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Abstract

Formulations based on poly(hydroxybutyrate) (PHB) and poly(hydroxybutyrate-

co-valerate) were studied to statistically assess the importance of process

parameters (temperature) and chemistry in filled and/or plasticized PHB-based

formulations on spherulite growth rate (SGR) and nucleation density (ND). It

was found that in binary systems, addition of a plasticizer results in shift of the

maximum SGR towards lower temperatures, with the value of the shift depen-

dent on polymer-plasticizer compatibility. The presence of the filler does not sig-

nificantly influence SGR, instead resulting in ND changes dependent on filler

chemistry, with Cloisite Ca++ showing the strongest nucleating action in all for-

mulations among fillers studied. In ternary systems, statistical analysis shows that

SGR strongly depends on the crystallization temperature (Tc), plasticizer type and

concentration, and hydroxyvalerate content in the polymer chain while being

independent of the presence and chemistry of the filler in the system. ND has,

however, proven to be dependent on all investigated parameters, including both

filler type and its concentration, with Tc being the most important factor. These

results expand the understanding of factors controlling crystallization in polymer

systems and provide an initial set of design tools that can be used to control

mechanical properties in new generations of packaging materials.
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1 | INTRODUCTION

Plastic (including microplastic) pollution is one of the most
challenging and prominent problems in modern world.
The influence of plastic on many ecosystems, including
aquatic, atmospheric, and terrestrial systems1 is considered
practically irreversible,2 highlighting the need to reduce
production and consumption of virgin plastics, improve the
waste management systems,2,3 as well as introduce more

eco-friendly solutions to the market. One of the main con-
tributors to the plastic pollution is plastic packaging,
including plastic films.4 These are often not recyclable due
to infrastructure limitations, generating a need for their
replacement with more eco-friendly alternatives.5

Among these, polyhydroxyalkanoates (PHAs) are
promising candidates as, unlike petroleum-derived plastics,
they are bacteria-synthesized, giving the possibility of
structure (hence property) modification.6,7 Further, PHAs
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are biodegradable and biocompatible,8 with mechanical
properties similar to commonly used thermoplastics,
good barrier properties, and compatibility with current
manufacturing processes due to their melt-processabil-
ity.9 The most broadly studied member of PHA family is
poly(hydroxybutyrate) (PHB) and its copolymer – poly
(hydroxybutyrate-co-valerate) (PHBV).10–12 PHB remains
expensive to produce and has a narrow processing
window – disadvantages that can be mitigated by chan-
ging the system chemistry and improving understand-
ing of the links between processing conditions and the
overall properties of the material.

Both PHB and PHBV exhibit a semicrystalline mul-
tiscale structure.13 On the nano-scale, PHBV creates
lamellae – crystalline regions embedded in the non-
organized amorphous region. Lamellae stack, creating
larger structures called microfibrils, which in turn orga-
nize radially, creating even larger structures with adjacent
microfibrils – spherulites. Both degree of crystallinity and
spherulitic microstructure (dependent on nucleation den-
sity, ND, and spherulite growth rate, SGR) control solid
state properties of the plastic materials, including mechan-
ical properties.14,15 Specifically, changing spherulite size
leads to changes in degree of crystallinity (increasing with
increasing spherulite size)16 and crack propagation (run-
ning either circumferentially around the spherulites or
radially through them).17 The control over both ND and
SGR (hence crystallinity and microstructure) can be there-
fore used to optimize the properties of the final product.

Pure PHB materials crystallize readily, leading to the
creation of highly crystalline, brittle materials.18 Among
the ways of tuning crystallization in the system are
changing HV content,19,20 controlling crystallization con-
ditions (e.g., crystallization temperature, Tc),

21 as well as
introducing additives to the system.22 The most popular
additives are plasticizers (that reduce the brittleness of the
matrix) and nucleating fillers (that influence overall num-
ber of created crystals due to acting as a heterogeneous
nucleation centre). As we have shown in our review,23

while many studies have investigated the effect of addi-
tives on the crystallization behavior of PHB at given condi-
tions, it is currently challenging to provide an
unambiguous trend in the system behavior upon introduc-
ing different additives to the system due to variations in
processing methods and additive properties. Moreover, the
vast majority of research focuses on the influence of single
additive at fixed processing conditions. Therefore, there is
no systematic way of assessing the effect of each parameter
(e.g., changes in system chemistry or processing condi-
tions) on the resulting system properties in complex for-
mulations that mimic real-life products.

Design of experiments (DoE) is a method that uses
analysis of variance (ANOVA) to plan and analyze

experiments as well as interpret them to obtain information
about the effects of each individual variable on the results,
identify interactions between the variables, and model the
outcome using a mathematical function. DoE enables mak-
ing conclusions about simultaneous changes of multiple
parameters, preventing often inconclusive results obtained
from experiments where parameters are changed one at a
time.24 Specifically, full-factorial design (FFD) provides
information about all of the potential interactions within a
system, while other systematic designs such as response
surface design (RSD) are better suited to account for non-
linear relationships between control parameters and their
outcomes. Results obtained from DoE allow the exclusion
of statistically insignificant terms to minimize the number
of parameters in the system, in turn reducing processing
costs and enabling control of the final product.

This work aims to improve the understanding of the
crystallization behavior in PHB-based systems and assess the
importance of processing conditions (Tc) and composition –
HV content, plasticizer chemistry and plasticizer concen-
tration (Xplasticizer), filler chemistry and filler concentration
(Xfiller) – on the spherulitic crystallization (i.e., SGR, ND,
nucleation time, kinetics of crystallization, and morphol-
ogy of the spherulites) in multi-component formulations.
This way, we will assess the statistical importance of each
factor and interactions between the individual factors with
a view to establishing formulation design criteria not only
for PHB, but also other polymers that show similar crystal-
lization behavior.

2 | MATERIALS AND METHODS

2.1 | Materials

Pure PHB and its copolymer, PHBV (HV content of 7, 12,
and 21 mol%) with thermal properties as presented in
Table 1, were obtained from Zeneca Bio Products and
purified by Soxhlet extraction in ethanol followed by dry-
ing at 40�C prior to usage. HV content for all samples
was confirmed via nuclear magnetic resonance

TABLE 1 Thermal properties of studied PHBV powders

measured by differential scanning calorimetry. Tg stands for glass

transition temperature, while Tm1 and Tm2 correspond to the first

and second melting peak, respectively. Uncertainty values represent

one standard deviation around the mean (n = 5).

