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A  study  of  spherulitic  growth  in PHB  and  PHB/DGEBA  (poly(3-hydroxybutyrate)/diglycidyl  ether  of
bisphenol  A)  blends  with  PHB/DGEBA  weight  ratios  of 100/0,  90/10,  80/20,  70/30  and  60/40  crystallized
at  temperatures  in  the range  of 45–110 ◦C is carried  out.  The  spherulitic  growth  rates  at  the  crystallization
temperatures  are  studied  by optical  microscopy.  Differential  scanning  calorimetry  is  used  to study  the
same  isothermal  process  to fit the  results  by means  of  the Avrami  theory  to  determine  the characteristic
eywords:
rystallization
lends
oly(3-hydroxybutyrate)
poxy resin
ifferential scanning calorimetry (DSC)

parameters  of  the  process.  The  obtained  characteristic  parameters  are  compared  to  the  spherulitic  growth
rates  that  are  determined  by  optical  microscopy.  The  observed  differences  are  discussed  considering  the
process  of  nucleation.  An increase  in the secondary  crystallization  process  is  observed  with  increasing
crystallization  temperature  and  DGEBA  content  in  the blend.  Changes  in  the  crystallization  associated
with  an  increase  in  the rigid  amorphous  fraction  (RAF)  mobility  are  discussed.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

The blending of polymers and the study of the physical processes
nvolved in the development of blends with specific characteris-
ics are the goals of research pursued at the present, for instance,
o improve the characteristics of environmentally sustainable

aterials. The importance of this type of study arises because
ome environmentally sustainable blend constituents have demon-
trated limitations from the perspective of practical applications,
uch as a deficient or limited mechanical response or other proper-
ies that compromise their response in engineering applications.
he improvement of the specific properties of a polymer that
xhibits some type of limitation can be achieved by blending it
ith others polymers that are commonly used because of their very

ood properties that have been recognized from extensive appli-
ations. Biodegradable polymers obtained from natural resources
re used in blends, but generally have the disadvantage of a high
egree of crystallinity [1,2]. One such natural polymer is poly(3-
ydroxybutirate) (PHB); thus, efforts have been made to reduce the

igh brittleness of this material attributed to its high crystallinity
3–5]. Furthermore PHB as component of polymer blends, is the
ubject of study because its biodegradability suggests a potential

∗ Corresponding author at: IFIMAT, Facultad de Ciencias Exactas, UNCPBA, Pinto
99,  Tandil, Argentina. Tel.: +54 2494385670.

E-mail address: stognana@exa.unicen.edu.ar (S. Tognana).

ttp://dx.doi.org/10.1016/j.tca.2015.11.009
040-6031/© 2015 Elsevier B.V. All rights reserved.
use in replacing conventional polymers to improve the environ-
mental sustainability of the blends produced. Epoxy is a widely
used thermoset polymer; however, blending with semicrystalline
polymers, such as PHB, has been scarcely addressed in the litera-
ture [6,7]. Furthermore, the complexity and richness of the process
of crystallization in PHB and PHB blends have distinguished this
polymer as a model with important features that should be studied
from an academic perspective as well as toward applications.

Many studies of the crystallization kinetics of homopolymers
are based on the measurement of the spherulitic growth rates; see,
for instance [4], and the references therein. The theoretical frame-
work is usually referred as the Lauritzen–Hoffman theory [8,9],
which describes the linear growth rate Ge of spherulites as:

Ge = dRe

dt
=  G0 exp

[ −U∗

R (Tc − T∞)

]
exp
( −Kg

fTc�T

)
(1)

where, Re is the spherulite radius, G0 is the pre-exponential factor
and contains terms that are essentially temperature independent,
U* is the activation energy for transport of crystallizable segments
to the crystallization front, T∞ is the temperature below which such

motions cease, Tc is the crystallization temperature, R is a universal
gas constant, �T  = T0

m − Tc is the degree of undercooling, T0
m is the

equilibrium melting point, and f is a factor that accounts for vari-
ation in the enthalpy of fusion with temperature and is given by

dx.doi.org/10.1016/j.tca.2015.11.009
http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tca.2015.11.009&domain=pdf
mailto:stognana@exa.unicen.edu.ar
dx.doi.org/10.1016/j.tca.2015.11.009


