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Abstract

Polyhydroxybutyrate (PHB) is a sustainable polymer that is a promising candidate for replacing petroleum-based plastics in
food packaging. Fillers are used to improve themechanical properties of PHB composites, simultaneously changing the crystal-
linity of the polymermatrix. However, it is not well understood how fillers affect crystallisation andmicrostructure, and thus the
resulting mechanical properties of the composite. This review summarises simulation work on polymer nucleation and crystal-
lisation and how nucleation is influenced by different types of polymer–filler interfaces. Experimental studies of PHB compos-
ites with a wide variety of fillers are reviewed to find trends between the filler type, crystallinity andmechanical properties. It is
clear that fillers act as nucleants that increase the number of spherulites while reducing spherulite size. This behaviour is appar-
ent for almost all fillers regardless of filler chemistry or topology. However, the data obtained from the literature do not seem to
produce strong conclusions about the effect of the degree of crystallinity on the tensile properties of PHB–filler composites,
although there are some weak trends that indicate the importance of microstructure. In order to enable prediction and control
of PHB composite properties, further systematic studies are required to elucidate the effect of specific filler types and the con-
nection between crystallinity, microstructure and mechanical properties.
© 2022 The Authors. Polymer International published by John Wiley & Sons Ltd on behalf of Society of Industrial Chemistry.

Supporting information may be found in the online version of this article.

INTRODUCTION
Plastic pollution has become an urgent problem in contemporary
society. The amount of plastic produced from 2004 to 2018 was
equal to that produced in the previous half century, of which
the vast majority (ca. 80%) was sent to landfill or directly released
to the environment.1 This in turn leads to microplastic pollution,
affecting wildlife and entering the human food chain via drinking
water,2 foodstuffs3 or air.4 In addition to plastic pollution, plastics
commonly used in industry are derived from unsustainable
sources (i.e. petrochemicals), emphasising the need for their
replacement with sustainably sourced alternatives. Ideally, society
must reduce plastic use, and recycle when possible. However, in
some cases, plastic can play a valuable role in reducing emissions,
such as thin films for food packaging that reduces food waste, a
major emitter of greenhouse gases.5,6 Plastic films are often not
recyclable, due to infrastructure limitations. In this case, the plastic
food packaging film should be compostable either in an anaero-
bic digestion plant that can generate energy or, if it goes to land-
fill, by breaking down without the creation of harmful
microplastics. Promising sustainable and compostable polymers
include alginate sourced from seaweed, cellulose sourced from
agricultural waste and polyhydroxyalkanoates (PHAs) which can
be sourced from bacterial fermentation of food or agricultural
waste. PHAs are of particular interest as they can be melt-

processed, making them compatible with existing manufacturing
processes. They can be naturally synthesised by a variety of micro-
organisms via the formation of polyhydroxyesters from short- or
medium-chain hydroxyalkanoic acids.7,8 Because of variations in
the degree of polymerisation, the position of the hydroxyl group,
the chemistry of constituent monomers in copolyesters9 and the
process conditions under which they can be manufactured, so far
over 150 different types of PHA polymers have been reported.10,11

These different types of PHAs yield different material
properties,12–17 and can possess properties similar to those of tradi-
tional thermoplastics such as polyethylene and polypropylene18

including oxygen andwater barrier properties,19 all whilemaintain-
ing biodegradability.20 However, the desired properties are difficult
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to obtain simultaneously and have not been optimised for particu-
lar applications. Many of these properties are linked to the crystal-
linity and morphology of the PHA, and thus control over the
crystallinity and microstructure could be used to further tune the
properties of PHAs.
PHAs exhibit a semicrystalline multiscale structure, as shown

schematically in Fig. 1 for the particular case of polyhydroxybuty-
rate (PHB). At small length scales, polymer chains align to form
crystalline lamella structures where the chains extend from the
crystalline region and can fold back into the crystal, or become
embedded in an amorphous region between the lamellae. The
lamellae in turn are layered into microfibrils which grow outward
in a radial manner to form spherulites (Fig. 1). In order to achieve
reproducible polymer properties, it is essential to carefully control
both the process conditions (temperature, feedstock purity, addi-
tion of additives) and ageing (storage time and environmental
conditions) as they significantly influence the overall crystallinity
and film morphology.
PHB is the most broadly studied PHA22,23 and exists as an amor-