Tg/�C Tm1/�C Tm2/�C

PHB 4.0 ± 0.1 175.1 ± 0.5 —

7% HV 1.8 ± 0.3 167.6 ± 0.3 —

12% HV 10.9 ± 0.4 138.9 ± 0.3 159.3 ± 0.2

21% HV �1.5 ± 0.2 116.5 ± 0.6 148.8 ± 0.6
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measurements. Triacetin (TA, Sigma–Aldrich, W200700,
99%) and acetyl tributyl citrate (ATBC, Sigma–Aldrich,
W308005, ≥98%) were used as plasticizers, while Cloisite
Na+ and Ca++ (BYK, denoted as CNa+ and CCa++,
respectively, with available technical information pre-
sented elsewhere25) and calcium carbonate (Sigma–
Aldrich, C4830, ≥99%) were used as fillers. Plasticizer
and fillers were used as received.

2.2 | DoE analysis

Minitab 20 was used for matrix creation and data analysis.
The experiments were divided into 6 separate sets regard-
ing system chemistry: (1) Pure PHB samples; (2) Plasti-
cized PHB samples; (3) Filled PHB samples; (4) Filled
and plasticized PHB samples; (5) Pure PHBV samples; (6)
Filled PHBV samples.

For the analysis, two separate groups were created:
(1) to assess the effect of HV content, filler chemistry and
concentration in unplasticized samples (sets 1, 3, 5, and
6) on SGR and ND; (2) to assess the effect of plasticizer
chemistry and concentration as well as filler chemistry
and concentration in pure PHB matrix (without effect of
HV content, sets 1, 2, 3, and 4) on SGR and ND. They
were denoted as full-factorial 1 (FF1, with 83 formulations
and 4 factors studied) and full-factorial 2 (FF2, with
105 formulations and 5 factors studied), respectively.
Experiments were performed in random order (i.e., not
by sets) to avoid any potential biases.

Each composition was investigated at three Tcs. The
temperature range chosen for investigations was based
around the Tc of the maximum SGR for pure PHB (Tc max)
used in this study (90�C, vide infra) and minimum Tc at
which SGR could be reliably detected (70�C, vide infra).
Concentrations of the fillers and plasticizers were based on
the limits commonly used in literature and industry and
were chosen as 1 and 5 wt% for fillers and 10 and 20 wt%
for plasticizers, with respect to the polymer concentration.
Plasticizers used in this study were already proven to be
compatible with PHB.26–28

Full-factorial design (FFD) was utilized to create a
matrix of formulations to be investigated to assess which
parameters affect SGR and ND in the PHB-based systems.
This design was chosen as FFD has been proven to create
better models compared to the other methods.29 Further,
alternative design choices such as central composite
design were not appropriate for use in this study due to
their incompatibility with categorical variables
(i.e., plasticizer and filler types) and requirement for non-
physical formulations (i.e., negative values of additive
content). The main drawback of FFD – using only first-
order equations (linear regression) – was overcome by
supplementing with RSD which implements quadratic
terms in the response equation to account for possible
non-linear correlations in the system.

All datasets met the assumptions required for
ANOVA (the residuals are independent, normally distrib-
uted, and with approximately equal variance; all input
factors are independent of one another). The complete
set of parameters and factor values used for each FFD is
summarized in Table 2.

2.3 | Film preparation

Plasticized polymer powder was prepared by mixing poly-
mer and plasticizer in desired mass ratio. As-prepared
powders were left overnight to allow diffusion of the plas-
ticizer into the polymer to improve its distribution. Filler
was incorporated by mixing with either plasticized or
unplasticized polymer in the desired mass ratio. Ca. 3 mg
of mixed powder was placed between two round ethanol-
cleaned cover slips and melted on the hot plate at 200�C
for 1 min, followed by sample analysis on the hot stage of
the polarized microscope pre-set at the desired Tc.

2.4 | Polarized microscopy

Measurements were performed using Dino-lite Edge
AM73915MZTL polarized microscope coupled with the

TABLE 2 Factors and factor values used for full- and partial factorial design (FD).

Factor Code

Factor values

FFD concerned1 2 3 4

Tc/�C A 70 90 110 — FF1 & FF2

Xfiller/wt % B 0 1 5 — FF1 & FF2

Filler type (�) C No filler CaCO3 CCa++ CNa+ FF1 & FF2

Xplasticizer/wt % D 0 10 20 — FF2

Plasticizer type E No plasticizer TA ATBC — FF2

HV content /mol% F 0 7 12 21 FF1

MAJERCZAK and LIGGAT 3 of 17

 10974628, 2023, 40, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/app.54469 by W

elsh A
ssem

bly G
overnm

ent, W
iley O

nline L
ibrary on [13/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



additional polarizer (Dino-Lite BL-ZW1) and the hot
stage (Linkam TMS 94). The spherulitic growth behavior
was recorded in a movie format that was further trans-
formed into snapshots. Radial spherulitic growth rate
and ND (presented as number of spherulites (NS) in the
observation window of 2 mm diameter) was determined
by analyzing the snapshots at a given time using ImageJ
software. All samples but pure PHB were analyzed at
three Tcs: 70, 90 and 110�C, while pure PHB samples
were crystallized within the temperature range 30–140�C,
with increments of 10�C to assess changes in SGR with
Tc as the initial step. 2 h measurement time was consid-
ered a practical limit for tracking nucleation as most of
the samples fully crystallized within 15 min. If spheru-
lites were observed within 2 h, the measurement was
continued until spherulites covered the observation win-
dow fully.

3 | RESULTS AND DISCUSSION

In section 3.1, we first discuss the changes in spherulite
crystallization (i.e., SGR, ND, and spherulite morphol-
ogy) for pure PHB systems as a benchmark, followed
by assessing the effect of changes in system chemistry
by one parameter at the time (i.e., addition of plasti-
cizer and/or filler as well as changes in polymer back-
bone by introducing HV groups) on these parameters.
Then, investigations into more complex systems
(i.e., filler and plasticizer addition or filler addition and
changes in HV content) as a mimic of real-world for-
mulations are presented. Finally, in section 3.2. a sta-
tistical evaluation of multiple factors using DoE

analysis is implemented to deconvolute the importance
of each factor.

