA2 disc
partially impregnated by immersion in liquid CO; for 10 minutes to give an initial overall CO;
content of about 0.25 g/g was estimated to contain between 0.1 and 0.2 g/g of CO, over most of
its width after conditioning for 2 hr at 10 °C, assuming D[0] = 5 x 10" m*/s and 4 = 23 (values

consistent with the observed sorption rates in PLA2).
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Figure 4.9 SEM micrograph of a diametric cross-section through a PLA2/10 wt% talc disc with an

initial thickness of 1 mm, after immersion in liquid CO, for 10 minutes, conditioning at 10 °C for

2 hr and immersion in boiling water.

Figure 4.9 shows an SEM micrograph from the central part of a diametric cross-section through a
specimen of PLA2/10 wt% talc held in liquid CO, at 10 °C for 10 min, conditioned for a further 2
hr at 10 °C after depressurization and then foamed by immersion in boiling water. The presence
of the talc made little difference to the sorption and desorption behaviour, although the CO,
content at saturation decreased in proportion to the amount of talc. However, the nucleating effect

of the talc during foaming generally led to relatively fine, closed-cell foam microstructures that
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were more straightforward to interpret in terms of the impregnation conditions that the coarser,
irregular structures obtained without addition of talc. As seen from Figure 4.9, foaming of PLA2
under these conditions led to a relatively homogeneous morphology across the specimen cross-
section, roughly spherical cells, consistent with the observation of uniform macroscopic
expansion, and a final foam density of around 30 kg/m’. This was in marked contrast to
specimens removed from the autoclave immediately after impregnation, which showed little
lateral expansion owing the constraining effect of the specimen core, which was substantially free
of CO,, and very limited expansion in the thickness direction, any cellular structure formed in the
outer regions of the discs tending to collapse, even during the spontaneous foaming observed at

room temperature.

The situation was more complex in the case of the as-molded PLA1 discs owing to cold
crystallization during impregnation. Figure 4.10 shows SEM micrographs from the central part of
diametric cross-sections of as-molded PLA1 discs foamed by immersion in boiling water after
various impregnation treatments, along with numerical predictions of the through-thickness
concentration profiles expected for cold-crystallized discs subjected to the same impregnation
treatments. These predicted concentration profiles were assumed to provide at least a rough
indication of the distribution of the CO, prior to foaming. Specimens held in liquid CO; at 10 °C
for three hours, i.e. sufficient for the CO, content to approach saturation, showed limited
expansion on immersion in boiling water and a final density of about 500 kg/m’. On the other
hand, specimens partially impregnated in liquid CO; at 10 °C for 10 minutes to give an overall
CO, content of about 0.15 g/g, underwent significantly greater expansion, leading to a density of
about 350 kg/m’. It is seen from Figure 4.10a that the internal morphology consisted in this case
of unexpanded skin and core regions separated by relatively large cells elongated in the thickness
direction. The assumption of a case Il-type diffusion profile during sorption implies regions
within about 0.25 mm of the surface to have CO, contents close to saturation under the
corresponding impregnation conditions, from which it is inferred that they undergo cold
crystallization, preventing subsequent expansion in any direction. On the other hand, cells
nucleated at the edge of the skin are able to expand into the amorphous interior of the specimen,
although their lateral expansion is constrained by both the skin and the CO,-free core, as was

apparent from the observed cell morphology.
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Figure 4.10 SEM micrograph of a diametric cross-section through a PLA1 disc with an initial
thickness of 1 mm, immersed in boiling water after: (a) immersion in liquid CO, for 10 minutes;
(b) immersion in liquid CO; for 10 minutes followed by conditioning at 10 °C for 2 hr; (c)
immersion in liquid CO, for 10 minutes followed by conditioning at 10 °C for 4 hr. Numerical
estimates of the through-thickness CO, concentration profiles prior to foaming are also shown in

each case.

The specimens in Figure 4.10b and 4.10c were impregnated for in liquid CO, for 10 minutes and
then held at ambient pressure after depressurization at a nominal temperature of 10 °C for 2 and 4

hr, respectively. After conditioning for 2 hr, the numerical simulations suggested the CO,
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concentration in the core to remain relatively low, and the microstructure was similar to that in
Figure 4.10a, in that unexpanded skin and core regions were still present. However, the extent of
expansion of the intermediate layers in the thickness direction was substantially greater than in the
unconditioned discs, resulting in a density of about 280 kg/m’. As suggested by the simulations,
conditioning for 4 hr resulted in a more uniform CO, concentration throughout the interior of the
specimens so that in this case, with the exception of the skin regions, expansion was uniform in
the thickness direction, and the final density was about 200 kg/m’ in spite of the lack of lateral

expansion and the relatively low overall CO, content after conditioning.

Figure 4.11 shows the internal morphology of as-molded PLA1 discs impregnated for 30 minutes
in liquid CO, to give an overall CO, content of about 0.23 g/g, and conditioned for various times.
Only limited expansion was visible in the outer regions of the specimens foamed without
conditioning, but in contrast with saturated specimens, the core regions, assumed to remain
amorphous immediately after impregnation, broke down, resulting in pronounced blistering
(Figure 4.11a). In specimens foamed after conditioning for 30 minutes at 10 °C, the skin regions
were no longer cavitated, presumably owing to their lower CO; content, and as seen from Figure
4.11 (b), they were about 0.4 mm in thickness, i.e. significantly thicker than for the shorter
impregnation times in Figure 4.10. Hence, while the remainder of the specimen showed a cellular
structure, consistent with the predicted CO, profile, i.e. a relatively high CO, content throughout
the thickness after conditioning, there was again no lateral expansion and the density was
relatively high at 480 kg/m’. The morphology of specimens foamed after conditioning for 1 hr
was similar (Figure 4.11 (c)), but the core showed less expansion and the final density of 570
kg/m® did not represent a significant improvement over the densities achieved with saturated
specimens, suggesting significant further cold crystallization to have taken place during the

condition step.
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Figure 4.11 SEM micrograph of a diametric cross-section through a PLA1 disc with an initial
thickness of 1 mm, immersed in boiling water after: (a) immersion in liquid CO, for 30 minutes;
(b) immersion in liquid CO, for 30 minutes followed by conditioning at 10 °C for 30 minutes; (c)
immersion in liquid CO, for 30 minutes followed by conditioning at 10 °C for 1 hr. Numerical
estimates of the through-thickness CO, concentration profiles prior to foaming are also shown in

each case.
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4.4 Crystallization of PLA during impregnation with liquid CO,

The distinct foam structures obtained for PLA1 after different immersion times in CO, at 5 MPa
and 10 °C followed by low T conditioning (cf. Figures 4.10 and 4.11), were attributed in the
previous section to CO, induced crystallization. To investigate this phenomenon further, the
internal morphology of initially amorphous hot pressed PLA1 discs after various CO, treatments

was characterized using a combination of microscopy techniques.

As shown in Figure 4.12, PLA1 specimens impregnated for relatively short times, #,,, in liquid
CO, at 10 °C showed a well-defined, uniform, but weakly birefringent layer, extending to a
constant depth from both surfaces, with no clear fine structure when observed in the optical

microscope. The core regions of these specimens showed little birefringence.

Figure 4.12 Optical micrographs between crossed polarizers of (a) a semi-thin cross-section taken
from a specimen held in liquid CO; at 10 °C for 10 min, after desorption of the CO,, (b) a semi-
thin cross-section from the same specimen and subsequently heated to 130 °C at 20 K/min using a
hot stage. a, B and y indicate the approximate positions of the specimen surface, the limit of the

birefringent surface layer and the midpoint of the specimen respectively.

In Figure 4.13, estimates of the volume fraction corresponding to the birefringent layers from
optical microscopy are compared with X(?), the measured mass uptake of CO, expressed in g of

CO, per g of PLA, normalized with respect to the mass uptake of CO, at saturation, ¢, (estimated
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to be 0.29 g/g), which was reached for #;,, greater than about 3 hr. While there was considerable
experimental scatter for short #;,,, and #;,, itself was associated with an uncertainty of the order of
1 min (the time necessary to reach steady-state conditions in the autoclave), the results shown in
Figure 4.13 suggested the thickness of the birefringent layer to be approximately proportional to
the CO, uptake throughout the impregnation process.
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Figure 4.13 The influence of impregnation time, t;,,, on: the estimated volume fraction of the
birefringent layers observed by optical microscopy; the mass uptake of CO, normalized with
respect to its value at saturation (0.29 g/g); the relative degree of crystallinity after desorption of
the CO,, defined as the overall melting enthalpy (in J/g) determined from DSC heating scans,

normalized with respect to its limiting value after long ¢, (estimated to be 32 J/g).

Figure 4.14 shows TEM micrographs of the morphology of specimens crystallized in COx.
Although RuQy is known to be effective as a stain for semicrystalline PLA [139], the morphology
corresponding to the birefringent regions of the specimens was poorly defined, consistent with the
lack of structure in the optical images. There was nevertheless some suggestion from the TEM
micrographs that a lamellar texture with a lamellar thickness of roughly 10 nm was already

established locally after short #;,,.
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Figure 4.14 TEM micrographs of RuQO, stained sections taken from the birefringent layers in

specimens exposed to liquid CO, at 10 °C for (a) 5 min and (b) 3 hr, after desorption of the CO,.

Figure 4.15 and Table 4.1 give results from DSC heating scans at 20 K/min on samples of about 5
mg in mass taken through the whole thickness of the impregnated specimens after desorption of
the CO,. T, showed little systematic variation for long #;,,, remaining at about 62 °C under these
measurement conditions, but for relatively short #,,,, T, increased somewhat to about 65 °C, and
was associated with a marked endothermic peak, effects that were attributed to physical ageing.
The as-molded PLA specimens did not show an exothermic peak at T, indicating the physical
ageing to have taken place during impregnation and/or desorption. The as-molded specimens were
also initially highly amorphous and crystallization during DSC heating and cooling cycles was
suppressed at scanning rates of 20 K/min. However, significant crystallinity was observed in the
impregnated specimens for all the #,, considered. The qualitative behavior was similar in each
case: a broad exothermic peak appeared as 7 increased above T, followed by a marked
endotherm, with a peak temperature of between 168 and 173 °C, depending on #;,,. A heating rate
of 20 K/min ensured the onset of the exotherm to be sufficiently well separated from the glass
transition and the associated endotherm to allow unambiguous definition of a linear baseline from
which the overall enthalpy change during the scans could be determined, regardless of #,, (this
was not true of lower heating rates, but results obtained at 10 K/min were generally consistent

with those shown here).
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Figure 4.15 DSC first heating scans at 20 K/min for the different #,, indicated.