phous polymer in vivo.24 Upon application of a physical treatment,
e.g. drying, coalescence of PHB inclusions takes place, resulting in
homogeneous nucleation25 and crystallisation.26 PHB produced
by bacteria is isotactic (all the repeat units have the same stereo-
chemical configuration).27,28 While many studies have investi-
gated changes in PHB crystallinity due to changes in
environmental conditions,29,30 the introduction of additives31,32

or processing steps,33 there is little understanding of how fillers
affect the kinetics and mechanism of crystallisation. Conse-
quently, there is a gap in the ability to control the microstructure
to ensure reproducible barrier, mechanical and optical properties
of PHB plastics.19 To gain understanding of how filler addition
influences crystallisation, it is necessary to study how the filler sur-
face induces nucleation. While experimental characterisation of
the interfacial region is challenging, simulations are a valuable
tool in investigating the interfacial properties of the filler–polymer
matrix, as they provide molecular-level insight into polymer crys-
tal nucleation mechanisms.34

In this review, we focus on how filler addition influences the
crystallinity of PHB. We first give a brief overview of some relevant
experimental characterisation methods, alongside molecular sim-
ulation techniques used to simulate polymer crystal nucleation
and growth. We then review simulations of generic polymer crys-
tal nucleation, and the experimentally observed formation and
growth of crystals in pure PHB. Next, we review simulation studies
of generic polymer crystal nucleation at various filler surfaces.
Finally, we look at experimental results on how the addition of
filler particles impacts crystallinity, spherulite size and mechanical
properties in PHB composites. The combination of experimental
data and simulation studies provides new insight into polymer
crystallisation, which will enable the prediction of how fillers
affect PHB crystallinity, and thus facilitate the design of plastic
films for food packaging applications.

OVERVIEW OF RELEVANT EXPERIMENTAL
AND SIMULATION TECHNIQUES
Polymer crystal, lamellar and spherulitic structures and degree of
crystallinity, Χc, are typically characterised using a range of tech-
niques, including XRD, Fourier transform infrared (FTIR) spectros-
copy, DSC and polarised light microscopy. XRD methods
including wide-angle X-ray diffraction, small-angle X-ray scatter-
ing (SAXS) and grazing incidence SAXS (GISAXS) are widely used
techniques for investigating the degree of crystallinity and are
considered to be the most reliable methods used for this pur-
pose.35 Despite the complexity of the analysis, these techniques
provide absolute values of Χc unlike the relative values obtained
from FTIR spectroscopy and DSC measurements. The mechanical
properties of PHB-based composites are often characterised using
Young's modulus (E), tensile strength (⊞) and strain at break (εb) of
the composites, and for conciseness and clarity, these properties
are defined in Fig. 2.
Classical molecular dynamics (MD) is a computational method

for simulating systems of particles, which are typically charac-
terised by their mass and their interactions with other particles.

Figure 1. Schematic diagram of a PHB spherulite consisting of microfibrils and lamellae. Adapted from Dingler et al.21

www.soci.org K Majerczak et al.

wileyonlinelibrary.com/journal/pi © 2022 The Authors.
Polymer International published by John Wiley & Sons Ltd on behalf of Society of Industrial Chemistry.

Polym Int 2022

2

http://wileyonlinelibrary.com/journal/pi


Starting from known particle positions and velocities, Newton's
laws are solved numerically to obtain particle trajectories. By aver-
aging the system properties over time it is possible to obtain use-
ful information about a material such as density, melting
temperature, glass transition temperature, scattering data, etc.
The thermodynamic behaviour of a system can also be studied
using Monte Carlo (MC) techniques, which generate new configu-
rations for the system by making random changes to the system
degrees of freedom (e.g. particle positions), thus generating
low-energy configurations for the system of study. For compre-
hensive descriptions of the MD and MC methods we refer the
reader to standard textbooks.36,37

In both of these simulation methods, the systems can be repre-
sented at different length scales, depending on whether the par-
ticles represent individual atoms, groups of atoms or have no
chemical specificity, as illustrated in Fig. 3. An atomistic model
of PHB explicitly represents all carbon, oxygen and hydrogen

atoms. While atomistic models retain chemical specificity, they
can be time-consuming to run and are often limited to systems
of oligomers and times up to hundreds of nanoseconds. To access
longer time scales and simulate longer chains, coarse-grained
(CG) models can be used. Coarse-graining is the practice of
removing degrees of freedom whilst retaining enough chemical
detail to reproduce the characteristics of the atomistic model,
such as density. The united atom (UA) model is an example of a
CG model that combines a carbon atom with its bonded hydro-
gens to form one ‘atom’ or ‘bead’. For polymers, it is beneficial
to use coarser models, for example representing a monomer with
one, two or four beads, etc.38–41 Even longer time scales and poly-
mer chains can be reached using generic polymer (bead–spring)
models, such as the Kremer–Grest model.42 The Kremer–Grest
model exhibits typical polymer properties, including glass transi-
tion, entanglement effects and reduced entanglement moduli.43

Since many of the dynamic phenomena displayed by these
models are characteristic of whole classes of polymer, these
models can be mapped to real polymers,43,44 including PHAs.