3.1 | Spherulitic crystallization in PHB-
based systems

3.1.1 | Effect of Tc in pure PHB systems

Pure PHB samples studied here can be characterized by a
normal-like distribution of SGR with changes in Tc

(Figure 1a), with maximum SGR recorded at 90�C. Below
70�C, reliable detection of the spherulite growth rate was
not possible due to very high ND (Figure 2a) and conse-
quent short time (<2 s) of growth for an individual spher-
ulite. Based on these results, three temperatures were
chosen for further experiments on all other investigated
formulations: 90�C (corresponding to the maximum
SGR), 70�C (minimum temperature ensuring reliable
spherulite detection), and 110�C (to ensure the same tem-
perature step between the temperature of maximum SGR
and other investigated temperatures).

High ND at low Tc results in creation of voids (likely
air) that are pushed to the front of growing spherulites
due to fast rearrangement of polymer chains. At high Tc

(>120�C), however, the ND is low (Figure 1b) and nucle-
ation times are prolonged (>1 h compared to <10 s
and < 40 s at 70 and 90�C, respectively). In general, the
shorter the nucleation time, the higher ND in the system
(Figure 2a–c). Moreover, recorded SGR decreased more
than two orders of magnitude while increasing the Tc

from 90 to 140�C (0.19 mm/min vs. 0.0013 mm/min
recorded at 90 and 140�C, respectively, Figure 1a).

FIGURE 1 Dependence of (a) SGR and (b) NS on Tc for pure and plasticized PHB samples. [Color figure can be viewed at

wileyonlinelibrary.com]
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Recorded Tc max and overall SGR values are in line
with values reported previously.30–32 For pure PHB,
experimental error at Tc max is higher than for other
investigated temperatures. Tc max corresponds to the
maximum growth rate and, consequently, the tempera-
ture of maximum heat release rate. This has the poten-
tial to cause localized fluctuations in temperature at
the growth front and is particularly important as the
maximum crystallization rate is a point of balance
between the enhanced driving force for crystallization
and polymer mobility reduction.33 Consequently, any
fluctuations in temperature can lead to SGR fluctua-
tions and the observed higher experimental error bars.

According to Hoffman, there are three distinct
regimes of polymer crystal growth that describe the com-
petition between the nucleation rate and diffusive dis-
placement rate:34–37 (1) regime I – at low supercooling,
where rate of spreading is significantly greater than rate
of nucleation, resulting in large size of individual spheru-
lites, (2) regime II – at medium supercooling, where sev-
eral spherulites nucleate and grow, with the separation
between individual spherulites decreasing with decreasing
Tc, and (3) regime III – at high supercooling, where no
spreading takes place and the separation between the indi-
vidual spherulites is of the same order as molecular width,
resulting in high number of spherulites of small size. These
different regimes give rise to various spherulite morphol-
ogies, with non-banded spherulites observed in regimes I
and III, and banded spherulites observed in regime II.35

Here, the banded spherulite structure was observed at Tcs
in the range 70–120�C, with increasing band spacing with
increasing Tc due to greater diffusion length of melt mole-
cules, in line with literature reports.34,35

While there is still discussion about the growth mech-
anism for banded spherulites, models based on the stress-
induced lamellar twisting38–43 and rhythmic crystal
growth with consequent depletion zone38,40,44 are widely

accepted. Other models have been proposed,45–47 how-
ever, all models state lamellar packing and growth as the
main reason for band structure of the spherulites. Indeed,
in PHB systems band spacing was previously related to
periodical change of the lamellar orientation and spheru-
lite thickness fluctuation, indicating the origin of the
banded spherulites in agreement with lamellar twist and
rhythmic crystal growth models.34 Further, the depletion
zone at the growth front is a result of slow diffusion rate
as a limiting step of the spherulite growth and volume
shrinkage during crystallization solidification process.35

At 130�C, the intermediate morphology between non-
banded and banded spherulites is observed (Figure 2c),
with concentrated rings of increased waviness of the
front line. From 140�C, however, non-banded spherulite
morphology was observed due to faster diffusion and lack
of depletion zone in the crystal growth front.

3.1.2 | Effect of Tc and plasticizer in PHB
systems

Plasticizers increase flexibility of individual polymer
chains by reducing polymer-polymer interactions and
consequently increasing system free volume,30,48 hence
influencing their molecular motion and crystallizing
ability. The choice of the plasticizer depends on the
polymer-plasticizer compatibility, thermal stability, as
well as toxicity. Plasticizers used in this study are non-
toxic and can be used in bio-friendly packaging materials.

Upon introducing plasticizer to the PHB system, the
maximum of the SGR versus Tc function shifts to lower
Tcs – the higher the plasticizer concentration, the more
significant the shift (Figure 1a). This shift is alike that of
lowering glass transition Tg (4.0�C for pure PHB com-
pared to �10.4 and � 19.7�C for 10 and 20 wt% of TA,
respectively, or �6.9 and �17.7�C for 10 and 20 wt% of

FIGURE 2 Polarized microscopy image of PHB crystallized at (a) 30�C, (b) 110�C and (c) 130�C after t = 2 h. The scale bar corresponds

to 500 μm. [Color figure can be viewed at wileyonlinelibrary.com]
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ATBC, respectively) and melting temperature Tm

(175.1�C for pure PHB compared to 169.5 and 164.4�C for
10 and 20 wt% of TA, respectively, or 172.4 and 168.7�C
for 10 and 20 wt% of ATBC, respectively) upon the addi-
tion of the plasticizer. Observed behavior is a conse-
quence of increased mobility and freedom of movement
of individual polymer chains hence lower energy
required for either crankshaft motion or melting of
polymer crystals. A similar phenomenon of maximum
SGR shifts towards lower temperatures with plasticizer
addition was previously reported for PHB and polylac-
tic acid plasticized with triethyl citrate30 and triphenyl
phosphate,49 respectively. However, no dilution effects
due to the plasticizer presence are observed here as
SGR values are not decreasing upon plasticizer addi-
tion (Figure 1a).

The effect of plasticizer addition is therefore similar
to that of thermal energy. At low temperatures, the free
volume in the system and translational energy are lower
compared to higher temperatures, resulting in increased
probability of chain entanglement and stable nucleus cre-
ation. Accordingly, nucleation rate is faster than crystalli-
zation rate leading to creation of a larger number of
small spherulites. Conversely, at higher temperatures
individual polymer chains have higher energy reducing
the rate of stable nucleus formation and increasing the
nucleation time – hence creating a lower number of
spherulites of significantly increased size.