Table 4.1 Summary of data from DSC first heating scans at 20 K/min.

ti,,.,p T, Exgél;irm Upper melting | Lower melting i\ﬁf}gl%%}
[min] | [°C] °C] peak [°C] peak [°C] [/e]
1 65 116 170 - 4.69
5 65 117 171 - 9.24
10 65 116 171 - 12.5
30 63 90 171 168 25.2
60 62 87 172 166 26.9
180 | 62 - 169 - 32.0

The melting enthalpy tended to about 32 J/g after long ¢, (3 hr or more), and, as seen from
Figure 4.13, the enthalpy change obtained at intermediate f;,,
respect to this limiting value were broadly similar to the normalized degree of CO, uptake at the
same t;,,. On the other hand, for shorter #;,,, , the normalized melting enthalpies were relatively
low, suggesting a few minutes to be necessary for the degree of crystallinity to reach its limiting

value in regions of high CO, content.
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The peak temperature of the main exotherm in the DSC heating scans was close to 116 °C for low
timp, Which is in the same temperature range as the peak spherulite growth rates determined from
hot-stage microscopy of specimens crystallized from the melt, and the maximum crystallization
rates in isothermal DSC measurements. It may be inferred, therefore, that these exotherms
corresponded mainly to crystallization of regions of the specimens that remained substantially
amorphous during impregnation, although the nucleation rate was presumably higher than in the
as-molded specimens. Corroborating evidence for this was provided by hot-stage optical
microscopy of sections from partially impregnated specimens (Figure 4.12 (b)), which showed the
core to develop a fine spherulitic texture during heating. As the original CO, content approached
saturation, the DSC exotherm weakened, and its peak shifted to lower temperatures, e.g. about
87 °C for t;,,=1 hr. Moreover, the form of the onset of the exotherm appeared similar in all the
specimens, possibly reflecting the existence of a “transition zone” of enhanced nucleation
between the birefringent layers and the amorphous core. The peak temperature of the main
melting endotherm initially changed little with increasing #;,,, remaining at between 170 and
171 °C. For longer t;,,, however, two melting peaks were observed; the upper peak temperature
increasing to about 172 °C as t;,, increased to 1 hr, while the temperature of the lower melting
peak decreased from 168 to 166 °C as t,, increased from 0.5 to 1 hr. Finally, in saturated
specimens (Z,, of 3 hr or more), a single melting peak was observed at about 169 °C. The main
DSC melting peak at comparable scanning rates for PLA crystallized by heating from the glassy
state or for specimens crystallized isothermally at temperatures below about 125 °C generally
results from reorganization during the scan. Even so, the relatively low final melting temperature

of these latter was assumed to reflect an initial state of reduced crystalline order.

The results presented this section are consistent with the existence of a step-like diffusion front
during diffusion of liquid CO, into PLA at 10 °C as argued in Section 4.1.2. For initially
amorphous low D-lactide PLA specimens, the position of the diffusion front after a given
impregnation time was shown to be associated with a step-like increase in birefringence, which
was associated with CO; induced crystallization above a certain critical concentration of CO,. The
most obvious consequence of this crystallization was a significant decrease in the rate of CO,
uptake and overall CO, content at saturation compared with that observed for PLA with a
relatively high D-lactide content that showed little tendency to crystallize. This may be seen as a

consequence of the establishment of physical barrier to diffusion at the specimen surface that
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shields the interior from the high CO; concentrations associated with the immersion of fully
amorphous PLA in liquid CO,. Even so, the qualitative insight into the diffusion process provided
by the present work is expected to contribute to efforts to optimize precursor geometries (effective
specimen thickness) and impregnation conditions (time, temperature) for the CO, foaming of low
D-isomer PLA at the particleboard processing temperatures, i.e. above the nominal 7, but below

the melting 7.

4.5 Conclusions

The results described in the present chapter have confirmed the usefulness of approximate
numerical models for the diffusion of CO; in PLA over a wide range of concentrations as a guide
to optimizing impregnation and conditioning treatments for the in situ foaming of amorphous
PLA at the foam core particleboard process. In the case of semicrystalline PLA, cold
crystallization played an important role in both the diffusion and foaming behaviour of initially
amorphous specimens. For example, saturation of such specimens by holding them for 3 hr at
10 °C in liquid CO; led to relatively high degrees of crystallinity and little expansion on
immersion in 100 °C water. Thus, the skin regions of partially impregnated specimens, which
were predicted from the diffusion model to contain CO; concentrations close to the saturation
concentration, showed little or no expansion, depending on their CO, content after conditioning.
On the other hand, regions of the specimens that were initially free from CO, (as a consequence
of the step-like concentration profiles predicted from the diffusion model) and in which the CO,
content rose to more modest levels during conditioning, foamed readily, in spite of the low CO,
content and the lateral constraints imposed by the relatively rigid skin in the present disc geometry.
This follows from the assumption that 7, should be close to 10 °C in the range 0.1 to 0.15 g/g CO,
(Figure 4.6b), so that cold crystallization should be minimal at this temperature, even after very
long times, provided the CO, content never greatly exceeds these levels. A possible future
direction might therefore be to use impregnation/conditioning at lower temperatures to obtain
roughly uniform dispersions of around 0.1 g/g CO, or less in the as-molded PLA1 discs, and
hence suppress cold crystallization both during impregnation and on raising 7 to room

temperature, or alternatively to control the tendency to crystallize, so that crystallization is
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suppressed under the present impregnation conditions, but is able to take place during foaming.

This latter possibility will be explored further in Chapter 7.

With regard to foaming, no attempt has been made to investigate factors such as the role of heat
transfer during foaming, nor to optimize the foaming process with respect to the precursor
geometry, although this is important for controlling the final foam morphology, as will be
discussed in Chapter 8. The numerical models presented in this section are nevertheless useful for
optimizing processing parameters such as the impregnation and conditioning times, which should
ideally be as short as possible in an industrial process, and retention time for the CO, at high
temperatures, which should be as long as possible in order to provide adequate flexibility in terms

of processing windows.
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Chapter 5
Solid state PLA-PMMA foam

precursors

Poor thermal stability and long-term durability are well known to limit the applications of PLA.
T, and heat deflection temperature in the amorphous state are about 60 and 50 °C respectively, i.e.
far lower than those of PS, for example, whose 7, is about 100 °C. This is potentially problematic
for the one step particleboard process given that stable foaming should take place at temperatures
compatible with skin layer consolidation. Preliminary trials using EPS showed that relatively high
platen 7" of about 160 °C (the core layer 7T was not measured but was assumed to be close to
100 °C given the high water content of the skin layer formulation) resulted in both stable foaming
and significantly better dimensional stability of the surface layer than for a platen 7 of 130 °C
[23], whereas use of amorphous PLA led to unstable foaming and foam collapse even at the lower
platen 7. As set out in the previous Section 4.3, semicrystalline PLA, which has a 7, of about
170 °C, showed only limited expansion in this temperature range. The possibility of improving

the thermal properties of the amorphous PLA grade were therefore considered.

Various means of improving the thermal properties of PLA exist, including stereo complexation
[140], filler addition, copolymerization and blending [141]. Blending with one or more relatively
high 7, polymers is potentially a particularly straightforward and effective way to tailor the glass
transition, provided that the different blend components show adequate compatibility and physical
characteristics [142,143]. One promising candidate is atactic PMMA which is an inexpensive
amorphous thermoplastic with 7, typically around 110 °C, depending on its comonomer content
and tacticity. While the behavior of PLA-PMMA blends may vary significantly with molar mass,
the degree of crystallinity and the processing conditions, they have been demonstrated from

calorimetric data to show at least partial miscibility and composition dependent 7, [9,143—-152].
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Moreover, the solubility of CO, in PMMA-PLA blends under both sub-critical and super-critical
conditions has been found to be sufficient to permit its use as a physical blowing agent for the

preparation of low density foams [148,153].

In this thesis, we are specifically interested in the use of liquid CO; to prepare PLA-PMMA foam
precursors for the one step particleboard process. The CO, impregnated PLA-PMMA precursors
should meet the requirements, i.e. in the form of pellets or granules that are sufficiently stable
under ambient conditions to allow straightforward handling, but expand on heating to form low
density foams with significantly higher 7, than that of unmodified PLA foams [8,73]. In what
follows, we describe: (i) the preparation of model PLA-PMMA foam precursors by melt blending
and impregnation with liquid CO,; (ii) preliminary studies of the thermally induced foaming

behavior of these precursors and the characteristics of the resulting foams.

5.1 Thermal and mechanical properties of the PLA-PMMA

blends

All the compression molded, extruded and injected specimens were suggested by DSC heating
scans from 20 to 230 °C and 10 K/min to be substantially amorphous in so far as the net enthalpy
changes during the scans were very much less than the heat of fusion of fully crystalline poly-L-
lactide of 93 J/g [154]. Semicrystalline PLA1 nevertheless showed a cold crystallization exotherm
with a peak at about 112.5 °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 Figure 5.1(a), the as-
compounded PLA1-20 wt% PMMA pellets also showed a clear cold crystallization endotherm
with a peak as about 150 °C and a melting peak at 170 °C. However, while a slight endotherm
persisted in PLA1-40 wt% PMMA, there was no evidence of cold crystallization under these at
higher PMMA contents.
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Figure 5.1 Thermal behaviors of (a) PLA1-PMMA blends and (b) PLA2-PMMA blends. In both

PLAs, T, was increased according to PMMA content.

The data in Figure 5.1 also suggested the presence of two glass transitions during the first DSC
heating scan of the as-extruded blends, whose estimated mid-point temperatures are given in
Table 5.1 as T,; and T,», with the subscript 2 denoting the higher transition temperature. The
blends with the lowest PLA2 contents showed an endothermic peak immediately above Ty, 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 Figure 5.2, where the identifiable 7, have been plotted as a function of the
PMMA content, the transition temperatures, 7>, measured from the second heating scan were

intermediate between T,; and Ty».
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Table 5.1 Thermam transitions determined by DSC for the different PLA-PMMA blends

wt% T Tor | T2 Ta T 4H,

PMMA | [°C] | [°C] | [°C] | [°C] | [°C] | [V/g]

0 60.6 169.9 32.6

20 61.0 - 61.0 | 170.1 | 166.2 | 8.0

Extruded PLA1- 40 625 | 774 | 66.1 | 168.6 | 168.6 | 0.5
PMMA 60 68.0 | 83.7 | 73.3 - - -
80 712 | 924 | 88.7 - - -
100 110.0 - - -
0 58.4 - - -
20 60.3 - 59.7 - - -
Extruded PLA2- 40 60.9 | 78.1 | 63.3 - - -
PMMA 60 66.5 | 81.6 | 72.3 - - -
80 715 | 95.7 | 93.1 - - -
100 110.0 - - -

0 60.6 169.4 29.0

. 20 58.6 - | 61.66 | 167.0 | 1658 | 17.0
ri‘;ﬁzge;sifl_ 40 | 62.8 | 827 | 652 | 1672 | - 1.7
PMMA 60 73.4 - | 7549 | - - -

80 - |95.16| 8797 | - - -
100 109.6 - - -
0 57.5 - - -

. 20 55.3 - | 5820 - - -
Compression 40 | 61.0 | 84.5 | 63.3 ] ] ]
molded PLA2-

PMMA 60 68.9 - | 7282 - - -
80 - 88.3 | 92.68 | - - -
100 109.6 - - -
Compression 20 | 56.3 - - 169.5 29.5
molded PLA1- 40 | 55.6 | 103.6 | - 165.9 20.9
PMMA after 60 | 589 | 1047 | - 162.8 13.4
impregnation 80 60.5 | 1059 | - 159.6 4.9
Compression 20 579 | 898 ; ; -
molded PLA2- 40 56.3 | 94.1 - - -
PMMA after 60 | 59.2 | 103.6 | - - -
impregnation 80 60.2 | 109.8 | - - -
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For both PLA1 and PLA2, T,; showed a significant but relatively small increase over 7, of the
pure PLA as the PMMA content increased, and 7, increased by around 30 K as the PMMA
content was increased from 40 to 100 wt%, indicating partial miscibility in the as-extruded
specimens [155]. On the other hand, the observation of a single glass transition on cooling form
230 °C and during second heating cycle was clearly suggestive of miscibility, the evolution of
T,1> with PMMA content indicating strong plasticization by PLA over the whole composition
range. Following Herrera et al. [156], this plasticizing effect could be accounted for empirically

using the Brekner equation for a two component blend [157]:

T, (¢) = Tyu + (Tys — Ty)[(X + k)P — (ky + ky)p? + ky®] (5.1)

where ¢ is the volume fraction of component B (the PLA in this case), with k; =-0.9 and k, = 0.4,

as shown in Figure 5.2.
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Figure 5.2 T, of the blends estimated from Figure 1 as a function of PLA content. The solid curve
is a fit to the data from the second DSC heating scans using Equation 1 and the hatched curves are
corresponding estimates of the effective local 7, for the PLA- and PMMA- rich regions obtained

as described in the main text.