CRYSTALLISATION IN PURE PHB AND
COMPARISON OF CRYSTALLISATION IN
GENERIC POLYMER MODELS
PHB is a semicrystalline polymer that, similar to other linear poly-
mers, forms lamellae that arrange into multilamellar structures
(microfibrils) that further assemble into spherulites (Fig. 1). In this
section we review experimental studies of PHB and simulations of
generic/CG polymermodels to describe the crystallisation process
in PHB, including crystal nucleation, growth of nuclei into lamel-
lae, and lamellae and spherulite structure. Finally, we briefly dis-
cuss the amorphous regions connecting the crystalline domains.

PHB crystal structure and nucleation
The thickness of a single PHB crystal is typically 4–10 nm depend-
ing on the polymer molecular weight (Mw) and processing condi-
tions.15,45,46 The crystalline structure has two polymorphs, ⊍ and ⊎,
which have been previously described in detail.47–50 The ⊍-form
corresponds to a helical structure in anti-parallel orientation,49

with two chains (four monomeric units) contained in an ortho-
rhombic P212121 unit cell.

51 The individual helical structures inter-
act with the adjacent chains via C H���O C hydrogen bonding.52

The structure of the ⊍-form is shown in Fig. 4 and the lattice
parameters are presented in Table 1. The conformation of the
⊎-form is much less clear and remains the subject of scientific dis-
cussion as both orthorhombic and hexagonal conformations
(Table 1) have been reported. In contrast, more recent studies
have proposed that the ⊎-form consists of a non-crystalline (albeit
X-ray active), highly oriented mesophase.53 In general, ⊎-form
crystals can be created by uniaxial stretching of a PHB film, via a
transformation from the ⊍-form (a metastable, reversible process),
or from arrangement of constrained amorphous regions between
small crystallites in the matrix.48,54

Currently, there are very few atomistic and CG simulations of
PHB,55–57 and these do not address crystallisation of PHB. How-
ever, there are studies of polymer crystallisation using generic/
CGmodels that capture the general physics of polymer crystallisa-
tion. We expect simulations of crystallisation from the melt using
these models to be relevant to the crystallisation behaviour of
PHAs, although we note that the crystal structure of these models
will be different from that of PHB. Hexagonal crystal symmetry has

Figure 2. Typical stress versus strain (elongation) curve obtained by ten-
sile testing and definition of Young's modulus, tensile strength and strain
at break.

Figure 3. Atomistic model (top) and CGmodel (bottom) of PHB. Red, grey
and white spheres correspond to oxygen, carbon and hydrogen atoms,
respectively. In this schematic, each blue CG bead represents one PHB
monomer.
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been observed in studies using UA, CG and generic polymer
models38,58–63 and appears to be a common feature of these
models. However, some studies using various generic polymer
models observed both hexagonal close packed and face-centred
cubic regions,64–66 while another study found an orthorhombic
structure to be energetically favourable.67

Nucleation of crystals is believed to be facilitated by hydrogen
bonding that reduces chain mobility, enabling closer chain pack-
ing.73,74 One of the advantages of simulations over experiments is
the ability to gain insight into themolecular origins of polymer crystal
nucleation and the size of the critical nucleus, which is the smallest
ordered structure that gives rise to a thermodynamically stable crystal.

Yi and Rutledge60,75 performed MC and MD simulations using a UA
model for alkanes, and found critical nuclei sizes of 23 ± 3 and
126 beads for systems of 8-bead and 20-bead oligomers, respectively.
Within these studies, melting temperatures of 212 ± 2 and 310 ± 2 K
for the 8- and 20-bead systems, respectively, agreed well with the
respective experimental values of 216.4 and 309.8 K. The size of the
critical nucleuswas found to decrease the further below themelt tem-
perature the simulationwas carried out. Amore recent study76 using a
similar UA model with 20-bead oligomers used a different analysis
method and found a critical nucleus size of 80 beads ±25%. The dis-
crepancy in these results highlights an ambiguity in the way the criti-
cal nucleus is defined and on the analytical method deployed.