When both factors increasing the polymer transla-
tional energy and free volume are present (i.e., elevated
temperature and presence of plasticizer), their effect is com-
bined, resulting in a shift of the maximum SGR to lower
temperatures which can be tuned by the chemistry of the
plasticizer. Here, TA has more significant effect on PHB-
based systems than ATBC. While ATBC has higher molar
mass than TA (resulting in lower number of molecules in
the polymer matrix for the same mass concentration), the
shift for 20 wt% ATBC introduced to the system is less sig-
nificant than that of 10 wt% TA, suggesting that TA is more
compatible with PHB-based systems than ATBC.

This hypothesis can be further supported by the
nucleation times recorded for each system (Table 3).

While there is no difference in their values recorded for
pure PHB films and formulations plasticized with 10 wt%
ATBC at Tc equal to 70 or 90�C, introducing 10 wt% TA
to the system is sufficient to cause significant delay at
Tc = 90�C (nucleation time equal to ca. 2 min cf. <10 s).
For both plasticizers used, nucleation time increases to
5 min at Tc = 110�C at 10 wt% additive concentration
(compared to 30 s for pure PHB). Increasing concentra-
tion of TA up to 20 wt% leads to slightly longer nucle-
ation times – however, the trend of shorter nucleation
time recorded for ATBC remains consistent. Regardless
of the plasticizer chemistry, lower ND was noted in plas-
ticized systems due to lower supercooling compared to
pure PHB,30 with ND decreasing with increasing plasti-
cizer concentration (Figure 1b). However, in general
higher ND was reported for ATBC addition compared to
samples plasticized with TA.

Compatibility in discussed systems can also be
assessed based on Hansen solubility parameter-based dis-
tance between two molecules (Ra):

R2
a ¼ 4 δD1�δD2ð Þ2þ δP1�δP2ð Þ2þ δH1�δH2ð Þ2 ð1Þ

where δD, δP and δH are dispersion, polar, and hydrogen
bonding components, respectively, contributing to the total
cohesive energy of the system (summarized in Table 4 for
polymer and plasticizers used in this study). The smaller Ra,
the higher likelihood that the two molecules will be compat-
ible. In discussed systems, Ra is equal to 4.95 and 6.97 for
PHB-TA and PHB-ATBC, respectively, indicating that TA is
more compatible plasticizer. This is in line with both our
nucleation time results and previously reported observa-
tions, where tributyl citrate (structurally similar to ATBC
molecule) showed poor incorporation into PHB matrix and
did not influence the Young's modulus of the system.50

Therefore, the distribution of ATBC in PHB matrix is likely
to be less uniform than that of TA.

In terms of spherulitic growth kinetics, the change of
spherulite radius with time is typically linear, with the
SGR calculated as the gradient of this function54 (Figure 3,
blue). Upon introducing plasticizer to the system, how-
ever, some positions were characterized by non-linear
behavior, with SGR dependent on the time (Figure 3,

TABLE 3 Nucleation times for pure and plasticized PHB

systems as a function of temperature.

Xplasticizer Tc = 70�C Tc = 90�C Tc = 110�C

N/A 0 wt% <10 s <10 s 30 s

TA 10 wt% <10 s Ca. 2 min Ca. 5 min

20 wt% 20 s Ca. 2 min Ca. 6 min

ATBC 10 wt% <10 s <10 s Ca. 5 min

20 wt% 10 s 20 s Ca. 5 min

TABLE 4 Hansen solubility parameters for polymers and

plasticizers used in this study.

δD δP δH
PHB51 15.5 9.0 8.6

TA52 16.5 4.5 9.1

ATBC53 16.9 2.7 7.6

6 of 17 MAJERCZAK and LIGGAT
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black) – the longer crystallization time, the slower SGR as
the tangent of the function decreases over time. This
behavior is more prominent in samples with higher plasti-
cizer concentration and was observed in samples plasti-
cized with both TA and ATBC.

Plasticizer in polymer systems hinder chain packing
and crystallization as a result of increased free volume in
the system. Further, additives with low molecular weight
present in the polymer matrix lead to inclusion defects
and hence influence the perfection of individual crystal-
lites.55,56 The majority of the additives are present in the
amorphous region of the polymer – both within interla-
mellar regions of microfibrils or in the regions outside
the spherulite front.57 It was previously shown that
mechanical properties of the polymers are changed due
to the slow crystallization as a result of additive rejection
from a spherulite.58 We suggest that the non-linear

behavior observed here is a result of plasticizer migration
during spherulite creation and its accumulation at the
spherulite front, leading to decreased SGR as either longer
time for spherulite growth is needed in well-plasticized
environment or increased concentration of plasticizer in
the amorphous region within the spherulite leads to
increased diffusion time outside the spherulite. This behav-
ior is not, however, universally observed in plasticized
PHB systems and was not recorded for triethyl citrate up
to 30 wt% plasticizer addition.55 For consistency, the SGR
for plasticized systems was calculated in the same way as
for other samples (gradient of the linear regression fit),
with R2 values equal to ca. 0.98, indicating very good fit
despite described deviations from linear behavior.

In terms of spherulitic morphology, no significant
changes were noted compared to pure PHB samples
(Figure 4). A characteristic Maltese cross was observed
for all formulations, with maximum spherulite size grow-
ing to >1 mm at 110�C. In some formulations with ATBC
slightly asymmetrical spherulite growth was observed
(Figure 4c), however, the deviation from ideal spherulite
was not significant. Moreover, after introducing a plasti-
cizer to PHB matrix, regardless of its chemistry, the band
spherulite structure is still observed at Tc s in the range
70–110�C, however, becomes less prominent compared to
pure PHB structure observed at the same Tc. It is therefore
suggested that while plasticizer influences the perfection
of the individual lamellae and changes packing within
spherulites, the shift in Tc max does not happen in parallel
with changes in morphology.