These results are at least qualitatively consistent with literature results for PLA-PMMA with

comparable M,, after thermal cycling [149,151,152], for which it has been suggested that there
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exists an upper critical solution temperature (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 7, after heating to above the UCST [149,150]. 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 [156,158]. Estimates of
the effective local 7, for the PLA- and PMMA-rich regions of the specimens showing a single
calorimetric 7, are also included in Figure 5.2, assuming the same mixing rule as for Ty,
(equation 5.1) but by replacing the global concentration by the local “self-concentration”,
following [156] (the characteristic ratios, C., were taken to be 11.7 and about 9 for PLA [159]
and atactic PMMA [160] respectively). The T,; and T}, of the as-extruded blends were generally

well outside this envelope at intermediate compositions.

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 PLA, was
inadequate to give homogeneous blends and, similarly, double glass transitions persisted in the
molded specimens (Table 5.1). For comparison, Samuel et al. [152] have reported melt blending
with an extrusion temperature of 210 °C to give homogeneous blends between PLA with M,, =
218’000 g/mol and PMMA with M,, in the range 92’000 to 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 CO, impregnation step to be
discussed below, this was not of immediate practical concern for the preparation of the foam

precursors.

DMA results are shown in Figure 5.3 for compression molded films of the pure resins and PLA-
50 wt% PMMA. The a transition temperatures, 7, defined as the temperature of the main peak in
tan 0 were 86.9 and 85.8 °C for PLA1-50 wt% PMMA and PLA2-50 wt% PMMA, whereas the T,
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
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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.
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Figure 5.3 DMA results from compression molded films testes in tension: (a) storage moduli and
(b) tan o.

5.2 CO, impregnation and desorption behavior

Because the CO; content stabilized in all the materials for impregnation times in liquid CO, at 5
MPa and 10 °C longer than about 3 hr, it was assumed to have reached saturation under these
conditions, implying equilibrium CO, contents of about 0.27 g/g, 0.42 g/g and 0.27 g/g for neat
PLAT1, PLA2 and PMMA, respectively. As set out in section 4, high CO, contents are predicted to
reduce 7, of PLA to well below the impregnation temperature of 10 °C [8,45], facilitating
crystallization, and the degree of crystallinity of initially amorphous specimens of PLA1 has been
found to be about 34 wt% after impregnation [8,35]. The difference in the equilibrium CO,
contents of PLA1 and PLA2 may therefore be accounted for by assuming the CO, 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 [161], as borne out in the present case by the data in
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Figure 5.4. Indeed, the overall equilibrium CO, content was roughly independent of composition
in the PLAT-PMMA blends, implying phase separation and crystallization of the PLA1 over the
whole composition range (and a local CO, content in the amorphous regions of the PLA1 that

significantly exceeded the global CO, content).
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Figure 5.4 Initial CO, content versus PMMA content in the compression molded disc after

impregnation for 3hr in liquid CO, at 5 MPa and 10 °C.

As shown in Figure 5.5, DSC heating scans of the blends after impregnation in liquid CO, for 3 hr,
followed by complete CO, desorption (which could be achieved e.g. by storage under ambient
conditions for a minimum of one week [8]), showed two well-separated glass transitions for all
the compositions investigated, and 7,; and T, were relatively close to the 7, of the PDLLA and
PMMA respectively (cf. Table 5.1), 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 whose area decreased from 32.0 to 5.0
J/g as the PMMA contents increased from 20 to 80 wt%. Thus, the presence of the CO, was
confirmed to favor both phase separation and crystallization in the blends at 10 °C, consistent

with the observed trends in the overall equilibrium CO, content in Figure 5.4.
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Figure 5.5 DSC heating scans from the impregnated compression molded discs after complete

CO, desorption.

Figure 5.6 shows the CO; content of the compression molded discs, expressed as the overall mass
of CO, per unit mass of the un-impregnated specimens, as a function of time at 21 °C after
impregnation for 3 hr in liquid CO, at 5 MPa and 10 °C. The desorption rates from PLA1, PMMA
and PLAI-PMMA at ambient temperature were comparable, and while the PMMA and the
PMMA-rich blends showed somewhat greater mass loss after short times, the CO, content
decreased to about 0.15 g/g in all the specimens after desorption for 1 hr and little or no foaming
was observed during the measurements. As observed previously [17], crystallization induced by
the CO, was therefore sufficient to stabilize the PLA1 with respect to foaming at temperatures
well below its melting point, and estimates of 7, as a function of CO, 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 impregnation, resulting in relatively rapid desorption of
the CO,, particularly at high PLA2 contents, where PLA2-rich regions presumably formed a
continuous phase. The blends with intermediate compositions showed the lowest CO, contents

after desorption for 1 hr, owing to both their reduced overall CO; contents at saturation and the
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effect of foaming. Indeed, even PLA2-80 wt% PMMA showed significantly faster CO, desorption
than the pure PMMA under these conditions.

a -+ PLAIl _ -+ PLA2
@) 45, - PLA1-80 wt% PMMA ®) 45 o PLA2-80 wt% PMMA
40 ~ PLALGOW% PMMA 40 ] ~ PLA2-60 wt% PMMA
~ PLA1-40 wt% PMMA ] — PLA2-40 wt% PMMA
8 351 + PLAI20wi% PMMA S 35 - PLA2-20 wi% PMMA

T T T 1 0 T T : T 1
0 2000 4000 6000 8000 O 2000 4000 6000 8000
Time [s] Time [s]
Figure 5.6 CO; desorption from compression molded discs of (a) PLA1-PMMA and (b) PLA2-
PMMA and the corresponding homo polymers.

5.3 Foaming behavior

Only amorphous 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 for EPS. In order to promote relatively homogeneous cellular structures at the scale
of the specimen thicknesses, 1 wt% talc was included in the formulations as a nucleation agent.
Mineral fillers have been reported to influence the mechanical properties of PLA [162,163], but
this level of loading did not result in significant changes in either mechanical properties or CO,
transport in the present case. As discussed in the previous section, the amorphous PLA2 and
PLA2-PMMA precursors saturated with CO, at 5 MPa and 10 °C became unstable with respect to
foaming on removal from the autoclave, because of the associated reduction in 7, Following
section 4, the CO, content was adjusted by partial impregnation in liquid CO, at 10 °C and 5 MPa,
followed by conditioning in air at 10 °C and at ambient pressure, which served to homogenize the

CO; concentration in the specimen interior [8]. As shown in Figure 5.7, impregnation for 30 min
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and conditioning for 2 hr led to overall CO, contents of 0.17 g/g and 0.13 g/g in PLA2 and PLA2-
50 wt% PMMA respectively, whereas impregnation for 2 hr and conditioning for 2 hr gave an
overall CO; content of about 0.08 g/g CO; in the pure PMMA. For comparison, 0.1 g/g of CO,
would ideally lead to a minimum bulk foam density close to 20 kg/m’ assuming expansion of the

CO; to take place entirely within the foam.
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Figure 5.7 Desorption from compression molded discs of PMMA and PLA2-50 wt% PMMA

blend for different impregnation times.

Figure 5.8 shows the expansion ratio, p/p", where p is the matrix density and p" is the foam density,
for the impregnation and conditioning treatments in Figure 5.7 as a function of the foaming
temperature, along with SEM micrographs of the resulting cell morphology. Consistent with its
relatively high initial CO; content, PLA2 generally showed the highest degree of expansion, with
plp" reaching a maximum of 56.9 (p° = 22 kg/m’), at 80 °C, falling off as the temperature was
increased further. Expansion was reduced for PLA2-50 wt% PMMA owing to its reduced overall
CO, content, but the maximum in p/p" of 18.8 (p* = 67 kg/m®), shifted to 100 °C. Similarly,
PMMA showed a maximum in p/p" of about 26.1 (p~ = 46 kg/m*), at 130 °C.
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Figure 5.8 (a) Expansion ratio, p/p’, after free expansion of PLA2, PMMA and PLA2- 50 wt%
PMMA at various temperature and for the impregnation/conditioning conditions specified. (b)

SEM micrographs of the corresponding cellular morphology of the foams.
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For PLA2 and PMMA the maximum in p/p" occurred at about T, + 20 °C, where T, is the glass
transition temperature in the absence of CO, (Table 5.1). T,; and T, were estimated from DSC
heating scans (Figure 5.9) to be about 64 and 96 °C respectively in PLA2-50 wt% PMMA after
impregnation and desorption of the CO,, although the glass transitions were less well defined than
for the fully impregnated specimens (cf. Figure 5.5). The weak endotherm visible at 123 °C was
also present in DSC heating scans of pure PLA?2 after partial impregnation in the presence of talc,
and was attributed to residual crystallization (this effect was less evident in the unmodified PLA2
as seen from Figure 5.5). The glass transitions were even less well defined after foaming at
100 °C, as also shown in Figure 5.9. 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 exposure to CO,; of these specimens rendered detailed
interpretation 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 [152]. Certainly,
the observation of a maximum in p/p" at about 100 °C for the blends implied an effective

softening temperature intermediate between those of the pure PLA2 and PMMA.
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Figure 5.9 DSC heating scans from PLA2-50 wt% PMMA after impregnation for 30 min in liquid
CO2 and conditioning for 2 hr, followed by complete desorption of the CO2, and after

impregnation/conditioning under the same conditions followed by free expansion at 100 °C.

The SEM micrographs of the various PLA2, PLA2-50 wt% PMMA and PMMA foams in Figure
5.8(b) were generally suggestive of a mixed open and closed cell morphology. Although closed
cells are found to be dominant, even so characteristics of open cells such as connected cells and
holes on the cell walls are observed. 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
coalescence, and cell nucleation, there being no simple correlation between the cell sizes and the
overall expansion ratio. Moreover, at the highest foaming temperatures, significant 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 CO,
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 relatively dense

core, implying incomplete penetration of the CO, during the impregnation step [8].
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Figure 5.10 DMA results from various foams tested in compression: (a) PLA2 and (b) PLA2-50
wt% PMMA.

The room temperature storage moduli of the foams, E”’, obtained from compressive DMA tests
varied between 0.1 and 50 MPa depending on the foaming temperature and the matrix, while the a
transition temperatures corresponding to the peak in tan ¢ (Figure 5.10) were broadly consistent
with the thermal behavior inferred from the DSC measurements. 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 ¢ 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
temperatures, 60 °C, which was reflected by an increase in £ * as the temperature approached the

onset of the a-transition.
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Figure 5.11 Relative storage moduli for the different foams as a function of their relative density.

Relative moduli, £*/E’, where E’ is the room temperature storage modulus of the corresponding
compression molded specimens, have been plotted against p/p in Figure 5.11. Also shown are
simplified Ashby-type scaling laws for a closed-cell foam (linear dependence on p/p) and for an
open-cell foam (quadratic dependence on p/p) [164]. The foam moduli appeared roughly
consistent with quadratic scaling, with the exception of the foams produced at 100 °C, for which
the moduli were more than an order of magnitude less than would be expected on this basis.
However, as described above, relatively high foaming temperatures resulted in inhomogeneous
internal morphologies, so that the overall foam densities were no longer necessarily determinant

for the observed compression moduli.