2 ochim

f
[

K

w
r
n
T
t
r
n

t

�

w
p
P

c
u

G

l

c
l
r
o
c
t
a
o
a
i
a

g
p
w
T
t
b
a
t

T

s
a
d
b

X

w

e

1

 S. Tognana et al. / Therm

 = 2Tc/
(

T0
m − Tc

)
. The nucleation constant Kg can be expressed as

8]:

g = mb0��eT0
m

�hfk
(2)

here, � and �e are the lateral and end-surface free energies,
espectively, of the growing crystals; b0 is the molecular thick-
ess; �hf is the heat of fusion; and k is the Boltzman constant.
he value of m depends on the regime of crystallization. At high
emperatures (low undercoolings), each surface nucleation occur-
ence leads to the rapid competition of the growth strip prior to the
ext nucleation event [4].

The lateral free energy can be obtained using the empirical equa-
ion:

 = ˛�hf(a0b0)1/2 (3)

here,  ̨ is an empirical constant equal to 0.25 for high melting
olyesters [4] and a0 is the molecular width equal to 0.66 nm for
HB.

However, for blends containing a fraction � of crystallizable
omponent (PHB in this case), a modification of Eq. (1) is usually
sed to consider the non-crystallizable component [10].

 = �G0 exp
( −U∗

R(T − T∞)

)
exp

(
−Kg

fT�T
+ 2�T0

m ln �

fb0�H �T

)
(4)

Eq. (4) can be rewritten in the form:

n G + U∗

R(T − T∞)
− 2�T0

m ln �

fb0�H�T
= ln (�G0) − Kg

fT�T
(5)

If the crystallization occurs in a blend containing a non-
rystallizable component, this component is rejected from the
amellae. This rejection can be produced toward the interlamellar
egion, i.e., near the crystalline region, or toward the interfibrillar
r interspherulitic regions. The location of the non-crystallizable
omponent depends on the interplay between a force that tends
o pull the molecules out of interlamellar regions and a force that
ttempts to keep the molecules joined [11]. The first is a product
f the lower conformational entropy due to the lower dimension-
lity of the interlamellar region, and the second is due to favorable
nteractions between the non-crystallizable component and the
morphous phase.

The temperature crystallization range is located between the
lass transition temperature Tg and the equilibrium melting tem-
erature T0

m [12]. When Tc is near Tg, the kinetics of crystallization
ill be controlled by the chain mobility; therefore, G increases as

c increases. Conversely, if Tc is near T0
m, the rate of crystalliza-

ion is conduced by the thermodynamic regime. The interaction
etween the two processes produces a maximum in G at a temper-
ture Tk between Tg and T0

m. An empiric relationship between these
emperatures was reported as [13]:

k ≈ 0.5
(

T0
m + Tg

)
(6)

On the other hand, the kinetics of overall crystallization can be
tudied using different techniques, particularly calorimetry. If it is
ssumed that the crystallinity is directly proportional to the heat
uring the isothermal crystallization, the relative crystallinity can
e obtained from:

(t) = H(t)
H0

(7)

here, H(t) is the heat released at time t and H is the total heat.
0
X(t) can be modeled using the well-known Avrami equation (see

.g., reference [14]):

 − X(t) = exp(−kAtn) (8)
ica Acta 623 (2016) 1–8

where, kA and n are the rate of crystallization and the Avrami
index, respectively. In this work, we  assumed that the vol-
ume  changes do not appreciably affect the crystallization growth
rate.

A modification of this equation considers an induction time (t0)
before which crystallization starts replacing t by t − t0. Then, Eq. (8)
becomes:

1 − X(t) = exp(−kA(t − t0)n) (9)

The induction time (or incubation period of crystallization)
can be interpreted as a measure of the time required for statis-
tic processes to produce a nucleus of sufficient size for growth. The
determination of t0 is not easy because it depends in great mea-
sure on the device used and has a strong influence on the analysis
of thermograms; in this sense, different analytical methods have
been used [15].

In the field of research of blends containing biodegradable
materials, such as PHB, the authors of the present work have
developed studies of miscibility [16], crystallization [17] and segre-
gation during crystallization [18] in blends of PHB/DGEBA. DGEBA
is a common monomer that is used in epoxy systems, and the
study of PHB/DGEBA blends is a first step to prepare PHB/epoxy
blends. The present work adds new information to the study of
PHB/DGEBA blends by reporting the results of the kinetics of the
crystallization process, that is, the spherulitic growth rates, nuclea-
tion process and secondary crystallization process. The analysis of
the results combined with the reported results allows the param-
eters of crystallization to be determined in the framework of the
Hoffman–Lauritzen theory. However, some findings are raised as
points of discussion.