Figure 4. Crystal structure of the PHB ⊍-form: (a) direction normal to the helix axis; (b) projection of the PHB single cell in c–b and a–b planes, where the
latter corresponds to the direction along the helical axis. Adapted from Wang and Tashiro.68

Table 1. Crystallographic data and lattice parameters for the ⊍- and ⊎-forms of PHB

Form Lattice Space group a (Å) b (Å) c (Å) Ref.

⊍ Orthorhombic P212121-D2
4 5.73 13.15 5.93 69

⊍ — P212121-D2
4 5.76 13.20 5.96 49

⊎ Orthorhombic — 5.28 9.20 4.69 70–72
⊎ Orthorhombic P212121 5.76 13.2 5.98 48
⊎ Hexagonal P3221 9.22 — 4.66 69
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The above studies gave an estimate of the size of a critical
nucleus; however, they did not investigate the molecular mecha-
nisms that give rise to the formation of an ordered crystal nucleus
from a polymer melt. In one crystal nucleation study, Takeuchi77

quenched a melt of 20-bead UA chains from well above the glass
transition temperature and tracked the ordering of the system
using the structure factor and local orientational order. Local par-
allel order (chain straightening and alignment) in the induction
period led to ordered clusters, causing density fluctuations that
were seen in the structure factor, which the author noted were
found in experimental studies of crystallisation in poly(ethylene
terephthalate) using SAXS measurements. A study of semi-rigid
chains also found that local order occurred on short time scales,
followed by densification.78

Anwar et al.76 also investigated the microscopic mechanisms
driving the formation of a critical nucleus. They quenched a UA
20-bead model and then tracked several observables including
radius of gyration, nematic order parameter and a crystallinity
order parameter for candidate nucleus structures. At early times
there is an increase in global order signifying chain alignment.
This is followed by densification and chain straightening. Finally,
local positional and orientational order is established. The authors
note that this modifies the conclusions made in previous stud-
ies.77,78 Anwar and Schilling61 used the UA model to study
500-bead chains and observed the same mechanism as for the
shorter chains.76 This more recent simulation picture of critical
nucleus formation has also been seen in MC studies,62 where it
is deduced that the orientational order between straight-chain
segments drives crystal nucleation.

Lamella formation and growth
While the critical nucleus size, crystal structure and molecular
mechanisms driving the formation of a critical nucleus are amena-
ble to simulations using short chains, at this length true lamella
structures that contain folded chains cannot form (Fig. 5). In order
to study lamella formation, simulations must use long chains
ranging from 50 to 1000 beads.34,38,61,67,79–86 We note that CG
models without an angle-dependent potential between succes-
sive bonds in the chain64,65 do not result in the formation of lamel-
lar structures since these angular interactions are typically the
driving force of chain folding. Experiments with PHB show that
the transition from extended-chain crystals to chain-folded crys-
tals occurs around Mw of 2000 g mol−1 although this can be

controlled by temperature.87 For PHB with Mw of 2000 g mol−1,
the crystal thickness and extended chain length were about 3.3
and 6.85 nm, respectively. For PHB with Mw of 5000 g mol−1, the
extended chain length is 17.28 nm, and crystal thicknesses of
3.4 and 6.5 nm were observed at low and high temperature,
respectively, indicating the possibility of four and two folds per
chain. It is worth noting that these molecular weights are compa-
rable to the chain lengths accessible to simulations studies.
The formation of lamellae from critical nuclei was simulated

using a UA model by Anwar and Schilling.61 They found that
lamella growth was precipitated by chain segments aligned to
the growth front sliding in from the amorphous region. The
observed lamella growth rate was found to be linear in time for
early growth before transitioning to a logarithmic growth rate,
which is in agreement with a CG study by Luo and Sommer.88

Although the above studies agree on lamella growth rates, they
disagree on the nature of precursor structures (the chain seg-
ments joining the lamella growth front). Anwar and Schilling61

found that the precursor structure does not fold before joining
the lamella growth front, whereas Luo and Sommer88 found that
precursor structure first fold then join the lamella growth front,
only to straighten once part of the growing lamella.
Crystal lamella formation was also studied in a melt of long

chains67 using a Kremer–Grest model. The local alignment of
chains was followed by rapid crystal growth in the direction per-
pendicular to chain orientation, leading to the formation of lamel-
lae surrounded by amorphous regions; this observation is
consistent with simulations by Luo and Sommer88 and Yama-
moto.34 In the study by Morthomas et al.67 the largest grown crys-
tal was found to bemore than three times longer than it was thick,
along with 60–70% of the simulated system being crystalline.
Variability in stem lengths (Fig. 5) has been observed in crystal