5.4 Conclusion

It has been demonstrated that it is possible to produce solid-state foam precursors for one step
particleboard process by melt blending of a commercial amorphous PLA and PMMA, followed
by impregnation with liquid CO, and conditioning at ambient pressure in order to adjust the

overall CO; content. These precursors were shown to be stable with respect to both foaming and
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short-term CO, desorption at room temperature, 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 PLA, under which conditions they tended to show two
distinct 7,. Moreover, both DSC and DMA indicated impregnation with liquid CO, to result in
marked phase separation, obviating any attempt to obtain homogeneous blends by prior heat
treatment. Even so, the present results indicated that blending amorphous PLA2 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, precursor geometry, additives and foaming
temperature, for example. However, we have been able to demonstrate the suitability of granular
amorphous PLA2-50 wt% PMMA precursors impregnated with liquid CO, for the production of
low density foams using an open hydraulic press in which the foaming temperature is constrained
to be close to 100 °C. This provided the focus for our efforts towards optimization of the foam

core particleboard process, to be discussed in Chapter 8.
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Chapter 6

Biocomposite foam precursors

It has been shown that a PLA foam precursor blended with a relatively high 7, polymer, PMMA,
resulted in improved heat stability and a processing window potentially better suited to the
particleboard process than pure amorphous PLA precursors [165]. However, ideally we would
prefer to reproduce the advantages of blending with PMMA, while avoiding the use of non-
sustainable additives. We have therefore investigated the effect of combining PLA with a range of
natural fiber reinforcements, including microcrystalline cellulose (MCC) and wood fiber (WF).
These cellulose reinforcements are known to be not only renewable, biodegradable and recyclable,
but also potentially capable of effective reinforcement at low volume fractions, due to the high

stiffness and high aspect ratios of the individual cellulose fibers [166—170].

Based on the successful approach of Boissard et al. [10] to obtaining improved elastic properties
and heat stability during supercritical CO, foaming, PLA was extrusion compounded with WF or
MCC. The resulting biocomposites were impregnated with liquid CO, following the procedures
described in the Section 4.1 [8], and their foaming behaviour investigated under conditions
representative of the particleboard process. The chapter begins with a discussion of the influence
of the additives on the sorption and desorption behaviour of the CO, during impregnation and
storage as determined using the experimental approach introduced in Section 4.2 [8], with
emphasis on the importance of CO, transport along the matrix-fibre interfaces for diffusivity and
the role of the filler network continuity. The influence of the fibres on the processing windows
corresponding to foaming, and on foam expansion and the final morphology is then presented.
Finally, the benefits of cellulose fibre reinforcement for the final foam stiffness are considered,

based on results from compressive DMA tests.
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6.1 Thermal and mechanical properties of biocomposites
prepared by melt compounding

Figure 6.1 and Table 6.1 show the morphology and basic characteristics of the WF and MCC
respectively employed in this work. These additives showed large differences in aspect ratio, i.e.

~ 81 for WF and ~ 3 for MCC.
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Figure 6.1 SEM micrographs of (a) WF and (b) MCC show contrasting dimensions and surface

topography.

Table 6.1 Physical characteristics of the WF and MCC.

WEF [70,171] MCC
Manufacturer Innventia AB Sigma-Aldrich
Dimensions [um] Lenth: 2.34x10° <50
Width: 28.8
Density [cm’] 1.2 1.46 [172]
Young’s modulus [GPa] 39.9 25[173]
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Figure 6.2 PLA2 composite extrudates processed by a laboratory scale twin screw extruder at

200 °C for 2 min.

Melt compounding was carried out for approximately 2 min at 200 °C using the laboratory scale
microextruder described in Section 3.2.1. As shown in Figure 6.2, the extrudates containing WF
and MCC were opaque and brownish, in spite of careful drying before every process step,
whereas the PLA was colorless and transparent. This discoloration was particularly apparent at
high WF contents. Although no quantitative measurements were carried out in the present work,
discoloration is widely assumed to reflect hydrolysis of PLA [174], and the present high T process
employed here was assumed a priori to favor degradation in the presence of any residual water
associated with the additives. The high shear also caused severe breakdown of the WF into
particles with aspect ratios <10 (Figure 6.3), while the original shape of the MCC was conserved
(Figure 6.3). Varying the WF content did not substantially change the resultant fiber length in

composites containing up to 20 wt% WF.

OM also suggested that addition of 3 or more wt% of WF might result in some degree of fiber
networking, although in view of the thickness of the compression molded specimens shown in
Figure 6.3, this remains to be confirmed. Fiber-to-fiber load transfer may therefore contribute to
mechanical properties at high fiber contents, but it is also expected to hamper foam expansion, as
will be discussed further in what follows. Indeed, Neagu ef al. suggested the network formed by

10 wt% microfibrillar cellulose (MFC) with an aspect ratio of about 80 may represent a critical
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threshold beyond which it is no longer possible to prepare low density foams by supercritical CO,
processing [70]. The hydrophobic PLA matrix and hydrophilic WF and MCC are also thought to

show relatively weak interfacial interactions, as suggested by the SEM micrographs of fracture

surfaces shown in Figure 6.4.

4 PLA2-MCC 20 wt%|
e

Figure 6.3 Optical micrographs of compression molded ~0.2 mm thick films of 1, 3, 5 and 20 wt%
of WF and MCC extrusion compounded with PLA2.

Figure 6.4 Representative SEM micrographs of fracture surfaces after static tensile tests on
injection molded dog-bone shape specimens with 2 x 4 mm? cross sections in the gauge length; (a)
5 wt% WEF- and (b) 5 wt% MCC-PLAL1. Both additives were pulled out of the matrix during the
fracture process. Typical features of a composite with weak fiber matrix interfacial interactions

include large voids, and gaps between the filler and matrix.
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Figure 6.5 The storage moduli, £’ in the T range from 20 to 150 °C from DMA measurements at 1
Hz with a 3 °C/min ramp rate, along with the dependence of £ at 20 °C on additive content, and

the predictions of equation 2.14 for comparison.
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Tensile mode DMA tests were performed on the 0.2 mm thick hot pressed films shown in Figure
6.3. The storage moduli, £’, versus temperature are shown in Figure 6.5. In PLA1 the onset of
cold crystallization was found to be shifted to lower T in both types of composite, starting in the
range 83 - 92 °C as opposed to about 95 °C in the neat PLA1, and the crystallization peaks were
significantly sharper. Decreased crystallization temperatures, 7., were also seen in DSC heating
scans, as summarized for PLAI-WF in Figure 6.6 and Table 6.3 respectively. However, the
enthalpy of fusion also increased with WF content, a phenomenon that may be associated with a
decrease in molecular weight of the PLA due to hydrolysis [174]. Any such decrease is also
expected to reduce the melt strength of PLA and favor cell wall rupture during foaming. This
would not only favor cell coalescence but may also contribute to foam shrinkage owing to
accelerated loss of the CO; prior to stabilization of the foam structure, as will be discussed in

Section 6.2 [84].
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Figure 6.6 Results of DSC heating scans from PLA1 and PLA1-WF composites at a heating scan

rate of 10 °C/min.
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Table 6.2 Thermal properties of PLA1 and its composite products with different contents of WF.

Product T, [°C] 7. [°C] T,[°Cl | 4H, [W/g]
PLAI 61.92 112.36 169.36 29.64
PLAI-WF 1wt% 60.99 112.06 171.60 38.02
PLAI-WF 3wt% 61.16 111.49 171.57 37.70
PLAI-WF 5wt% 60.42 110.04 170.99 40.24
PLAI-WF 10wt% 60.54 110.31 170.55 36.34
PLAL-WF 20wt% 64.54 110.57 171.45 31.64

As shown in Figure 6.5, £’ at 20 °C increased systematically as the additive content increased.
The higher aspect ratio WF composites showed a somewhat greater increase in £’ than the MCC
for a given additive content. Theoretical values of the Young’s modulus based on the empirical
equation 2.14 developed by Halpin et al. [175] are also shown in Figure 6.5 (dashed lines). The
predicted elastic moduli assuming //d=10 for the WF and //d=3 for the MCC did not account well
for the data, particularly at high filler contents. This may be due to the following factors: (i) poor
interfacial adhesion; (ii) a distributed //d ratio; (iii) fiber curvature (particularly in the case of the

WF) [90,169,171,176].

The high T plateau modulus of the PLA2-based composites, e.g. £’ measured at 90 °C in a tensile
DMA test, showed more marked increases at high WF and MCC contents (Table 6.3). The
rubbery modulus is known to depend on relatively large scale chain motion [177]. Degraded
polymer chain lengths may therefore explain the decreased £’ at 90 °C at low additive contents,
but reinforcement was nevertheless effective from 3 wt%. Because the interfacial adhesion in the
composites was inferred to be poor, the primary contribution to the higher £ at 90 °C at WF was

assumed to be the relatively high fiber aspect ratio and fiber networking.
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Table 6.3 Storage modulus, £, at 90 C in PLA2 composites.

Additive content [%] 0 1 3 5 10 20
PLA2-WF 2.14 | 2.76 | 332 | 448 | 9.18
E’‘@90°C | H-TPLA2-WF » 291 | 346 | 404 | 559 | 9.28
[MPa] PLA2-MCC 1.37 | 232 | 321 | 3.77 | 6.97
H-T PLA2-MCC 274 | 295 | 3.17 | 3.76 | 5.16

6.2 Impregnation with CO, and foaming behavior

Hot pressed composite discs with 1 mm thickness and 25 mm diameter were impregnated for 3 hr
in liquid CO, at 5 MPa and 10 °C. Figure 6.7 shows the CO, desorption behavior at room
temperature, i.e. the overall weight of CO; per unit weight of the un-impregnated specimen as a
function of time [8]. The saturation CO; content was 0.27 g/g and 0.42 g/g for neat PLA1, PLA2
respectively. Because CO; is insoluble in WF and MCC [178], the overall solubility of CO; in the

composites decreased as the additive content increased, as shown in Figure 6.7(¢) .

The relatively rapid loss of CO; seen in Figure 6.7(b) and (d) was attributed to uncontrolled
foaming at room temperature and overall diffusion rates were similar up to the highest additive
contents. On the other hand, in PLA1, which was stable with respect to foaming at room
temperature even when saturated with CO,, an accelerating effect of the additives on the diffusion
rate was clearly visible at 10 and 20 wt% WF, although it was far less marked for the MCC. This
was accounted for by percolation of contacts between the relatively high aspect ratio WF,
providing continuous paths for CO, to diffuse out of the composites via the additive-matrix
interface. That the PLA2-MCC composites showed somewhat greater desorption rates than the
PA2-WF composites therefore suggests that the additives may in this case contribute to

desorption during foaming by promoting cell wall breakdown, as discussed above.
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Figure 6.7 CO, desorption from composite discs as a function of time and the saturation CO,
content as a function of additive content for the different types of composite.
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It was nevertheless concluded from the results for PLA1, and those in Section 4.3 for pure PLA2,
that it should be possible to prepare solid, stable PLA2 biocomposite foam precursors with
adequate CO, contents (i.e. about 0.10 g/g) for additive contents up to at least 10 wt%. Indeed, a
10 min treatment in liquid CO, at 5 MPa and 10 °C, followed by 2 hr conditioning at 10 °C and
ambient pressure led to CO, contents of 0.16 to 0.20 g/g in PLA2 composites containing up to 10
wt% WF or MCC, and 0.10 to 0.14 g/g in composites containing 20 wt% WF or MCC. Some
limited expansion was observed after the conditioning of certain specimens, as evidenced by
pores at the specimens surfaces and thickness changes, e.g. an increase from the initial thickness

of 1 mm to about 3 mm in PLA2-5 wt% WF.
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600 —— PLA2-WF foamed@ 80 °C
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Figure 6.8 Foam densities for different formulations and foaming 7.