3.1.3 | Effect of Tc and filler in PHB systems

Addition of the filler up to 5 wt% does not result in signif-
icant change in SGR, independent of the filler concen-
tration or chemistry (Figure 5a). In general, presence
of the filler creates a physical obstruction for polymer

FIGURE 3 Spherulite radius growth with time for plasticized

PHB samples with/without the addition of a filler at 110�C. [Color
figure can be viewed at wileyonlinelibrary.com]

FIGURE 4 Polarized light microscope images of PHB film with the addition of (a) 10 wt% TA, (b) 20 wt% TA, (c) 10 wt% ATBC, and (d)

20 wt% ATBC. All images were collected at Tc = 110 �C. The scale bar corresponds to 500 μm, while the dashed circle represents size of the

spherulite assuming perfect spherical shape. [Color figure can be viewed at wileyonlinelibrary.com]
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chains to move. Further, when the favorable polymer-
filler interactions are present, there is a need to intro-
duce additional energy to break these interactions and
induce lamella formation.59 Hence, both of the men-
tioned factors influence polymer chain mobility and
the rate of primary crystallization. Here, this reduction
was not observed for SGR, suggesting little to no effect
of mentioned parameters.

For modified clays, reduction of crystallization rate
calculated using differential scanning calorimetry was previ-
ously observed, with simultaneous change of the crystalliza-
tion mechanism from regime II to regime III.60 This
indicates increase in nucleation rate in the system, which
was also observed in formulations herein. This effect was
dependent on the chemistry of the filler, with CCa++ show-
ing the most prominent increase in the NS in the system
(Figure 5b). CaCO3 and CNa+ slightly increased the ND in
the system only at Tc = 110�C compared to pure PHB
formulations – the ND (the number of spherulites per 4π
mm2 area) were recorded at 1 for pure PHB; 5 and 83 for
1 and 5 wt% addition of CCa++ at 90�C, respectively, com-
pared to 2 and 3 for both CNa+ and CaCO3 at respective
concentrations.

For PHBV systems, it has previously been shown that
the addition of CaCO3 resulted in slight drop in ND
that was related to surface treatments of the filler,61

while CNa+ dispersed poorly in PHB films due to its
high hydrophilicity.62 The variation in nucleating
action between fillers studied here might therefore
arise due to the differences in the intermolecular inter-
actions (despite both cloisites having a cationic
nature), their aggregation behavior, and the existence
of crystallographic relationships between the filler and
polymer crystalline structure.63

On the macroscale, no changes in overall spherulitic
morphology were observed upon introduction of the filler
in the system independent of its concentration (Figure 6),
with banded morphology noted for all formulations in
the 70–110�C temperature range.

3.1.4 | Effect of Tc and HV content in PHB
systems

Copolymers of PHB with various HV content are
widely known to increase the processability window
compared to pure PHB (reduction of Tm as reported in
Table 1) and reduce its brittleness because of changes
in the crystallizing properties of the matrix.64,65

Increasing HV content leads to decreased SGR com-
pared to pure PHB systems (Figure 7a). Introducing
bulkier side groups to the polymer chain influences its
flexibility by creation of additional steric obstructions
that affect polymer chain folding and packing and pre-
vents stable nucleus formation initiating polycrystal-
line aggregation and spherulite growth.57 This
behavior of decreasing SGR with increasing HV con-
tent is like that of poly(3-hydroxybutyrate) (P(3HB))
with increasing concentration of 4-hydroxybutyrate
(4HB) groups.66 However, no significant shift in Tc max

with changes in HV content was observed here.
Together with increasing SGR, the nucleation times

increase with increasing HV content in PHB matrix –
recorded at 30 s, 1 min, and 2.5 min for pure PHB, 7%
HV and 12% HV, respectively – with no nucleation
observed at 110�C for over 2 h for 21% HV sample (hence
no SGR recorded, Figure 7a). HV content also influences
NS in the system – the higher HV content, the lower NS

FIGURE 5 Effect of filler in PHB system on (a) SGR and (b) NS as a function of Tc. [Color figure can be viewed at

wileyonlinelibrary.com]
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(Figure 7b), highlighting the importance of steric obstruc-
tion effects in PHB-based systems.

In terms of the spherulitic morphology, the Maltese
cross became less prominent with increasing HV content

until disappearing at 21% HV (Figure 8). For this sample,
no banded spherulite structure is observed at either 70 or
90�C, with change of the morphology similar to the shift
from category I to category II67,68 observed with

FIGURE 6 Polarized microscopy images of spherulites obtained at Tc = 110�C in (a) PHB with 1 wt% CCa++, (b) PHB with 5 wt% CCa++,

(c) PHB with 5 wt% CNa+. The scale bar corresponds to 500 μm. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 7 Effect of HV content on (a) SGR and (b) NS as a function of Tc. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 8 Polarized microscope images at Tc = 90�C of (a) pure PHB, (b) 7% HV, (c) 12% HV, and (d) 21% HV. The scale bar

corresponds to 500 μm. [Color figure can be viewed at wileyonlinelibrary.com]
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increasing Tc. For other investigated HV contents, how-
ever, banded spherulite structure was observed. More-
over, similar to pure PHB samples (Figure 2c), crack-like
concentric rings,69 different to optical band structure, are
created. These rings are created further away from spher-
ulite nucleation centre and were previously identified as
characteristic for PHBV formulations. Their origin was
related to density differences between crystalline part of
the spherulite and supercooled melt, respective decrease
in volume and creation of negative pressure that forces
supercooled melt to flow into the vacuum caused by vol-
ume decrease in PHBV matrix.69 While this phenomenon
is unlikely for films of <50 μm thickness,69 this explana-
tion is plausible for films investigated here.

3.1.5 | Effect of Tc, filler and/or plasticizer in
PHBV systems

Upon introducing both additives to the pure PHB system
(i.e., filler and plasticizer, FF2 design), the kinetics of

spherulitic growth rate was linear, deviating from trends
observed for unfilled plasticized PHB systems (Figure 3,
blue) – however, non-symmetrical spherulites with more
irregular outer edges were created for both investigated
chemistries of the plasticizer (Figure 9). In these samples,
SGR was dependent on the growth direction. This
resulted in SGR variation up to 100% as the SGR in the
direction of the fastest growth was twice as high as
the one measured in the direction of slowest growth
(e.g., 0.0269 mm/min and 0.0549 mm/min for PHB sam-
ple filled with 5 wt% CCa++ and plasticized with 20 wt%
ATBC and Tc at 110�C). When comparing the maximum
SGR for filled and plasticized formulations against plasti-
cized formulations without filler, the average SGRs in the
former case were not significantly different to the latter
(Figure S1 in the Supporting Information). We speculate
that observed asymmetrical growth of the spherulites
might be a result of non-uniform distribution of the filler
that creates a physical obstruction for polymer chain to
fold and prevents plasticizer migration to the spherulite
front. Hence, the spherulite growth directions at which