formation and growth81,83 and even two nuclei of similar size
can have differing stem length distributions.84 Hall et al.84

observed that crystals had a tapered growth front with a mini-
mum stem length of three carbon atoms. In a study of long chains
consisting of 1000 UAs, Verho et al.85 also found that the crystal
edge formed a parabolic shape; however, they found a minimum
stem length of approximately 4 nm, which is much larger than the
minimum stem length suggested by Hall et al. Tapering at the
edge of lamellae can also be seen in simulation snapshots of a
100-bead CG model,86 and interestingly they also obtain an
inverse relationship between stem length and melting tempera-
ture – a relationship observed in experiments. They note that
the chains studied are weakly entangled andmostly disentangled
during the formation of lamellae.

Formation of microfibrils and spherulites and degree of
crystallinity
Lamellae form microfibrils which further assemble into spheru-
lites (Fig. 1). Microfibrils are arranged so that the axis correspond-
ing to the PHB unit cell a-axis is parallel to the radius of the
spherulite.89 The reported values of microfibril width vary
between 5 and 50 nm,87,90 and the spherulitic structures grow
up to several millimetres.91 Spherulite growth starts with a nucle-
ation centre, which is either an embryo created by the entangle-
ment of polymer chains (homogeneous nucleation) or at a
nucleation centre such as impurity or filler (heterogeneous nucle-
ation), with the microfibrils branching outwards in a radial man-
ner. Under polarised optical microscopy, this arrangement
results in a so-called Maltese cross pattern; however, other
arrangements such as concentric rings might be formed.92 The

Figure 5. Schematic diagramof a lamella structure showing chain folding
and stem length.
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degree of spherulite perfection is dependent on temperature.87

Accordingly, structures of decreased regularity are observed at
temperatures closer to the melting point Tm. Furthermore, at

these temperatures, dendrites and needle-like crystal aggregates
were detected at the initial stage of the crystallisation process.
Both phenomena occur as a result of the temperature-dependent

Figure 6. Legend on next page.
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segmental motion of the polymer chains. At low supercooling, the
diffusion coefficient of individual polymer chains is greater com-
pared to lower temperatures and the creation of stable crystalline
structures on various length scales is prevented.87

Disordered polymer regions
The areas between the microfibrils are filled by a disordered
amorphous phase93 that transitions into a rigid amorphous phase
in the immediate vicinity of the polymer crystals (Fig. 1). Because
of the steric constraints resulting from part of the polymer chain
being incorporated in the crystallites, the rigid amorphous phase
is in the glassy state,94–96 characterised by a different conforma-
tion of the polymer chains compared to mobile amorphous
phase.95,97–100 The fraction of rigid amorphous phase is depen-
dent on the internal properties of polymer chains (flexibility), crys-
tallisation conditions (temperature) and properties of the created
crystals (size, degree of irregularity of the lamellar crystal stacking,
crystal morphology).101,102

Overall, the amorphous region is characterised by the presence
of only short-range order, and this irregular arrangement results
in density changes compared to a crystalline region. For PHB the
densities are 1.18 and 1.26 g cm−3 for amorphous and crystalline
regions,15 respectively. It is this amorphous region that leads to
the polymer elasticity, flexibility and low tensile strength.103 The
glass transition temperature of PHB is in the range 0–15 °
C,15,89,104–106 and was found to be positively correlated with Χc

89

and Mw up to 2000 g mol−1,87 reaching a plateau and showing
no further change above this threshold. The amorphous region
is very important when considering transport of molecular spe-
cies (water, additives, etc.) in polymer films.107 Molecular trans-
port takes place almost exclusively in the amorphous region due
to its less definedmolecular structure and accordingly higher free
volume than the crystalline phase, leading to a decrease in barrier
properties of the material. Therefore, a fine balance between bar-
rier properties and mechanical properties needs to be considered
while designing the packaging material for a given application.

INTRODUCING FILLER PARTICLES TO
CHANGE CRYSTALLINITY AND
MECHANICAL PROPERTIES
It is generally assumed that fillers act as nucleants for polymer
crystallisation; however, the relationship between filler addition
and polymer crystallisation (on the lamellar and spherulite level)
is not fully understood. In this section, we discuss the current
understanding of the effect of filler addition on polymer nucle-
ation, degree of crystallisation, spherulite size and mechanical
properties.