The foam densities obtained by free foaming for 1 min in a thermostatic silicone oil bath at
different foaming 7 and immediate cooling in water at 20 °C are shown in Figure 6.8. The overall
trend was for the foam density to increase as the additive content increased at a given foaming 7,
and to increase as the foaming 7 increased from 60 °C. The increase in density was mainly due to

shrinkage during foaming.

To highlight the role of shrinkage, a complementary foaming test was conducted at 80 °C for two

different foaming times, i.e. 20 s and 120 s, using PLA2, PLA2-5 wt% WF and PLA2-20 wt%
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WF discs. The results are shown in Figure 6.9. Severe shrinkage was seen in the foams subjected
to 120 s immersion in the foaming bath, particularly for higher additive contents. During foaming
at 80 °C, CO; bubbles were visible at the surface of the PLA2 discs for approximately 23 to 25 s,
but they were no longer present after ~18 and ~17 s for additive contents of 5 and 20 wt%
respectively. Moreover, vigorous effervescence was seen in PLA2 discs foamed at 100 °C as soon
as they were introduced to the oil bath. In general, the foams began to shrink once as the CO,
bubbles stopped forming. The driving force for cell expansion is known to be diffusion of the
initially dissolved CO, into nucleated cells [26], and the duration of bubble formation was
assumed to be closely associated with the length of time over which the cell expansion pressure

was maintained, i.e. over which significant amounts of CO, remained within the discs.

=80 °C, 1~20s, T~80°C,~120s

\J PLA2 o :

. PIA2-5 wi% W
< -f
N APLA2-20 Wi%

Figure 6.9 A representative example of the effect of foaming at 80 °C for the foaming times, #5

WF._

h 1 12 1

indicated. The disc shaped foam precursor was prepared by immersion for 10 min in liquid CO,

and conditioning at 10 °C for 2 hr.

The shrinkage itself is assumed to reflect viscoelastic recovery of the biaxially elongated polymer
cell walls under conditions in which the polymer chains in the cell walls are not fully relaxed. It

follows that two effects may promote foam expansion: (i) prolonged CO, retention times, giving
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adequate time for cell growth and stress relaxation in the cell walls and/or (ii) rapid cooling so as

to solidify the cell walls before the onset of shrinkage.

The potential effect of the duration of CO, retention on foam shrinkage was further investigated
by carrying out relaxation tests and using the diffusion model introduced in section 4.2 to estimate
CO; loss rates at the foaming 7. The relaxation tests made use of the hot pressed specimens (~0.2
mm in thickness, ~0.5 mm in width and ~7 mm in gage length) and the DMA apparatus. Once the
desired 7 was reached, a preset amount of tensile strain was applied to the sample and maintained
for a time, #.;,.. The applied stress was then reduced to zero and the specimen strain monitored for
30 min. Figure 6.10 shows the resulting changes in strain with time in PLA2 and PLA2-5 wt%
WF at 80 °C and 100 °C. After 3 min isothermal conditioning at the test 7, different strains, i.e.
100 % and 50 % at 80 °C and 100 °C respectively, were applied, which were the highest values
attainable for a given specimen geometry and 7. Strains greater than 100 % at 80 °C and 50 % at
100 °C exceeded the measurement limits and/or resulted in specimen breakage. This lower strain
limit at 100 °C may imply cell wall rupture at lower expansion ratios, which may in turn

contribute to CO; loss during foaming.

The recovered strain decreased strongly with 7., (Figure 6.10 (a) and (b)). Thus, about 95 % of
the strain was recovered in PLA2 after 0.5 min relaxation at 80 °C, while 45 % of the strain was
recovered after 10 min. PLA2-5 wt% WF showed somewhat less recovery, e.g. 65 % for t,,x= 3
min and 40 % for t,,= 7.5 min as compared with 75 % and 50 % in PLA2, but the overall
behavior remained similar at 80 °C. Relaxation was more rapid in both materials at 100 °C and
the differences between neat PLA2 and PLA2-5 wt% WF were more marked. Thus, no recovery
was observed for #..,,= 3 min in PLA2 and #.;,,= 10 min in PLA2-5 wt% WF. Indeed, the strain
tended to increase at 100 °C owing to the effect of a minimum nominal force (0.1 N) that was

applied during these measurements to prevent instabilities.
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(2) PLA2 @ 80 °C (b) PLA2-5 wt% WF @ 80 °C
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Figure 6.10 Strain-time plots from relaxation tests on (a) PLA2, (b) PLA2-5 wt% WF at 80 °C

and (c) PLA2, (d) PLA2-5 wt% WF at 100 °C.

This behavior might at first sight appear to be in contradiction with the evolution of the foam
densities in Figure 6.8. PLA2-5 wt% WF showed less recovery than neat PLA2 in the relaxation
tests, but greater shrinkage during free foaming, leading to higher density foams. Moreover, on
the basis of the relaxation measurements, one might expect a foaming temperature of 100 °C
generally to result in lower density foams than 80 °C, again contrary to observation. However, if
the parameters in the relaxation test, i.e. the applied strain, t..;,, and the amount of strain recovery,
are assumed to correspond to cell wall expansion, the time over which the CO, pressure is

effectively maintained and shrinkage, respectively, it is seen that an increased CO, diffusion rate
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due to e.g. addition of WF will reduce the effective value of #,.., leading to increased shrinkage.
Figure 6.11 shows predicted rates of CO, loss at different 7', calculated for monolithic 1 mm thick
specimens, assuming an initial CO, content of 0.1 g/g in pure PLA2 and a WLF dependence for
D[0] [8]. It is seen that not only is loss CO, more rapid as T increases, but also that the timescales
are comparable with values of ¢, associated with high degrees of strain recovery. Bearing in
mind that foaming itself, as well as addition of WF and MCC may also accelerate CO, loss, this
strongly suggests that shrinkage, and the limited foam densities obtained at high 7, are a

consequence of inadequate retention of CO, during free expansion.

60 °C

CO, content [100(gCO,/gPLA)]

2 1 80 °C

100 °C
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Figure 6.11 The predicted CO, loss as function of time from 1 mm thick PLA2 discs assuming an

initial CO, content of 0.1 g/g.

6.3 Compressive stiffness of the composite foams

As described in section 3.3, compressive DMA tests were carried out from 20 to 150 °C with
a3 °C/min ramp rate on > 3x3 mm? specimens cut from the foam discs. A sinusoidal 0.05 % strain
was applied at 1 Hz in the thickness direction of the disc. A relatively dense skin was often

observed in the foams and was retained in the test specimens.
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Figure 6.12 shows the low T compressive moduli, E”’, as a function of additive content. In the
widely used Gibson-Ashby model for cell mechanics as shown in Chapter 2.2.3, foam properties
are assumed to depend primarily on the matrix properties and cell structure, e.g. the foam density
[164]. As discussed in Section 6.2, a significantly increased foam density was observed at 100 °C
for additive contents greater than 10 % and the WF composite foams tended to show the highest
density for a given set of conditions. Accordingly, E*” was increased at high foaming 7 and high
additive contents, e.g. £ '=2.09 MPa in PLA2-20 wt% WF foamed at 100 °C, as opposed to 0.49
MPa in neat PLA2 foamed at 100 °C. Similarly, low foam densities were obtained at 80 °C and E™’

was correspondingly low.

Even so, particularly large values of E*” were observed in PLA2-5 wt% WF foams and indeed
these foams showed outstanding values of the specific modulus, E /p" (Figure 6.13). This
tendency may be due to fiber orientation and/or network formation in the cell wall as a result of
biaxial extension during expansion, although morphological investigation of the fiber network
before and after foaming would need to be carried out to confirm this point. The effect of MCC on
compressive stiffness in this regime was far less marked. The MCC composite foams showed low
densities (around 100 kg/m®) up to 10 wt% MCC (Figure 6.8), whereas at 10 wt% WF the density
increased sharply, presumably owing to rapid CO, loss via the fiber network, and the values of ™’

obtained at 10 wt% MCC were generally comparable with those obtained for neat PLA2.
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Figure 6.12 DMA results for the room temperature compressive storage modulus, E*', of the

various foams at 1 Hz.
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foam density for different formulations indicated.
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6.4 Conclusions

Biocomposite foams were successfully produced by melt compounding of PLA and WF or MCC,
and application of the liquid CO; process. Although the high shear melt compounding process
reduced the WF fiber length, the aspect ratio of the WF remained greater than that of the MCC,
and the WF consequently showed more efficient stiffness reinforcement in the solid composites
and resultant foams. The PLA2-5 wt% WF composites showed promising specific properties, but
it was difficult to achieve foam densities lower than 100 kg/m’® at high WF contents. Severe
thermal shrinkage was observed during free foaming in a hot oil bath and the primary cause for
this was suggested to be increased rates of CO, loss. The increased CO, diffusion rates were
attributed to a poor interface between the fillers and matrix, and a reduced melt strength of the
PLA owing to hydrolysis, leading to a more open cell structure. The high foam densities observed
under foaming conditions representative of the one step hot press process, i.e. around 1 min
foaming at 100 °C, indicated that the primary goal of matching the processing characteristics of
PLA-PMMA is unlikely to be achievable for the range of additive contents studied. It was
nevertheless concluded that (i) if CO; can be retained for a sufficient amount of time and/or (ii) if
it is possible to impose a sufficiently high cooling rate so as to freeze the stretched cell walls
before recovery, it may be possible to produce lower density foams with improved stiffness using

intermediate levels of WF addition.
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Chapter 7
PLA foam precursors with different D-

isomer content

As discussed in the previous Chapter, while PLA reinforced with cellulose additives show
improved characteristics when processed with supercritical CO, [10], the corresponding solid
biocomposite/CO, precursors showed excessive shrinkage during foaming for 1 min at 100 °C.
This was attributed to enhanced CO, diffusion rates, loss of internal CO, pressure in the foams
and subsequent elastic recovery. In an alternative approach to be discussed in the present chapter,
a further effort was made to tailor the thermal response of the PLA without recourse to blending
with a non-bio-sourced polymer such as PMMA. In this case, rather than attempt to control 7, or
reinforce the matrix mechanically, the idea was to control the crystallization behavior such that
the foam precursors develop only limited crystallinity during impregnation, but show strain
induced crystallinity once adequate expansion has taken place to produce a low density foam. The
strain induced crystallinity should then contribute both to the final foam properties and stabilize

the cell walls with respect to shrinkage at the foaming temperature.