FIGURE 9 Polarized microscope images at Tc = 110�C of PHB plasticized with: 20 wt% TA and addition of (a) 5 wt% CNa+, (b) 5 wt%

CCa++, (c) 5 wt% CaCO3; 20 wt.% ATBC and addition of (d) 5 wt% CNa+, (e) 5 wt% CCa++, (f) 1 wt% CaCO3. The scale bar corresponds to

500 μm, while the dashed circle represents size of the spherulite assuming perfect spherical shape. [Color figure can be viewed at

wileyonlinelibrary.com]
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high SGR was recorded is likely to have lower local con-
centration of the filler than directions with low SGR.
Despite the variation in morphology, Maltese cross is still
observed, with banded spherulite structure noted for all
investigated formulations (Figure 9).

While considering unplasticized filled PHBV systems
(FF1 design), introducing filler to 7% HV and 12% HV
matrices resulted in the trend of SGR dependence on Tc
similar to that of PHB except formulations with 5 wt%
CCa++ that caused decrease in average SGR across Tc
studied (Figure S2 in the Supporting Information). For
21% HV formulations, addition of the filler, independent
of its chemistry, resulted in significant deviations in SGR
with respect to Tc (Figure S2) that can be caused by either
steric effects as a result of filler presence or errors in anal-
ysis caused by poorly-defined spherulite edges for these
formulations (Figure 8d).

In terms of ND in plasticized samples (FF2 design),
fillers and plasticizers had opposing effects to one
another – fillers increased ND due to the increase in het-
erogeneous nucleation sites, while plasticizers decreased
ND due to increased chain mobility. CCa++ had a greater
effect on ND than CNa+ and CaCO3 at any concentration
(Figure S1 in the Supporting Information). In unplasti-
cized PHBV formulations (FF1 design), introducing the
filler increased ND for all investigated chemistries
(Figure S2 in the Supporting Information), while for pure
PHB systems only incorporation of CCa++ led to a net
increase of ND. Moreover, addition of any filler to 21%
HV samples at 110�C led to reduced nucleation times of
under 2 h, enabling analysis, in contrast to the unfilled
counterpart.

As the chemical complexity of the formulations
increases, so does the nature of interactions between
chemical species present in the system.16 In order to sys-
tematically identify the effect of each parameter on both
SGR and ND, as well as to identify parameters which sig-
nificantly interact with one another, factorial experimen-
tal design combined with ANOVA were implemented.

3.2 | Statistical analysis of spherulitic
crystallization in PHB-based systems

FFD and RSD were implemented to investigate the effect
of each parameter on SGR and ND both in unplasticized
(i.e., filled systems with various HV content, Table 2,
FF1) and plasticized (i.e., filled PHB systems of various
plasticizer content, two types of plasticizer studied,
Table 2, FF2) formulations. FFD was used as the primary
screening tool to investigate the complex interactions
between the considered factors. Despite the model having
four (FF1) or five (FF2) parameters, only interactions up

to third order were considered for this initial analysis as
higher-level interactions are often too complex to pro-
duce unambiguous results. Third-order interactions are
unlikely to be important in real-life settings,70 however,
they can provide useful insight into the interplay between
components in the systems studied here and were there-
fore not omitted. These results were further expanded by
RSD to account for non-linear character of the SGR
changes with Tc (Figure 1a).

3.2.1 | Spherulite growth rate in pure and
filled PHBV systems (FF1 design)

For filled PHBV systems, linear regression of SGR against
the system parameters was predicted with high accuracy
(R2 = 0.99, R2 adjusted = 0.98), signifying a very good
description of the system behavior without overfitting
errors. To detect the importance of individual factors and
their interactions on SGR, a Pareto plot was used that
shows the magnitude of the standardized effects – from the
largest to the smallest – as well as a reference line, the value
of which is dependent on the defined α value71 (here 0.05).
Any factor that surpasses the reference line is likely to have
a significant influence on the outcome. From the Pareto
plot for FFD analysis in the unplasticized system
(Figure 10a) one can conclude that only Tc and HV content
as well as their interactions (included in the model as x1�x2
term) play important roles in the final SGR value. The pres-
ence of filler (neither concentration nor its chemistry) does
not influence SGR in the ternary system, which is in line
with results obtained from binary systems (Figure 5a).

As SGR dependence on Tc is not linear (Figure 1a),
RSD was performed on the same set of data as FFD anal-
ysis, resulting in a fit of good accuracy (R2 = 0.90, R2

adjusted = 0.88). The variation in the R2 values com-
pared to FFD analysis is likely due to the lower number
of terms considered during RSD analysis (which only
considered binary interactions between parameters). The
Pareto plot obtained from this analysis (Figure 10b)
therefore extends the results obtained from FFD
analysis – the second-order term of not only Tc but also
HV content is statistically important for predicting SGR.
Further, first order terms for these parameters as well as
their interactions need to be included in the model to
achieve satisfactory accuracy.

Interaction plots (Figure S3 in the Supporting Infor-
mation) can be used to visually represent if the effect of
one variable is dependent on another variable by compar-
ing the differences in sensitivity from low to high levels
(i.e., slope of obtained lines). In simple terms, they can be
described as (i) no interactions for parallel lines,
(ii) synergistic interactions for diverging lines, and (iii)
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antagonistic interactions for converging lines.72 However,
the interaction plots alone cannot be used to assess the
statistical importance of the discussed interactions and
need to be paired with ANOVA.

In systems studied here, visible interactions are noted
for Tc and HV content (antagonistic interactions,
Figure 7b), with little to no interactions between other
pairs of parameters. For instance, any change in filler
type and/or concentration causes at maximum a ca. 5%
change in SGR, hence no effects visible in Figure S3.
Regardless, weak interactions (no significant variation in
the slope between different levels of parameters) are pre-
sent for other pairs of parameters than Tc-HV content
and as they are statistically not important (Figure 10a),
they can be omitted in the final SGR formula.