2. Experimental

PHB powder with the trade name Biocycle® was  supplied by
Industrial (Brazil). The epoxy monomer diglycidyl ether of bisphe-
nol A (DGEBA) was supplied by Hunstman (Araldite MY  790). Blend
samples with PHB/DGEBA weight ratios of 100/0, 90/10, 80/20,
70/30 and 60/40 were studied.

To determine the spherulitic growth rates, optical microscopy
was used with a PME  OLYMPUS TOKYO microscope with polar-
izer and a CCD camera to record the micrographs. A specially
designed hot plate was used to maintain the temperature at the
selected crystallization temperature. The samples were melted at
180 ◦C and kept at a constant temperature for 120 s in an exterior
oven. Then, a small amount of sample was quickly poured between
two plates that were previously heated to the selected crystalliza-
tion temperature (Tc) between 45 ◦C and 100 ◦C. The temperature
was maintained until the spherulite growth stopped, and then, the
micrographs were regularly collected. From the micrographs that
were obtained, the radii of the spherulites were determined using
image processing software.

The isothermic crystallization was  studied by differential scan-
ning calorimetry (DSC) using a Q20 by TA Instruments. The
calorimeter was calibrated using indium as a reference material.
The measurements were taken under an argon atmosphere with
a constant flux of 50 mL/min in a range of Tc between 45 ◦C and
100 ◦C. Samples with a mass between 6 and 12 mg  were heated
in aluminum pans at a heating rate of 10 ◦C/min from room tem-

perature to 190 ◦C and were thermostabilized for 120 s at this
temperature. Then, they were submitted to cooling at 65 ◦C/min
until reaching Tc and were thermostabilized at Tc until the
completion of the crystallization process.
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F nd at 80 ◦C (same magnification, bar = 100 �m).  Spherulite radii as a function of time for
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ig. 1. Micrographs of pure PHB at 55 ◦C (at the top) and the PHB/DGEBA 60/40 ble
HB  and PHB/DGEBA 60/40 crystallized at 80 ◦C.

. Results and discussion

.1. Spherulitic growth

In Fig. 1, some micrographs of spherulites in PHB and blends
re shown as examples. As observed, the PHB crystallizes, forming
anded spherulites.

The spherulite radius was determined at different times using
he micrographs. In the graph of Fig. 1, the spherulite radius as

 function of time for Tc = 80 ◦C is depicted as a representative
xample. From the analysis of all of the measurements, it can be
oncluded that the results of Re as a function of time can be well
t by linear regression (r2 = 0.99). The authors have reported that
here is interlamellar segregation for a DGEBA content lower than
0% in PHB/DGEBA blend, which does not depend on the crys-
allization temperature [16,17]. For a DGEBA content higher than
0%, the segregation can be interfibrillar or interspherulitic. The

nterspherulitic segregation can produce changes in the spherulitic
rowth because the DGEBA is segregated toward the front of
rowth, changing the composition in this region. However, no vari-
tion of spherulitic growth as a function of time was  observed and
nterspherulitic segregation would not develop.

From the slope of linear regression shown in Fig. 1, the
pherulite growth rates (G) were obtained for pure PHB and blends
HB/DGEBA 90/10, 80/20, 70/30 and 60/40 at the different crystal-
ization temperatures studied. No distinction of notation is made
etween Ge (PHB) and G (blends); only G is used further in this work.
he values of G obtained are presented in Fig. 2a as a function of Tc.
As can be observed in Fig. 2a, G shows a maximum at Tc ≈ 87 ◦C
or pure PHB. The temperature at the maximum growth rate, Tk,
ecreases with the content of PHB in the blend. In the literature, Tk
or PHB and blends is reported to be near 90 ◦C [4,19–21]. Moreover,

Fig. 2. (a) G as a function of Tc for PHB (•) and blends with ratios of PHB/DGEBA of
90/10 (�), 80/20 (�), 70/30 (�), 60/40 (�). The gray line connecting approximately
the maximum of G is the empirical relationship given by Eq. (6). (b) k′

A as a function
of  Tc for PHB (•) and blends with ratios of PHB/DGEBA of 80/20 (�) and 60/40 (�)
(see text). The lines connecting experimental points are only visual guides.
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Table 1
Kg and G0 obtained from G versus Tc curves, �e calculated from Eq. (2) and q for pure
PHB  and PHB/DGEBA blends.