As discussed in Chapter 2, it is known that crystallinity and crystallization kinetics are sensitive to
the ratio of D- and L-isomers, and PLA also undergoes strain-induced crystallization during
thermoforming and foaming. In the present context, it should also be borne in mind that CO; is a
strong plasticizer and increases the crystallization rate [11,35,179]. Hence, as shown in Chapter 4,
PLA containing 1.4 % D-isomer (PLA1) crystallizes rapidly when exposed to liquid CO,. In the
work described in this chapter, PLA with a range of D-isomer contents was prepared by blending
PLA1 and PLA2. The effect of the D-isomer content on (i) crystallization behavior, (ii)
sorption/desorption of liquid CO; and (iii) foaming behavior was then investigated in order to

assess the suitability of this approach for the particleboard process.
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7.1 Thermal behavior of PLA blends with different D-isomer

contents

Table 7.1 summarizes results from DSC heating scans from 25 to 230 °C at 10 K/min on as-
extruded blends with different compositions and overall D-isomer contents, as shown in Figure
7.1. PLA1 and PLA2 were in each case blended in the extruder at 200 °C for 1 min and then
cooled to 23 °C air to give predominantly amorphous extrudates. As seen from Figure 7.1,
exothermic cold crystallization peaks were observed in the range 100 to 120 °C for D-isomer
contents of up to 6.5 %, and melting endotherms were observed at about 170 °C for up to 9.05 %
D-isomer, although at 9.05 % D-isomer there was no clear cold crystallization peak and the
melting peak observed at 167.3 C was very weak. The nominally fully amorphous PLA2, which
contained 11.6 % D-isomer did not crystallize under these conditions. The onset 7 for cold
crystallization, T,.s, as well as the cold crystallization peak temperature, 7., increased with D-
isomer content, and the difference between T, and T, also increased from about 11 to 21 °C as
the D-isomer content increased from 1.4 to 6.5 %, while the enthalpy of fusion, AH, associated
with the melting peak and the melting point, 7,, decreased. This implied a strong decrease in the
degree of crystallinity and a decrease in the crystalline lamellar thickness associated with the cold

crystallization of the as-extruded blends with increasing D-isomer content.

Table 7.1 Thermal characteristics of as-extruded PLA blends with different D-isomer contents as

determined from DSC heating scans from 20 to 230 °C at 10 K/min.

Sample D-isomer Tonset T. T, AH

[o] [°C] [°C] [°C] | [V/g]

PLA1 1.4 102.1 113.5 171.0 | 40.6

PLA1-25 % PLA2 3.95 109.8 128.7 170.7 | 32.7

PLAT-50 % PLA2 6.5 119.4 140.2 169.0 13.5

PLA1-75 % PLA2 9.05 - - 167.3 0.7
PLA2 11.6 - - - -
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Figure 7.1 Results from DSC heating scans at 10 K/min on extrusion-blended PLA with the

different mixing ratios indicated.

Figure 7.2 shows results from tensile DMA scans at 3 K/min in which 0.05 % strain was applied
at 1 Hz to 0.2 mm thick amorphous films compression molded from the extruded blends.
Consistent with the DSC results, an increase in storage modulus due to crystallization was
observed at around 100 °C at 1.4 and 3.95 % D-isomer. However, at and above 6.5 % D-isomer
there was little increase in the storage modulus in this temperature range in spite of the
observation of crystallization in the DSC scans. However, the specimens containing 6.5 % and
9.05 % D-isomer showed an extended rubbery plateau compared with PLA2, from which it was

concluded that the crystallinity was sufficient to hinder chain disentanglement at high 7.
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Figure 7.2 Results from DMA heating scans on 0.2 mm thick compression molded films with

different D-isomer contents.

7.2 CO, absorption and foaming behaviors

Initially amorphous hot pressed 1 mm thick discs with a diameter of 25 mm were immersed in
liquid CO; at 5 MPa and 10 °C for 3 hr in order to saturate them with CO,. Figure 7.3 shows the
subsequent CO; desorption as a function of time at ambient 7 and P. The highest desorption rates
were observed at higher D-isomer contents of 9.05 and 11.6 %, for which the saturated specimens
tended to foam at room temperature, as noted previously in the case of PLA2. On the other hand
at higher D-isomer contents of 3.95 and 6.5 %, little expansion was observed and the desorption
rates were similar to that of PLA1, the CO, content tending to about 0.15 g/g after 7000 s,
suggesting the specimens to have been stabilized by crystallization during impregnation. As
highlighted in the inset in Figure 7.3, the initial CO, content of the saturated specimens also
decreased from 0.37 to 0.29 g/g as the D-isomer content decreased from 11.6 to 1.4 %, which was

again assumed to reflect the presence of crystallinity, as discussed in Chapter 4.1.

Figure 7.4 and Table 7.2 show results from DSC heating scans for saturated specimens after
subsequent desorption of the CO,. The results confirmed PLAs with up to 9.05 % D-isomer to
have crystallized at least to some extent on exposure to liquid CO, at 10 °C, sharp melting peaks

being observed in each case, with little or no cold crystallization. Moreover the corresponding
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values of AH were generally significantly greater those obtained after cold crystallization of the

corresponding as-extruded specimens (Table 7.1).

40
35

0, |

30

135 /

i z Sample D-isomer [%]
8130 25 —— PLAL 14
% i —— PLA1-25% PLA2 3.95
el PLA1-50% PLA2 6.5
) —— PLAL7S%PLA2  9.05
= 20r —— PLA2 11.6
g \
§ 15F
S'10r
O

5 X
0

0 1000 2000 3000 4000 5000 6000 7000
Time [s]

Figure 7.3 CO; desorption behavior measured from 3 hr liquid CO, treated 1 mm thick hot
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Figure 7.4 After desorption DSC measurement from 25 to 230 °C at 10 K/min
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Table 7.2 Summary of after desorption DSC measurement from 25 to 230 °C at 10 K/min

Sample D-isomer [%] T, [°C] AH [°C] e [%]

PLA1 1.4 169.9 38.4 41.3
PLA1-25 % PLA2 3.95 168.4 33.1 35.6
PLA1-50 % PLA2 6.5 167.2 23.8 25.6
PLA1-75 % PLA2 9.05 164.9 10.7 11.5

PLA2 11.6 - - -

For further investigation, stable foam precursors containing about 0.2 g/g of CO, were prepared
from initially amorphous compression molded discs of all the blends by 10 min impregnation in
liquid CO;, at 10 °C followed by conditioning for 2 hr at 10 °C, as described in Chapter 4.1.3. Free
expansion of these precursors was carried out in a silicon oil bath at 80 and 100 °C for one minute,
and the resulting cell structures are shown in Figures 7.5 and 7.6 respectively. A distinct skin-core
structure was obtained at low D-isomer contents of 1.4 and 3.95 %. As argued previously in
Chapter 4.4, the relative lack of expansion in the skin was caused by crystallization during partial
impregnation, when the CO;, content was locally high. In these specimens, the cellular
morphology of the core was highly anisotropic, particularly in specimens foamed at 100 °C
(Figure 7.6 (a), (b)), presumably because lateral expansion was blocked by the rigid, more highly
crystalline skin layer, constraining the cells to grow in the through-thickness direction. Thus the
thickness/diameter ratio increased from an initial value of 25 (25 mm/1 mm) to 7.7 (26.6/3.45)
and 8.4 (40.45/4.8) at 1.4 and 3.95 % D-isomer, respectively, while values of 19 (46.6/2.45) and
16.9 (30.4/1.8) were obtained at 9.05 and 11.6 % D-isomer. The overall foam density obtained
after expansion at 100 °C was about 340 kg/m’ at 1.4 % D-isomer but fell to 100 kg/m’ at 3.95 %
D-isomer (Figure 7.7). These results indicate that that the geometry of low D-isomer foam
precursors is likely to have a strong influence on the foaming step. More specifically, a plaque-
like precursor morphology is likely to be more favorable to the production of low density foams at
high D-isomer contents than a roughly spherical morphology (i.e. a pellet), in which the skin layer

will presumably constrain expansion in all directions.

At 6.5 % D-isomer, a more uniform isotropic cellular structure was observed over most of the

specimen thickness than at lower D-isomer contents, but also some significantly larger cavities
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owing to rupture of the cell walls and consequent cell coalescence during expansion. This was
qualitatively consistent with the reduced tendency to crystallize seen e.g. in the DMA scans
(Figure 7.2), which implied reduced stability of the cell walls under these conditions, particularly
at 100 °C. As the D-isomer content was increased further to 9.05 and 11.6 % not only was a more

coalesced and open cell structure observed at both 80 and 100 °C, but also marked shrinkage,

leading to relatively high foam densities, as shown in Figure 7.7.
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Figure 7.5 Cell structure observed by SEM in precursors containing 0.2 g/g CO, foamed for 1 min
at 80 °C in a silicone oil bath: (a) 1.4, (b) 3.95, (¢) 6.5, (d) 9.05 and (e) 11.6 % D-isomer.
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Figure 7.6 Cell structure observed by SEM in precursors containing 0.2 g/g CO, foamed for 1 min
at 100 °C in a silicone oil bath: (a) 1.4, (b) 3.95, (c) 6.5, (d) 9.05 and (e) 11.6 % D-isomer.

Compressive DMA tests were carried out on > 3x3 mm” cuboid specimens cut from discs foamed
at 100 °C as described in Chapter 3.3.3. The relatively fine, regular cell morphology and high
overall low density obtained for PLA1 was reflected by a high compressive modulus at low 7, as
shown in Figures 7.7 and 7.8. A small increase in storage modulus with temperature observed at
around 70 °C, i.e. just above Ty, in all the foams was assumed to be caused by residual shrinkage
during the measurements. However as 7 increased further the modulus dropped sharply to a value
corresponding to the rubbery plateau. At 3.95 % D-isomer, the low T storage modulus remained
relatively high at 6.5 MPa, in spite of the low density in this case (Figure 7.7), implying a
particularly high specific stiffness. The low T storage modulus decreased significantly for the
coalesced cell structures obtained at 6.5 and 9.05 % D-isomer, although their densities were
similar to that for 3.95 % D-isomer. Finally, the foams obtained from PLA2, again showed a
reduced low T storage modulus, in spite of its much higher density. It follows that foams
produced from PLA/CO, precursors containing 3.95 % D-isomer showed particularly promising
combinations of modulus and density at a foaming temperature of 100 °C, i.e. consistent with the

particleboard process.
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Figure 7.7 Storage modulus as a function of 7 from compressive DMA measurements on

specimens foamed at 100 °C.
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Figure 7.8 Foam density and specific modulus as a function of D-isomer content after 1 min

expansion at a foaming temperature of 100 °C.

7.3 Conclusion

The present chapter describes an investigation of the possibility of obtaining heat expandable,

partly crystallizable foam precursors by using blending to control the D-isomer content of the
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PLA matrix and hence its tendency to crystallize. Foams with densities as low as 100 kg/m’ could
be prepared by free expansion of impregnated and conditioned precursors containing about 0.2
g/g of CO; at 100 °C for D-isomer contents in the range 3.95 to 9.05 %. However, the resulting
foam cell structures were dependent on D-isomer content, more homogeneous with directional
cell structures being obtained at a low D-isomer content of 3.95 %, where an unexpanded skin
layer prevented lateral expansion of the discs, than at higher D-isomer contents, for which there

was considerable cell coalescence.

The foaming observed at low D-isomer contents is expected to be influenced by two main factors:
(i) CO, concentration dependent crystallization during impregnation and (ii) strain induced
crystallization during the expansion step [44]. After 10 min impregnation in liquid CO,, the high
concentration of CO, in the surface layer of the 1 mm thick and 25 mm diameter low D-isomer
content PLA discs may be assumed to result in a relatively high degree of crystallinity and limited
expansibility in the temperature range of interest here, while the core layer undergoes little or no
crystallization owing to the relatively low CO, content throughout impregnation and/or
conditioning at 10 °C, as discussed in Section 4.4. The extent to which this skin layer forms is
expected to be strongly dependent on the D-isomer content. Strain-induced crystallization may
also take place in relatively weakly crystalline regions during subsequent foaming, as a result of
the biaxial stretching of the foam cell walls, again depending on the D-isomer content. Although
strain-induced crystallinity in the cell walls was not observed directly in the present work, initially
amorphous PLA with comparable D-isomer contents is known to show considerable
crystallization during mechanical stretching at 100 °C, e.g. ~17 % and ~6 % crystallinity at 2 and
4 % D-isomer respectively after biaxial stretching at 1 m/min up to a 5 x 5 stretch ratio [44]. This
readily explains the improved stability of the intermediate high D-isomer content PLA with
respect to elastic recovery immediately after expansion, which has been shown to severely limit

the process windows corresponding to fully amorphous PLA.