Upon elimination of the statistically non-important
factors from RSD analysis, the equation describing SGR
in this system takes form presented as the contour plot
(Figure 11). The complete set of equations from RSD
analysis presenting SGR as a function of Tc, HV content,
and Xfiller for each filler type as a categorical value as well
as after elimination of statistically unimportant parame-
ters (backward elimination) is presented in the Support-
ing Information (Table S1 in the Supporting
Information). We have shown that in the discussed sys-
tem RSD analysis provides natural extension of the FFD
analysis and can be used to establish statistically impor-
tant factors influencing model outcome.

3.2.2 | Spherulite growth rate in filled,
plasticized systems (FF2 design)

Modeling SGR in plasticized systems using FFD gives
high accuracy (R2 = 0.97, R2 adjusted = 0.96). From this
analysis, seven parameters that influence SGR were

identified, namely Tc, plasticizer type and Xplasticizer, as
well as second- and third-order interactions between
these parameters (i.e., AE, AD, DE, and ADE, Figure 12a,
Table 2). The influence of filler concentration and its
chemistry on SGR remains insignificant, neither in the
form of first order parameters nor as interactions with
other statistically important factors, in line with results
obtained for unplasticized ternary systems (Figure 10a).

While performing RSD analysis (R2 = 0.87, R2

adjusted = 0.86), Tc is the dominant factor as both first-
and second-order terms have the highest standardized
effect (Figure 12b). However, first-order terms of neither
Xplasticizer nor plasticizer type are important at 5% signifi-
cance level. Instead, their interactions with Tc as well as
the second-order term of Xplasticizer are listed as parame-
ters to be included in the model, indicating that either
the shift of Tc max with increasing plasticizer concentra-
tion (Figure 1d) is of non-linear character, or the

FIGURE 11 Contour plot of SGR as a function of Tc and HV

content in filled PHBV formulations. [Color figure can be viewed at

wileyonlinelibrary.com]

FIGURE 10 Pareto plot of the standardized effects with response as SGR for pure and filled PHBV formulations, α = 0.05, obtained

from: (a) FFD analysis, (b) RSD analysis. Symbols in the figure correspond to parameters as presented in Table 2. [Color figure can be

viewed at wileyonlinelibrary.com]
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behavior between a plasticized and unplasticized system
is discontinuous (i.e., the system behavior cannot be
described using a single function). The second-order term
of plasticizer type cannot be included in the model due to
the categorical nature of this variable. The contour plot
from RSD analysis for TA as a plasticizer of choice is pre-
sented in Figure 13, while the complete set of equations
describing SGR as a function of Tc, Xfiller and Xplasticizer

for each filler-plasticizer pair as well as SGR function
after backward elimination is presented in the Support-
ing Information (Table S2 in the Supporting
Information).

Overall, the nature of two-way interactions becomes
more complex due to the presence of higher number of
parameters. Similarly to unplasticized systems, few to no
interactions are visible for any parameter (Tc, Xplasticizer and
plasticizer type) with Xfiller or filler type, indicated by
approximately parallel lines in respective graphs (Figure S4
in the Supporting Information). For interactions included
in SGR model, their character changes within the Tc range
investigated, indicating complex interactions that do not fol-
low a clear trend. The considered Tc range can be therefore
divided into separate regions (i.e., before and after Tc max) if
a smaller Tc range is considered. For instance, while strong
antagonistic interactions are present between TA and
ATBC as a function of Tc in the 70–90�C range, they
become synergistic in the 90–110�C range.

3.2.3 | Nucleation density in pure and filled
PHBV systems (FF1 design)

FFD and RSD were also implemented to assess the influ-
ence of system chemistry and process parameters on ND,
here represented as NS recorded in the observation win-
dow of the heated stage of diameter equal to 2 mm.

While it was possible to obtain satisfactory results from
FFD analysis (R2 = 0.89, R2 adjusted = 0.82), decreased
R2 compared to SGR analysis suggests decreasing quality
of the dependent variable fit using independent variables,
while decreased R2 adjusted show that some variables are
not contributing to the model.

ND behavior in the discussed systems vary compared
to the trends observed for SGR as both filler type and Xfil-

ler contribute to overall function, resulting in first-order
terms for all parameters being statistically significant
(i.e., Tc, HV content, Xfiller and filler type, Figure 14a).
Among fillers studied, CCa++ remained the most signifi-
cant nucleating agent in ternary systems, with exemplary
values of NS recorded at 129 and 600 for 1 and 5 wt%
CCa++ in 7% HV formulations crystallized at 90�C com-
pared to 6 and 8 spherulites and 5 and 7 spherulites
observed for both filler concentrations for samples filled
with CNa+ and CaCO3, respectively. However, all fillers

FIGURE 12 Pareto plot of the standardized effects with response as SGR for plasticized formulations, α = 0.05, obtained from: (a) FFD

analysis, (b) RSD analysis. Symbols in the figure correspond to parameters as presented in Table 2. [Color figure can be viewed at

wileyonlinelibrary.com]

FIGURE 13 Contour plot of SGR as a function of Tc and HV

content, with TA as a plasticizer of choice. [Color figure can be

viewed at wileyonlinelibrary.com]
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show nucleating action in PHBV systems as spherulites
in 21% HV sample at 110�C were observed – a phenome-
non that was not recorded for samples without filler due
to significant slowdown in nucleation rate upon increas-
ing HV content in polymer backbone.

FFD analysis signifies the importance of interactions on
the ND as all interactions but BF and BCF (Table 2) are to
be included in the model at 5% significance level
(Figure 14a). Considering statistically important two-way
interactions, the character of AF interactions remains con-
voluted (Figure S5 in the Supporting Information). How-
ever, there is overall synergistic interaction between Xfiller &
Tc and Xfiller & filler type, and an antagonistic interaction
between HV content & filler type and Tc & filler type.

The RSD analysis results in lower quality fit
(R2 = 0.63, R2 adjusted = 0.60), that is likely the conse-
quence of fitting a second-order polynomial to the data
that abruptly changes across investigated Tc range
(i.e., changes in NS from 306 to 1 for crystallization in pure
PHB at 70�C and 110�C, respectively), while minimizing the
non-physical negative values for NS. Regardless, the conclu-
sions from this analysis suggest that second order terms of
both HV content and Tc are likely to be important factors in
a predictive NS model (Figure 14b). Further, both Xfiller and
filler type are included in the quadratic equation, together
with three pairs of two-way interactions (AF, BC, and AC,
Table 2), in line with results obtained from FFD analysis. It
is therefore concluded that while RSD analysis and resultant
quadratic model are not the most accurate representation of
the results in this instance, they provide valuable insight into
the non-linear aspects of the effect of each parameter on ND
in unplasticized systems. The contour plot from RSD analy-
sis presented as a function of HV content and Tc with fixed
values at 5 wt% CCa++ is presented in Figure 15, while the
full set of equations for NS for each filler is presented in the
Supporting Information (Table S3 in the Supporting
Information).