Effect of surfaces on polymer nucleation
Molecular modelling typically represents filler surfaces as a smooth-
wall potential (such as a Lennard-Jones potential) or as an atomistic
surface, and crystallisation has been observed at both of these types
of surfaces. In general, nucleation occurs at the surface59,108

although homogeneous nucleation is also observed.108 The
strength of the interaction between the polymer and the surface
has been shown to influence nucleation. A weakly attractive surface
enables nucleation at the surface to occur at a higher temperature
than in the bulk,108 which is due to a decreased entanglement
weight at the surface. Similarly, an MC study109 found that a weakly
attractive surface yields enhanced nucleation compared to the bulk,
although further increasing the interaction strength reduced the
crystallisation rate eventually inhibiting it, which was attributed to
reduced chain mobility due to the strong surface adsorption.
Experimental work has indicated that epitaxialmatching plays a role

in PHB crystallisation110–112 and a simulation study of UA chains found
that a poorer lattice match resulted in longer induction times.113

Nucleation at the surface is also supported by a GISAXS study that
observed a surface-bound lamella layer with chains aligned with the
surface.114 Simulations have found that lamellae grow with chains
alignedwith the surface,79,115 and that the edge tapers into the amor-
phous region with the thickest stems situated at the surface.79

Filler particles are often functionalised or grafted to aid their dis-
persion in the polymermatrix. Simulation studies have investigated
nucleation in grafted systems, and it was found that grafting sup-
presses nucleation at the surface,108,116,117 and for a high enough
grafting density, nucleation is observed only in the bulk.108 How-
ever, other studies found that higher grafting densities result in
shorter induction times, and that increasing grafting density
changes the nucleation mechanism and crystal orientation.118–120

Crystallisation near filler particles of various shapes and sizes has
been simulated, including one-dimensional cylindrical shapes,117,121

two-dimensional platelets121 and spherical nanoparticles.122 An MC
study on the effect of nanofiller dimension on crystallinity121 demon-
strated that filler dimension influences the crystallisation rate and ori-
entation. Confinement effects (when the geometrical constraints on
the system are of a length scale similar to that of the polymer chain)
may also be important, particularly if the filler concentration is high or
if fillers are porous. Polymer material in filler pores or in the gaps
between filler particles will exhibit properties, such as the glass tran-
sition temperature, that are different from those of the polymer in
an unconfined region. Nucleation tends to be suppressed in confined
systems, including ultrathin films109,114,115 and nanopores,118,123 and
is attributed to a reduction in chain mobility.115,118

Effect of fillers on degree of crystallinity and spherulites
While simulations have provided insight into how fillers may influ-
ence crystallisation, the picture from experimental studies is less

Figure 6 Changes in crystallinity, Χc, and spherulite size, S, for filled samples with filler weight percent compared to pure PHB. The filler types are gra-
phene nanoparticles (GNP),125 thermally reduced graphene (TRG);126 carboxyl-functionalized multi-walled carbon nanotubes (f-MWNT);127 boron nitride
(BN);128,129 poly(ethylene glycol)-grafted silica nanoparticles (PEG-SNP), bare silica nanoparticles (Bare-SNP), R812 fumed silica nanoparticles (R-fumed-
SNP), S5130 fumed silica nanoparticles (S-fumed-SNP);130,131 hydrophilic silica nanoparticles (hp-SNP), hydrophobic silica nanoparticles (hb-SNP), methyl
methacrylate-treated silica nanoparticles (M-SNP), amidoamine-treated silica nanoparticles (AD-SNP);132 silica (SiO2);

133
fluoromica (FM),134 montmorillon-

ite (MMT);135 MMT treated with 25–30 wt% methyldihydroxyethyl hydrogenated tallow ammonium (MMTt);135 Cloisite 15A, 25A, 93A, Na+ – C15A, C25A,
C93A, CNa+, respectively;136 hexadecyltrimethylammonium bromide-modified montmorillonite (HDTMA-MMT); transition metal ions (ZnNO3)-modified
montmorillonite (TMI-MMT);137 CNa+ modified with tributylhexadecylphosphonium bromide (MI), H2SO4 (MAI) and dimethyloctadecylchlorosilane
(MAGI);138 microcrystalline cellulose (MCC);139,140 nanocrystalline cellulose (NCC);140 poly(ethylene glycol) phosphonate-modified layered double hydrox-
ides (PMLDH);141,142 lignin;143 lignin nanoparticles (LNP);144 ⊍-cyclodextrin (A-CD*,145 A-CD146), ⊎-cyclodextrin (B-CD);146 2,6-di-O-methyl-⊍-cyclodextrin
(A-DMCD), 2,6-di-O-methyl-⊎-cyclodextrin (B-DMCD), 3,6-tri-O-methyl-⊍-cyclodextrin(A-TMCD), 2,3,6-tri-O-methyl-⊎-cyclodextrin (B-TMCD);146 talc*,145