Sample Kg (×105 K2) G0 (m/s) �e (×10−3 J/m2) q (kJ/mol)

100/0 5.9 ± 0.4 9.5 ± 0.5 × 109 50.5 ± 3.6 23.4 ± 1.6
90/10 5.7 ± 0.6 3.0 ± 0.3 × 109 48.9 ± 5.3 22.6 ± 2.5
80/20 4.2 ± 0.2 2.3 ± 0.9 × 107 36.2 ± 1.8 16.7 ± 0.8

0 1 Tc
ig. 3. Left side of Eq. (5) for pure PHB (� = 1) as a function of 1/fTc�T for different
alues of U* .

 also decreases when the PHB content decreases. Using Eq. (6) and
he values of T0

m and Tg reported by the authors, the values of Tk
ere estimated [16]. A gray line connecting these values is plotted

s a visual guide in Fig. 2a along with the experimental values of G.
s observed, the estimation of maximum G agrees approximately
ith the experimental results.

A diminution of G with the aggregate of the non-crystallizable
omponent has been observed in PHB/poly(vinylidene chloride-co-
crylonitrile) blends [22]; however, in that case, the Tg of the non-
rystallizable component is higher than the Tg of PHB. Similarly,
or PHB/poly(p-vinphenol), the depression in G when the content
f the non-crystallizable component increases was  attributed to
hanges in the fluidity due to an increase in Tg [23]. In the case of
HB/DGEBA, this explanation cannot be used because the Tg of the
lends PHB/DGEBA decreases with the non-crystallizable content,
s was shown in a previous work [16]. It is worth mentioning that
he equilibrium melting points for the blends were also reported
n a previous work, where Tg decreases from 2.6 ◦C in pure PHB
o −10 ◦C in PHB/DGEBA 50/50 and the equilibrium melting point
ecreases from 179 ◦C to 155 ◦C in the same samples.

In PHB/DGEBA blends, the authors recently reported a value
f −0.86 for the interaction parameter in the molten state [16],
hich ensures a force of interaction between DGEBA and amor-
hous PHB. On the other hand, DGEBA is a small molecule compared
o other polymers used as components in blends with PHB. Thus, it
s expected to have a weak entropic force.

The spherulitic growth rates at temperature Tc in a homopoly-
er  can be analyzed using Eq. (1). From Eqs. (1) and (5), the values

f Kg and G0 can be estimated by plotting the left side of Eq. (5) as
 function of 1/fTc�T.

It is difficult to calculate Kg and �e because the values of U* and
∞ are unknown. The usual procedure is to choose these parameters
uch that they provide the best fit in the plot of the left side of Eq. (5)
ersus 1/fTc�T.  Values between 6.28 kJ/mol and 17.25 kJ/mol have
een used in the literature [24], the first, assumed as an universal
alue, and the second corresponds to the William–Landel–Ferry
heory (WLF) [25]. However, this procedure could hide an eventual
ariation of �e with the crystallization temperature. For exam-
le, in Fig. 3, the mentioned plot is presented for two  values of
*: 11.51 kJ/mol and 17.25 kJ/mol, the first of which is used by
earce et al. Whereas the first value produces more linear behav-
or, the second exhibits a change in slope at the crystallization
emperature of approximately 80 ◦C. Then, a linear fit in the sec-

nd case produces an “average” value of the slope. This change
n the slope could, however, have significance if it is considered
hat a rigid amorphous fraction (RAF) exists between the crystalline
nd mobile amorphous fraction (MAF). It is known that this region
70/30 3.9 ± 0.4 1.5 ± 0.2 × 107 34.0 ± 3.6 15.5 ± 1.6
60/40 2.4 ± 0.3 1.8 ± 0.1 × 105 22.1 ± 7.1 10.1 ± 3.0