However, while the expansibility and stability of foams produced from PLA containing 3.95 % D-
isomer led to promising combinations of stiffness and density, a foreseeable practical concern is a
lack of adhesion between individual foam precursors at processing temperatures below the
melting point of the crystalline skin, as in the present case. This is generally known to be a major

concern for the chest-molding of pre-expanded semicrystalline PLA precursors [180], and in the
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present case is also likely to affect adhesion between the foam core and the particle facings in the
particleboard process. Furthermore, the presence of a non-expandable skin layer may hinder
expansion of the pellet-type foam precursors used for the fully amorphous materials considered up
to now. It follows, therefore, that an extended planar foam precursor sheet (cf. the plaques used
for the foaming studies described in this chapter), may be more appropriate to the particleboard
process, because it should (a) reduce constraints on through thickness expansion and (b) eliminate
the need to form internal fusion bonds between neighboring precursor pellets. The extent to which

this approach is effective will be discussed further in Chapter 8.2.
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Chapter 8

Implementation of the precursors

The following section describes trials aimed at implementing the foam precursors in a one-step
foam core particleboard process with adhesive treated wood particles as the surface layers. A hot
press with precise control of the pressure, platen height and cooling rate was employed. The
emphasis was on investigating the feasibility of panel production using processing parameters, e.g.
the press time and range of temperatures, which suit both the consolidation of the surface layers

and foaming of the core layer. The trials were carried out in collaboration with BUAS.

8.1 Manufacturing the sandwich panel by hot pressing

The partial impregnation technique was applied to extruded and pelletized PLA2 and PLA2-50 wt%
PMMA containing 1 wt% talc as a nucleating agent. The dimensions of the pellets were 1-1.5 mm
in diameter and 2-3 mm in length. After a 15 min treatment in liquid CO; at 10 °C and storage for
more than 1 hr at low T (<10 °C) at atmospheric pressure, the foam precursors contained

approximately 0.12 g/g CO,.

As shown in Figure 8.1, the initially transparent pellets became opaque after impregnation,
suggesting some degree of expansion during depressurization and/or conditioning. Moreover, the
precursors tended to aggregate owing to plasticization by the dissolved CO, during the
impregnation step. The PLA2-50 wt% PMMA pellets could nevertheless easily be separated
mechanically during lay-up of the three-layered mat used to produce the particleboard (Figure
8.2), whereas PLA2 pellets were more difficult to disaggregate. The target density and thickness
of the foam layer and the final particleboard were 100 kg/m® and 13 mm, and 350 kg/m’ and 19
mm, respectively, and the resulting particleboard density was 325 kg/m® when produced with the

PLA2-50 wt% PMMA foam precursor. However, the target thickness could not be achieved using
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pure PLA2 owing to shrinkage-induced collapse of the expanded foam core layer in the hot press

during the cooling step.

Figure 8.1 PLA2-50 wt% PMMA foam precursors in pellet form containing 0.12 g/g CO,.

Figure 8.2 One example of the preparation of a three-layered mat with adhesive treated wood
particles and foam precursors. Thermocouples were used to monitor the temperature of the bottom

and middle layers of the mat in situ.
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As shown in Figure 8.2, the three layer mat was prepared in a rectangular wooden frame. A first
layer of wood particles treated with urea formaldehyde/ammonium persulfate adhesive was
introduced into the frame and compressed manually. The foam precursor pellets were then evenly
distributed on the first wood particle layer to within about 15 mm of the edges of this latter,
leaving a foam precursor free perimeter that acted to confine the foam during processing. Finally,
the top wood particle layer was added following same procedure as for the first layer. The wooden

frame was carefully removed and the mat transferred to the hot press between two release films.

Data acquisition and control of the hot press (HLP210, Hofer) was carried out using a PC. The
platen temperature was set to 125 °C (cf. 160 °C for EPS and MS). The process consisted of three
main stages. The first stage was to consolidate the surface layers under high 7 and P. The press
was then opened to a pre-set height of 19 mm in order to allow the foam precursors to expand.
Finally, an integrated water cooling system was activated to cool and stabilize the resulting

structure. A typical set of operational parameters is shown in Figure 8.3.
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Figure 8.3 A typical press cycle for the production of foam core particleboard.

As inferred from the observed increase in pressure of about 1 MPa (red curve in Figure 7.3) at ~
20 s after the start of the process cycle, foaming initiated at a core temperature of ~ 45 °C. The

press was maintained closed until the cycle time reached 40 s, so that the pressure was maintained
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at about 4 MPa for 20 s after the onset of foaming. Because the pressure decreased sharply when
the press was opened, it was difficult to follow the subsequent evolution of the expansion force,
but the slight increase in pressure between 70 and 140 s indicated the foaming time to be
relatively long. The highest 7 reached in the core layer was ~90 °C, at 110 s. The cooling water
was made to circulate starting at the same time as the onset of foaming, in order to stabilize the
foam structure, and the core layer temperature decreased to below the 7, (70 °C) of PLA2-50 wt%
PMMA after about 280 s. However, this method of cooling was not sufficient to decrease the core

layer T to below the T, of PLA2 (60 °C) prior to extensive collapse of the foam core (Figure 8.4).

Figure 8.4 Failures in foam core particleboard production using PLLA2 foam precursors: (a) poorly

consolidated surface layers and (b) collapsed core layer

8.2 Feasibility test with a plaque-shaped foam precursor

prepared from low D-isomer content PLA

First trials were also carried out in which a commercial 5 % D-isomer long chain branched PLA
(Ingeo 8052D, Natureworks LLC) was used to produce plaque-shaped foam precursors.
Transparent, amorphous 40 x 80 mm?, 1 mm thick plaques were first prepared from this material
without additives in the hot-press, as for the circular plaques used for the diffusion studies
described in Chapter 4.1.3. They were then subjected to liquid CO, impregnation for 10 min at 5
MPa and 10 °C followed by conditioning at ambient P and < 10 °C to give overall CO, contents
of 0.1 to 0.11 g/g. The resulting foam precursors remained transparent but were slightly swollen
after impregnation. 160 x 160 mm? square three-layered mats were prepared using 8 of these
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plaques placed side-by-side, and comparable hot press steps were applied as for the pellet
precursors. As shown in Figure 8.5, individual precursor plaques processed in this way showed
substantial and highly stable through-thickness expansion to give a final density of 121 kg/m’ and
final dimension of 41 x 87 x 10 mm®, with approximately 1.5 mm of a relatively unexpanded skin
layer. However, there was no adhesion between the foam core and particleboard surfaces and
attempts to produce foam-core particleboard from this material were not successful in spite of the

excellent foaming characteristics of the core.

While further investigation of processing with intermediate D-isomer content PLA is clearly
needed, some important and encouraging points arise from this study. First, in situ foaming to
give core acceptable core densities under conditions representative of the particleboard process
was greatly facilitated at 5 % D-isomer content. Moreover, the concept of a non-granulate plaque-
type foam precursor was validated and indeed the potential for limiting foam expansion to the
through-thickness direction thanks to the presence of the skin layer is particularly attractive for
the particleboard process since it obviates the need for lateral confinement in the press. It may
also be promising for higher output production, e.g. continuous production in a roll type hot press
with a sheet-like foam precursor. There may also be advantages in terms of reduction of the
impregnation time; it has reported previously that lower CO; contents are needed to foam low D-
isomer PLA than for amorphous PLA [44]. Indeed, in the present case it was found that
comparable foam densities could be achieved in the plaque geometry with only 0.05 g/g CO,
(obtained by immersion in liquid CO; for 5 min at 5 MPa and 10 °C followed by conditioning at
10 °C). Moreover, if it is possible to increase the consolidation 7" owing to the relative lack of
foam collapse, shorter consolidation cycles may be possible, and the cooling step may be

attenuated or eliminated.

Nevertheless, the outstanding obstacle to use of PLA with 5 % D-isomer as a precursor is the lack
of adhesion of the semi-crystalline skin to the wood particle facings. This may not be
insurmountable, given the possibility of introducing an adhesion layer to the plaque surfaces. For
example, a thin foil of amorphous PLA could be bonded to the 5 % D-isomer PLA during
compression molding of the plaques. However, it had not been possible to schedule further trials

at BUAS at the time of writing.
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Figure 8.5 Foam core resulting from the one step particleboard process trial using a plaque-type

long chain branched PLA foam precursor containing ~ 5 % D-isomer.

8.3 Mechanical property evaluation of the PLA-PMMA foam

core (results from BUAS)

The foam core particleboard produced by the one-step press process described in the previous
section is shown in Figure 8.5. To evaluate mechanical properties of the PLA-50 wt% PMMA
foam, tensile and compression tests were carried out, and the elastic behavior was compared with

that of core layer foams from EPS and MS sandwich panels [20].

Figure 8.6 Foam core particleboard with a PLA2-50 wt% PMMA foam core produced using the

one-step process.

Stress-strain curves and the corresponding Young’s moduli are shown in Figure 8.6. In overall,
the compressive stiffness and maximum strength were greater in compression than in tension. The

PLA2-50 wt% PMMA foam showed intermediate values of the Young’s modulus in tension and
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compression at ~23 and ~32 MPa respectively, while the MS foam showed the highest values at
~32 and ~37 MPa. The SEM micrographs in Figure 8.7 indicate the MS foam to have the smallest

cell size, and the EPS foam to have the largest cell size.
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Figure 8.7 (a) Stress-strain curve from different particleboard foam cores and (b) the

corresponding Young’s moduli [19].

Figure 8.8 Micrograph of EPS, PLA-50wt% PMMA and MS foams from the respective

particleboard structures [19].

The significant differences between the tensile and compressive behavior of the PLA-50 wt%
PMMA foam was assumed to be due to less effective tensile load transfer, owing to imperfect
bonding between the foam precursor beads. The poorly bonded boundaries, with interposed wood
particles are seen for example in the SEM micrograph in Figure 8.7 (middle). The relatively large
initial granule size (1-1.5 mm in diameter and 2-3 mm in length) of the PLA-50 wt% PMMA
precursor (cf. diameters of 15 um and 300-800 um for MS and EPS respectively) may have
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increased the effective local distances between neighboring granules allowing infiltration of the
wood particles. The contribution of the granule boundaries to performance was further
investigated by preparing a reference foam specimen hot pressed at 125 °C in a rectangular
shaped mold without the wood particle surface layers. As seen from Figure 8.8, the reference
specimen showed significantly different elastic behavior and morphology. The higher moduli, and
the closer correlation between the compressive and tensile response in this case may be attributed
to a more uniform cell size distribution as well as better bonding between the granules (Figure 8.8

bottom).

80 B (2) PLA-PMMA 50wt%
O (b) Ref. PLA-PMMA 50wt%

Tensile Compression

b) Ref. PLA-PMMA 50wt?