talc;146 inclusion complex of 0.8% A-CD and PHB (A-CD* 0.8%);145 acetylated starch nanocrystals (ASNC), starch nanocrystals (SNC);147 and thymine
and adonitol (TM, AD).112 Filler properties are given in the supporting information (Table S1) and in the original papers.
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clear. We think it is informative to consider what is happening to
the number density and size of spherulites in the data reported
for filled PHB samples. In general, we found that PHB–filler com-
posites have smaller but more numerous spherulites compared
to pure PHB. This indicates that the filler acts as a nucleating agent
in the composite, which is consistent with the simulation studies
that observed that surfaces induce polymer nucleation. As is com-
mon in Avrami analysis, we assume that the degree of crystallinity
of the sample should be proportional to the number and volume
of the spherulites, with the number of spherulites expected to be
proportional to filler concentration. A summary of the degree of
crystallinity, Χc, and median spherulite size, S, for various fillers
in PHB is presented in the supporting information (Table S1).
We note that Χc varies greatly for both filled PHB composites

and for pure PHB samples due to variations in the polymer prop-
erties, the processing method, etc. In order to decouple these
effects, we calculated the change in crystallinity and change in
spherulite size of the filled samples compared to a corresponding
pure PHB sample from the same literature source. The changes in
Χc and S are defined as

Δx=
xf−x0
x0

where x refers to Χc or S, and the subscripts ‘f’ and ‘0’ refer to filled
samples or pure PHB, respectively.
Figure 6 presents the change in crystallinity, ΔΧc, of a range of

filled PHB samples from the literature. It is clear that ΔΧc varies
greatly with addition of various fillers, and there is no consistent
effect of filler addition on ΔΧc. These differences may be con-
nected to the nature of the filler surface and its interaction with
the polymer, but without systematically varying filler surface
properties it is difficult to isolate surface effects.
Figure 6 also shows the change in S for filler addition, denoted

ΔS. In all cases, S decreases or stays the same with the addition
of fillers compared to pure PHB sample. Where both S and Χc

are reported, we have estimated the spherulite number density,
using the approximation that Χc is proportional to the number
and volume of spherulites, and we found that the number of
spherulites increases with filler concentration. Three main factors
are thought to influence crystallisation behaviour upon increasing
filler concentration: an increase in the number of nucleation sites,
increased filler aggregation and reduced polymer chain mobility.
The filler surface properties will influence both the nucleation and
filler aggregation as the interaction of the filler with the polymer
matrix can affect the dispersion of the filler particles. Therefore,
the overall behaviour of the filler in the system is dependent on
the prevailing nature of intermolecular interactions that influence
the changes in Χc and S of the system.124

Mechanical properties of PHB–filler systems and
correlation with crystallinity
The mechanical properties are influenced by the fraction of amor-
phous, crystalline and interfacial regions, and the distribution and
size of the spherulites in the polymer matrix. Pure PHB typically
consists of large spherulites that result in brittleness, with the
large spherulites exhibiting the tendency to crack. This happens
because molecular conformation changes are difficult due to
the retardedmovement of the molecular segments by the contin-
uous crystallisation phase.148 Systems with smaller or incomplete
spherulites do not show the same tendency to crack. As discussed
in the previous section, fillers act as nucleating agents and in

general lead to the creation of spherulites of smaller size com-
pared to pristine PHB. It is therefore expected that mechanical
properties show a dependence on changes in spherulite size
upon filler addition. However, although most experimental

Figure 7. Changes in normalised mechanical properties of PHB–filler com-
posites with changes in the degree of crystallinity due to filler addition:
(a) Young'smodulus E; (b) tensile strength ⊞; (c) elongation at break εb. Dashed
lines are guides to the eye. The literature data for this figure are summarised in
the supporting information (Table S2) and citations therein.135,137,144,151–158
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studies of the mechanical properties of PHB–filler systems do pro-
vide data about the degree of crystallinity, information about
spherulite size is less available. When such information is avail-
able, in general no clear correlation between spherulite size and
mechanical properties for PHB composites is reported.131