vitrifies when the crystallization is produced at temperatures lower
than approximately 70 ◦C. The hypothesis being considered in this
work is that the surface free energy feels the influence of the RAF
and the state of the RAF, vitrified or not. For temperatures lower
than 70 ◦C, the region around the crystals is vitrified and the sur-
face free energy is higher than that for the case of temperatures
higher than 70 ◦C, at which the RAF is not vitrified. If a different T∞
of 203 ◦C is used, which was obtained for Pearce et al. [4], a similar
behavior is observed; obviously, different values for the slope are
obtained. However, at this point, it is difficult to determine whether
the change in slope in Fig. 3 is due to a change in �e or an over or
underestimated value of U*. Therefore, henceforth, the value of a
single slope will be analyzed. The values of U* and T∞ were assumed
to correspond to the WLF  theory: U* = 17.25 kJ/mol, T∞ = Tg−51.6 K
[25] and b0 = 0.58 nm [4]. In this case, the values of Kg are presented
in Table 1 for PHB and the blends studied. The values of � were cal-
culated from volume additivity using density values of 1.177 g cm−3

for amorphous PHB [19] and 1.200 g cm−3 for DGEBA [26].
From Eq. (2), the values of �e were calculated for PHB and the

PHB/DGEBA blends considering that for the temperatures used in
this work, crystallization occurs in regime III, which corresponds
to n = 4 [4,19]. The value of �e for pure PHB (see Table 1) is within
the range obtained in the literature: Pearce et al. [4] obtained
46 × 10−3 J/m2, Xing et al. [23] obtained 42.74 × 10−3 J/m2 and
Zhang et al. [27] obtained 58.7 × 10−3 J/m2. On the other hand,
Barham et al. [19] obtained a higher value for �e, 94 × 10−3 J/m2.

For the blends, �e decreases with increasing DGEBA
content. A diminution of �e has been observed in blends
of PHB/poly(epichlorohydrin-co-ethylene oxide) [27] and
PHB/P(VAc-co-VA9) [23]. Usually, it is assumed that the work
of chain folding q = 2b0a0�e is the parameter most related to chain
structure and chain stiffness [4,23,27]; this is shown in column 5
of Table 1. A reduction of q is observed, indicating more flexible
chains of PHB in the blends.

In a recent work, some of the authors calculated the value of
��e from the value of the dimension of the crystalline phase L [18],
assuming an ideal two-phase structure at a crystallization temper-
ature of 100 ◦C using Eq. (10):

L = �Lg = �

(
2�eT0

m

�hf

(
T0

m − Tc
) + ı

)
(10)

In Eq. (10), � is the ratio of initial to final lamellar dimension
due to thickness and ı is a term that gives stability to the crystal. In
the mentioned work, ı was  assumed to be zero and the result for
��e was  0.079 J/m2. Using the value of �e shown in Table 1, a value
of 1.56 can be calculated for � . This value is lower than the usually
expected value of 2, but there is scarce information in the literature
about this parameter in PHB. � can be determined from the inverse
of the slope in a plot of Tm versus Tc or a Hoffman–Weeks plot. In
fact, the Tm dependency on Tc can be written as:( )

Tm = Tm 1 −

�
+

�
(11)

From this procedure, Dubini Paglia et al. gave an approx-
imate value of 3.33 for PHB [28]. In many other works, the
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offman–Weeks plot was shown, but the value of the slope was
ot reported; therefore, we estimated them from a visual analysis
f the figures; in general, we found that the � values were in the
ange ≈3–6. In fact, we recently reported a Hoffman–Weeks plot for
HB [16], and the observed slope gave a value of ≈5. A value near 5
ould indicate an important thickening of crystals. Heo et al. [29]

tudied the crystalline dimension during crystallization in PHB at
25 ◦C, 135 ◦C and 145 ◦C but observed almost no thickening for
rystallization times higher than ≈100 s. Guo et al. reported that
he crystalline dimension was a function of time for crystallization
t 120 ◦C and showed an increase until 100 s [30]. They analyzed
he results using a crystallization model that considered interme-
iate states; however, the results showed that the thickening in
he entire crystallization was significantly lower than 2. Moreover,
here are arguments to support a value of � near 1, and the value of
.56 determined as explained above seems to be a realistic value.

The process mentioned in the previous paragraph leads
o a question about the higher values of the slope in the
offman–Weeks plot. One possible explanation comes from revis-

ting Eq. (10), as accomplished by Rim et al. [31]. In Eq. (10), a value
f ı equal to zero is assumed; however, if this parameter is differ-
nt from zero, a nonlinear behavior can be expected and the slope
btained would be an apparent value. Thickening during heating in
he calorimetric measurement also could influence the value of � .