Figure 8.9 Comparison between PLA-50wt% PMMA foams produced by hot press (a) with wood

particles and (b) without wood particles.
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8.4 Conclusions

Production of PLA-based foam core particleboard using a one step process with the hot press was
successfully demonstrated. Partial impregnation of PLA-50 wt% PMMA at 5 MPa and 10 °C for
10 min, followed by low T conditioning for 2 hr at ambient pressure resulted in foam precursors
that could be integrated into the particleboard process, with adequate handling and storage
properties, and acceptable foam density without collapse during hot pressing. 19 mm thick panels
with well-consolidated wood particle facings were produced with a variety of foam cores and
their mechanical properties evaluated. Relatively poor interfaces between the foam precursor
granules was observed in PLA2-50 wt% PMMA and resulted in mismatch in tensile and
compressive behavior. Reducing the size of the foam precursors may be beneficial for more
uniform distribution and homogeneous foam structures. However it should be borne in mind that
the size modification may be accompanied by more rapid CO, diffusion out of the granules.
Optimization of the processing conditions should continue with emphasis on the relationship
between mechanical properties and processing parameters. Moreover, modeling of the sandwich
structures will permit establishment of target properties for each component, which can be

verified with feedback from further mechanical testing.

129






Chapter 9

General conclusion

9.1 Main achievements

The main objective of this thesis has been to develop foam precursors for the in-line production of
lightweight foam core particleboard sandwich structures, whose production costs and performance
should remain comparable with those of conventional particleboard if they are to be commercially
viable. A number of studies have shown that a single-step hot press process, in which
consolidation of the particleboard facings and foaming of the core layer take place in a single
operation, is feasible and could form the basis for a continuous production method. The challenge
is to match the processing window of the particleboard facings, which is fixed by the curing
characteristics of the adhesive and the presence of water in the wood particles, and that of the
foam core. To date, all proofs of principle have been based on inflammable physical blowing
agents for the foam core that are inconsistent with safety and environmental requirements
associated with the use of an open press. The focus in the present work has been on understanding
and controlling the stability and foaming behaviour of an alternative foam precursor system that
not only meets these requirements, thanks to the use of a non-inflammable blowing agent, CO,,
but is also based on a bio-sourced, biodegradable polylactide (PLA) matrix, with clear benefits for

sustainable development.

The PLA was impregnated by immersion in liquid CO; at 10 °C and a pressure of 5 MPa in order
to avoid the premature foaming during the depressurization step that was generally observed
during high temperature supercritical CO, processing. Systematic observations of the
sorption/desorption behaviour of resulting the PLA/CO, solid solutions were made and on the
basis of the desorption data, a concentration dependent diffusion model was established that could

be used to predict CO, concentration profiles for different combinations of impregnation and
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desorption times. On this basis, a novel protocol involving impregnation in liquid CO, followed
by low temperature conditioning at ambient pressure was developed that permitted preparation of
fully amorphous (11 % D-isomer) PLA precursors containing a relatively uniform CO, content of
around 0.1 g/g from 1 mm thick compression moulded discs or pellets with comparable diameters.
These were stable at room temperature with respect to both foaming and rapid CO, loss, but
expanded to form foams with densities less than 100 kg/m’ when heated to above the nominal
glass transition temperature, 7, of the PLA (about 55 °C). On the other hand, PLA with a low D-
isomer content (1.4 %) was found to crystallize during impregnation and show little or no
foaming when heated to above T,. Subsequent efforts to develop PLA/CO, foam precursors for

use in the particleboard process therefore initially focused on the amorphous PLA.

An immediate problem to be overcome was the mismatch between particleboard process
temperature, which implied a core temperature of the order of 100 °C, and the optimum foaming
temperature of the amorphous PLA/CO, of around 60 °C, pure PLA/CO; foam cores tending to
collapse in preliminary trials with particleboard facings. In order to adjust the thermal properties
of PLA, it was extrusion compounded with a relatively high 7, polymer, polymethylmethacrylate
(PMMA). The solubility of the CO, was dependent on the mixing ratio between two polymers but
the desorption behaviour of the blends was similar to that of unmodified PLA. The impregnation
and conditioning technique developed for the amorphous PLA could hence be applied without
significant modification to produce stable foam precursors from the blends. Moreover, PLA-50 wt%
PMMA containing 0.13 g/g CO, gave foams with densities of less than 70 kg/m’® and these
showed far less tendency to collapse when foaming was carried out at 100 °C, consistent with the

requirements of the particleboard process.

In an effort to develop a fully bio-based alternative to blending with PMMA, amorphous PLA-
microcrystalline cellulose (MCC) and PLA-wood fibre (WF) were also investigated, based on
previous reports of improved foam stability during supercritical processing of cellulose-modified
PLA. These biocomposites showed some improvement in tensile modulus over the pure PLA, but
a permeable interface between the PLA and the additives was suggested to lead to increased CO,
diffusion rates at additive contents at or greater than about 10 wt%. While it was possible to
prepare stable foam precursors containing more than 0.1 g/g of CO, from these materials, severe

collapse of the foam structures was observed at high additive contents immediately after
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expansion, particularly at high foaming temperatures. This effect was attributed to rapid CO; loss
and subsequent elastic recovery, and made it difficult to produce low density foams from the
highly loaded biocomposites, even at foaming temperatures where pure PLA/CO, showed a
satisfactory response. Acceptable foam densities with significant increases in specific modulus
were nevertheless obtained at 3 to 5 wt% WF, but it was concluded that cellulose-based additives
were unlikely to have benefits for processing in the temperature range of interest for the

particleboard process.

In a further effort to develop fully bio-based precursors, therefore, blending was used to vary the
D-isomer content of the PLA systematically with the aim of producing materials that showed
limited (or no) crystallization during impregnation with liquid CO,, but sufficient crystallization
during expansion to stabilize foam structures formed at and around 100 °C. A range of PLA
blends with different overall D-isomer contents were prepared and it was confirmed that their
tendency to crystallize decreased systematically as the D-isomer content increased. Thus, stable
low density foams with acceptable specific properties could be obtained for D-isomer contents of
3.95 and 6.5 % under conditions representative of the particleboard process, i.e. free foaming at
100 °C with heating times of the order of minutes. Indeed these precursors were found to show

improved foam stability compared with the PLA-PMMA blends.

The final implementation trials were mainly based on PLA-50 wt% PMMA foam precursors in
pellet form, containing about 0.12 g/g CO,, which showed negligible expansion at ambient
temperature and pressure and showed little CO, loss during medium terms storage in a
refrigerator, but readily underwent foaming in the hot press under conditions consistent with full
consolidation of the particleboard facings. 19 mm thick foam core particleboard sandwich panels
with high quality, well consolidated facings, were successfully produced using these precursors,
after careful adjustment of the process conditions to ensure sufficiently rapid cooling of the foam
core after the expansion step, this being crucial for stability of the core with respect to collapse of
the foam structure. A 50 % density reduction was achieved in the final particleboard product.
Moreover, the foam cores showed superior mechanical properties to EPS cores obtained under
similar conditions, although they were markedly anisotropic and showed relatively coarse internal

morphologies owing to the relatively large pellets used for these studies (diameters of around 2
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mm). The results of these trials were considered to be a great success and a proof of principle for

the processing route and materials proposed at the outset of this thesis.

9.2 Outlook

While the outcome of the work is considered to be highly positive, there remains considerable
scope for further development and optimization of the foam core particleboard process. First, this
work has been restricted to the laboratory scale, and industrial scale production using a continuous
process has yet to be addressed in detail. One potential difficulty with an industrial scale foam
core particleboard process is the need for a three-layered mat as the starting material. Because an
even distribution of the foam precursor is important for mechanical properties, great care must be
taken in the preparation of this mat, with consequences for the production cycle time. Different
foam precursor geometries, e.g. smaller pellets or continuous sheets may therefore need to be
considered, but modifying the precursor dimensions will also influence of the effective diffusion
distance for the CO,. Thus smaller pellets may lose CO; too rapidly for convenient handling or
effective foaming to be possible, while much longer impregnation times may be needed for thick
sheets, depending on their thickness. In the case of a continuous particleboard process, which
should make use of a double belt press as in conventional particleboard manufacture, the 3-
layered mat would be formed on a moving belt, and mat densification, skin layer consolidation,
core layer foaming and cooling would subsequently take place in-line, e.g. by changing the belt
spacing to allow expansion and introduction of a cooling bath. The foam precursors may again be
introduced in the form of either pellets or sheets, but preparation of a flexible roll of PLA
impregnated with CO, with the right thickness is expected to be problematic, so that it would be

necessary to use discrete plates rather than a continuous sheet.

The precursor geometry is expected to be particularly important with regard to the formulation of
the core layer precursor. If the excellent foaming properties of semicrystalline PLA with
intermediate D-isomer contents are to be exploited, adhesion must be improved both between the
precursor pellets and the foam core and between the particleboard facings, which the first trials
showed to be inexistent. Clearly problems with adhesion between foam precursors can be at least

partly avoided by use of a continuous and semi-continuous sheet precursor. This approach was
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shown to be very promising for in situ foaming in the hot press, not only because it eliminates the
need to form PLA-PLA interfaces within the foam core, but also because it releases constraints on
expansion in the through thickness direction due to the formation of a highly crystalline skin layer
during impregnation (and which may severely limit expansion of roughly spherical or cylindrical
pellets). However, in future developments it will still be necessary to improve adhesion between
the core and the facings, presumably by including an additional bonding layer, e.g. an amorphous
PLA foil, or a (preferably bio-friendly) adhesive capable of interacting with both the PLA and the
wood particles. This is obviously more practical for a sheet geometry. However, the additional

processing steps would also increase production costs.

Further investigation of the functionality of the foam core particleboard will also be necessary for
practical applications. For example, the panels may need to be cut and/or joined in furniture
applications, which case the influence of the sandwich structure on these operations should be

carefully assessed, and if necessary compensated e.g. by use of local reinforcements.

Finally, as well as fulfilling the immediate objective, i.e. validation of a potentially industrially
viable lightweight foam core particleboard process, this work is significant in that it has also
opened up novel possibilities for the use of CO, as a physical blowing agent for the in situ
foaming of PLA during compression molding. The concept may easily be extended to other types
of facing (aluminium, paper etc.) and it should also be borne in mind that the relatively strict
constraints on the processing window in the particleboard process may be significantly relaxed in

other applications.
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Appendix 1

Following Huang J.-C. et al. [122], for sorption into a semi-infinite plate with c[¢ ,0]=c, and
c[0,x>0]=0, equations (4.1) and (4.2) may be rewritten as

u E— (A1)
R TTT:

where

D = D[0] exp[Acolu; u =explA(c—cy)]; &=

oI e[~ @2

so that u = exp/[-Acy] in the limit £ = oo, and the initial and boundary conditions are

ulo] = 1 520 = —wl0]  (3)
u’[0] may be related to Acy by solving equation (Al) for different u[0], and determining the
limiting value of u at large . u[0] obtained using the Euler method could be interpolated in the
range 0-8, i.e. the range of interest for the present work, using a fourth-order polynomial, u [0]=-
0.001(A4c,)*+0.0213(Acy)*-0.1842(Acp)*+1.1064(Acy). The amount of solute that has entered the
semiinfinite plate after time ¢ was then calculated from [122]

J.t]dt — —“D[O]
0 A

u'[0]exp [%] t'/2 (A4)

Hence, for times very much less than the time to reach saturation, X/¢/ as defined by equation (4.3)
for a wide specimen of finite thickness /, normalized with respect to X/t/ at saturation, is

approximately

X[t] 2 D[0] 0T 1/
X[o] ~  Ac,l [_] (a5)
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Assuming that the overall concentration dependence of the diffusion coefficient depends on the
CO; concentration of the amorphous phase, i.e. the crystalline phase contributes to D[0] only (via
the tortuosity effect), and Acy in equation (AS) should be independent of the degree of

crystallinity.
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