The mechanical properties (tensile properties) of PHB–filler sys-
tems, taken from literature sources, are presented in the support-
ing information (Table S2). The mechanical properties presented
in Table S2 – Young's modulus (E), tensile strength (⊞) and strain
at break (εb) – are defined in Fig. 2. Since the mechanical proper-
ties and Χc are dependent on the processing method and the
molecular weight of PHB,149,150 the present analysis uses normal-
ised values, i.e. the values of the mechanical properties and Χc of
the filled samples were divided by the values obtained for the
pure PHB used in each experiment. Figure 7 presents the normal-
ised values of Young's modulus, tensile strength and strain at
break as a function of normalised Χc for PHB–filler systems. Over-
all, introducing fillers results in a decrease in εb and in variations of
Young's modulus dependent on the filler chemistry. Figure 7(a)
shows a weak correlation between E and Χc, with E decreasing
with increasing Χc. As shown in Fig. 7(b), ⊞ does not correlate with
Χc and there is a positive correlation between εb and Χc (Fig. 7(c)).
Figure 7 presents weak and apparently counterintuitive correla-

tions between mechanical properties and degree of crystallinity.
In pristine/unfilled polymer systems, an increase in the degree
of crystallinity usually leads to an increase in Young's modulus
and a reduction in strain at break. However, in polymer–filler sys-
tems, the properties of the pure polymer and the filler, as well as
changes in polymer matrix induced by the presence of the filler
need to be considered. Due to this additional complexity, it is
clear that a simple causal link between degree of crystallinity
and mechanical properties cannot be established as many more
factors are at play. Referring back to Fig. 6, we see that the domi-
nant effect of filler addition is to decrease spherulite size. This per-
haps provides a clue to the behaviour seen in Figs 7(a) and (c). It is
possible that the modified microstructure of filled systems, with
increased number density of crystalline–amorphous interfaces,
might be responsible for the trends, and merits further consider-
ation in future work.

CONCLUSIONS
PHB-based plastic packagingmaterials derived frommicrobial fer-
mentation processes are a promising candidate for replacing
petroleum-based counterparts. However, their undesirable prop-
erties such as low thermal stability and high degree of crystallinity
(resulting in stiffness and brittleness) need to be minimised prior
to industrial implementation, balanced with the need for good
barrier properties. Despite the many literature studies of crystalli-
sation in pure PHB, the relationship between the crystallinity, Mw

of the polymer, and processing method is not well understood.
This in turn results in lack of control of the final product, making
it unfeasible for commercial applications.
The mechanical properties of PHB can be adjusted by the addi-

tion of additives, such as filler particles. We have found that, in
general, fillers act as nucleants and induce the formation of a
higher number of spherulites of smaller size without significant
or systematic changes in the overall degree of crystallinity com-
pared to pure PHB. The filler properties play a significant role in
controlling PHB crystallisation, and there should be further work
to investigate the role of the filler surface–polymer interactions
in nucleation of PHB. In addition, we suggest a need for future

experimental studies to include the spherulite size distribution
in addition to degree of crystallinity. Without this information, it
is challenging to provide an unambiguous trend in the system
behaviour upon introducing various fillers to the system, partly
due to variations in processing methods, the presence of more
than one additive and variations in filler surface properties, shape
and size.
Molecular simulations have provided molecular-level insight

into the initial stages of polymer crystallisation, which are cur-
rently experimentally inaccessible. However, these are not able
to reach the time and length scales necessary tomodel spherulitic
formation and growth. Recently, simulations have been used to
study the effects of filler particles on nucleation. However, the
number of studies is not extensive and more studies are needed
to understand how the filler surface properties, such as epitaxy,
surface chemistry (filler–polymer interaction strength), surface
functionalisation, including grafting and sizing, and filler geome-
try, affect polymer nucleation and hence crystal growth.
While it is difficult to directly predict the composite properties

based on a comparison of simulation and experiment, simulations
can provide useful insight into how surface properties influence
polymer nucleation. The nucleation mechanism can be used to
control the degree of crystallinity and spherulite size, which can
be measured experimentally. Therefore, a combination of care-
fully planned simulations and experiments will help to elucidate
the link between filler surface properties and composite structure
and properties, thus facilitating prediction and design of compos-
ite materials. We also note that there is a lack of molecular simula-
tions specifically concerning PHB, and it would be of interest to
study the role of specific interactions, such as hydrogen bonding
and electrostatics, in PHB nucleation.
We have demonstrated the need for more systematic or wide-

ranging studies that aim to strengthen the understanding of
how the degree of crystallinity and spherulite size affect the
mechanical properties of PHB-based films. Further, these studies
should be extended to address the effect of additives in the sys-
tem, processing routes and storage conditions to account for
physical ageing and secondary crystallisation.
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