The authors also reported the values of ��e for blends
HB/DGEBA 90/10 = 0.068 J/m2 and PHB/DGEBA 70/30 = 0.061 J/m2.
f the values of �e presented in Table 1 are used to calculate � , the
alues of 1.39 and 1.79 can be obtained for blends 90/10 and 70/30,
espectively; therefore, it can be concluded that � presents values
ower than 2 with no strong variation in DGEBA content for the
roportions studied.

The estimated values of G0 are also presented in Table 1. A
ecrease of G0 is observed when the DGEBA content increases. The
0 diminution explains the decrease of G when the DGEBA content

ncreases.
Whereas Pizzoli et al. observed no variation of G0 for blends

HB/DPB [32], Pearce et al. [4] reported a diminution of G0 in iso-
actic and atactic PHB blends, indicating that the pre-exponential
actor in Eq. (1) is strongly affected by the aggregation of the
on-crystallizable component, underscoring the importance of
he diffusion of non-crystallizable and crystallizable components.
lfonso et al. [33] proposed equations to consider the diffusion of

he non-crystallizable component from the growth front, but they
equire self-diffusion coefficients to be applied. This treatment is
onsistent with the findings of Keith et al., who suggested that the
ocation of the non-crystallizable component depends on segrega-
ion distance, which is the ratio between the diffusion rate D of the
morphous molecules and the crystal growth rate [34]. If D is lower
han G, the non-crystallizable component is trapped in a position
lose to that occupied before solidification [11]. Previous works per-
ormed by the authors showed that the segregation is interlamellar
or a DGEBA content lower than 30% and interspherulitic or inter-
brillar for a DGEBA content higher than 30%. Thus, the results of
0 are qualitatively in agreement with the mentioned conclusion
ecause, assuming a weak dependence of D on the DGEBA content
s a first approximation, a higher segregation distance is produced
n the blends with a lower G value.

.2. DSC results

DSC results were obtained in isothermal conditions for PHB
nd blends PHB/DGEBA 90/10, PHB/DGEBA 80/20 and PHB/DGEBA

0/30 for different crystallization temperatures. It can be observed
hat the initial heat flux is not zero in some cases because of the limi-
ations of the calorimeters, which usually have difficulty generating

 higher cooling rate. Obviously, during the time of cooling and
ica Acta 623 (2016) 1–8 5

during the time that the device reaches the stabilization tempera-
ture, no isothermal crystallization can be produced. It is well known
that difficulties exist in this type of analysis, and these are discussed
in the literature; for instance, Lorenzo et al. [15] recommended
that in crystalline polymers, the cooling rate would be higher than
60 ◦C/min. In this work, the equipment used has allowed a cooling
rate of ≈65 ◦C/min. The data analysis procedure followed in this
work was  to subtract the thermogram corresponding to the pan
without the sample from the thermogram with the sample, with
the aim of eliminating the response of the device due to cooling. In
Fig. 4, the results obtained following that procedure are shown. In
general, a clear peak was obtained after the mentioned procedure;
however, for Tc = 60 ◦C and specifically for Tc = 80 ◦C, the subtrac-
tion of the thermogram corresponding to the pan do not result in a
shift of the curve until the zero line, and the onset of the peak is still
high. Thus, to consider the entire contribution of the pan, a new sub-
traction of a straight baseline was  performed. The same procedure
was performed for the PHB/DGEBA blends 90/10, 80/20 and 70/30.
For the PHB/DGEBA 60/40 blend, the thermograms obtained did not
allow for the analysis described because the heat flow obtained was
not sufficient. In Fig. 4b, it is observed that for the crystallization
of PHB/DGEBA at temperatures of 80 ◦C and 100 ◦C (temperatures
selected as an example), the peaks are broader than for 60 ◦C.

The heat flow can be derived from Eq. (9):

dH

dt
(t) = exp(−kA(t − t0)n)kAn(t − t0)n−1H0 (12)

This equation can be used to directly fit the experimental ther-
mogram in the first part of the curve, taking as free parameters kA,
t0, n and H0. The advantage of this procedure with respect to the
usual one (calculate H(t) by integrating the heat flow and then use
the Avrami equation as a theoretical function for fitting) resides in
the difficulties that arise for an estimation of H0 because some heat
is lost during cooling, and therefore the area under the curve can-
not exactly represent a measure of H0. Moreover, in this work, t0
was used as a free parameter to fit the experimental results using
Eq. (12). Furthermore, considering that the Avrami equation only
describes the primary crystallization, the fitting was performed
until the fraction of crystalline reached 50%.