3.2.4 | Nucleation density in filled
plasticized PHB systems (FF2 design)

FFD analysis performed on ND in plasticized systems
results in a high accuracy model (R2 = 0.95, R2

adjusted = 0.94), indicating all considered parameters
(i.e., Tc, Xplasticizer, plasticizer chemistry, Xfiller, and filler
chemistry) influence the output at 5% significance level
and should be included in the model as first-order terms
(Figure 16a). Further, all pairs of two-way and three-way
interactions aside from ABE and BE (Table 2) are of sta-
tistical significance, hence suggesting that ND in this sys-
tem, similarly to unplasticized formulations, is
influenced by all parameters with similar magnitude
(standardized effect in Figure 16a).

Interestingly, the influence of individual parameters
changes for RSD (Figure 16b). The model fit is improved
compared to model of ND in unplasticized formulations

FIGURE 14 Pareto plot of the standardized effects with response as NS for unplasticized samples, α = 0.05, obtained from: (a) FFD

analysis, (b) RSD analysis. Symbols in the figure correspond to parameters as presented in Table 2. [Color figure can be viewed at

wileyonlinelibrary.com]

FIGURE 15 Contour plot of NS as a function of Tc and HV

content, with fixed values at 5 wt% of the CCa++. [Color figure can

be viewed at wileyonlinelibrary.com]
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(R2 = 0.83, R2 adjusted = 0.83). Here, the model indi-
cated that Tc (both first- and second-order terms) is of the
highest importance, which is an intuitive conclusion in
line with observations described in Section 3.1. Further,
first-order terms of all investigated factors are statistically
important in the model (in line with FFD analysis), and
their standardized effect decreases in order: Tc > Xplastici-

zer > plasticizer type > filler chemistry > Xfiller. Controlling
the chemistry of the filler in plasticized systems therefore
emerges as a more effective way of controlling ND than
introducing higher amount of less effective filler. In plasti-
cized systems, independent of the plasticizer type, CCa++

had the most profound effect on nucleation. Typical values
of NS were recorded as 13 and 16 for 1 and 5 wt% CCa++

for formulations plasticized with 10 wt% TA crystallized at
90�C compared to 3 and 4 spherulites observed for both
filler concentrations for samples filled with CNa+ and
CaCO3, respectively.

For RSD analysis, the number of two-way interactions
that should be included in the model decreases compared
to FFD model (i.e., CE, BD, and BE that should be excluded
from quadratic model vs. BE that should be excluded from
FFD model). Indeed, no interactions were noted for the
Xfiller-plasticiser type, while antagonistic interactions
were observed for filler type-Xplasticizer and Xplasticizer�Tc

pairs of parameters, and synergistic interactions were
noted between plasticizer chemistry & Xplasticizer. For
other pairs of parameters, either few to no interactions
were noted or they showed non-linear dependence
changing within the investigated constraints (Figure S6
in the Supporting Information).

ND in plasticized system shows more complex rela-
tionship between the independent variables and depen-
dent variable (NS), with all factors contributing to the
resultant ND at 5% significance level. While RSD analysis
results in significantly lower R2 compared to FFD analy-
sis, it provides additional insight into system dynamics

and allows to interpret the importance of each parameter
in line with the results obtained for both binary systems.
The resultant contour plot with fixed values at 5 wt%
CCa++ and TA as a plasticizer type is shown in
Figure 17, while the full set of equations for NS for each
filler-plasticizer pair is presented in the Supporting Infor-
mation (Table S4 in the Supporting Information).

4 | CONCLUSIONS

In this study, factors influencing spherulitic crystalliza-
tion in filled and plasticized PHBV systems were investi-
gated using systematic experimental design and statistical
analysis. We have found that in pure PHB systems, SGR
is characterized by a normal distribution that does not
change form upon varying the HV content in polymer
chain, but with decreasing SGR recorded with increasing

FIGURE 16 Pareto plot of the standardized effects with response as NS for plasticized samples, α = 0.05, obtained from: (a) FFD

analysis, (b) RSD analysis. Symbols in the figure correspond to parameters as presented in Table 2. [Color figure can be viewed at

wileyonlinelibrary.com]

FIGURE 17 Contour plot of NS as a function of Tc and HV

content, with fixed values at 5 wt% of the CCa++ and TA as a

plasticizer type. [Color figure can be viewed at

wileyonlinelibrary.com]
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HV content. Plasticizers and fillers have a different effect
on spherulitic crystallization in the investigated systems.
The presence of plasticizer results in the shift of Tc max

towards lower temperatures due to higher flexibility of the
polymer chains. Conversely, the filler at concentrations up
to 5 wt% does not have a significant influence on SGR in
PHB system, resulting in similar SGR rate compared to
pure PHB formulations. Further, while plasticizer addition
leads to overall decrease in ND in polymer matrix, fillers
show nucleating action, with nucleation efficiency depen-
dent on the filler chemistry.

In ternary systems (filled PHBV or plasticized and
filled PHB), SGR strongly depends on the Tc, HV con-
tent in the polymer chain (in unplasticized systems),
as well as the amount of plasticizer introduced to the
system and its chemistry (in plasticized systems). How-
ever, it remains independent of the presence of the
filler in the system – both its concentration and chem-
istry. ND shows a significant dependence on all factors
studied (i.e., Tc, HV content, plasticizer chemistry,
Xplasticizer, filler chemistry, and Xfiller) and can be con-
trolled by chemistry and concentration of the additives
at fixed crystallization conditions. We have shown that
TA is more compatible plasticizer than ATBC, while
CCa++ has the strongest nucleating action in all for-
mulations. Tc was proven to be the most important
parameter influencing both SGR and ND. The statisti-
cal analysis in the form of RSD models enabled consid-
eration of non-linear character of variable change
within the parameter limits studied and has shown
that Tc, HV content and Xplasticizer all show quadratic
character of influence on SGR and ND.
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