The results of fitting for different Tc and compositions are pre-
sented following ideas reported in the literature by calculating the
parameter k′

A = k1/n
A , which is a normalized rate [35]. The results

of n are presented in Table 2, and selected results (for clarity in
the presentation) of k′

A for PHB and blends with ratios PHB/DGEBA,
80/20 and 60/40 are depicted in Fig. 2b together with the plot of G as
a function of Tc. According to the literature, k′

A shows a dependency
on Tc similar to that observed for G. Effectively, a similar equation
to Eq. (1) can be used to describe k′

A as a function of Tc.

k′
A = k′

A0 exp
[ −U∗

R (Tc − T∞)

]
exp
( −Kg

fTc�T

)
(13)

where, k′
A0 is a pre-exponential factor, and the other parameters

are as defined before.
Fig. 2b shows that the maximum of k′

A as a function of Tc is
shifted to lower temperatures with respect to the plot of G at a
value of approximately 20 ◦C. Then, the estimation of parameter Kg

from k′
A will be inaccurate. In fact, an estimation of Kg for pure PHB

using U* and T∞ from the WLF  theory indicates a value of Kg = 7.2
(±1.1) × 105 K2, which is 22% higher than that obtained from the
experimental G results (Kg = 5.9 × 105 K2). This is in agreement with
Celli et al. [36], who concluded that although Kg, and consequently
�e, could be calculated from G or from the parameters of the Avrami

equation, significant differences can be observed between the cal-
culated values. Moreover, the authors reported that the values
calculated from Avrami parameters are higher by 15–50% with
respect to those calculated from G because they are more exact.
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Fig. 4. Thermograms, after background subtraction, for several Tc (see text) for: (a) PHB 

comparative analysis.

Table 2
n obtained from fitting the thermograms by the Avrami equation for PHB and blends
at  several crystallization temperatures.

Sample Tc (◦C) n n mean

PHB 45 2.6 2.5
60 2.9
80 2.4

100 2.3
110 2.2

PHB/DGEBA 90/10 60 2.6 2.3
80 2.2

100 2.0
PHB/DGEBA 80/20 45 1.9 2.1

60 1.9
80 2.6

100 1.9

c
t
o
o
t
H
p
n
c

e
D
f
r
t
(
t
o
d
c
t
[
s
c
t

PHB/DGEBA 70/30 45 1.8 1.8
60 2.0
80 1.7

The reasons behind the differences between both parameters
an be attributed to the Avrami equation because it considers
he entire crystallization in which different processes are devel-
ped, such as nucleation, growth and secondary crystallization. In
ur analysis, the influence of secondary crystallization was par-
ially reduced, fitting only the first part of the curve of heat flow.
owever, if the secondary crystallization starts at a time near the
rimary crystallization, this procedure is inefficient. Moreover, the
ucleation cannot be differentiated from growth because, in some
ases, it is the factor that controls the crystallization rate.

The index n obtained from the fitting shows differences for sev-
ral Tc’s and also shows a clear tendency to decrease with increasing
GEBA in the blend. A diminution of the mean of n is observed

rom 2.5 for pure PHB until 1.8 for the blend PHB/DGEBA 70/30. As
eported, n depends on the type of nucleation and shape of the crys-
al growth [13]. If the crystal growth is developed in 3 dimensions
spherulites), a value of 3 or 4 is obtained for n according to whether
he nucleation has a constant number of nuclei or a constant rate
f nucleation, respectively. If the crystal growth is developed in 2
imensions (discs), the value for n is 2 or 3, respectively, in the
ases of nucleation mentioned above. The mean value obtained in
his work of 2.5 agrees with that reported by You et al. and Hay et al.

37,38] for blends with PEO and PVAc. If it is considered that there is
pherulitic growth, the value of n would indicate a behavior nearer
rystallization with a constant number for the nucleus, according
o that observed by optical micrography, in which new spherulites
and (b) PHB/DGEBA 90/10 blend. The curves were horizontally shifted to t = 0 for a

were not formed at the induction time. However, in contrast with
the mentioned works, n varies with the DGEBA content.

3.3. Induction time

The nucleation process was analyzed using the induction time
t0 determined from calorimetric curves. The determination of t0
was calculated between the time in which the temperature started
the stabilization at the crystallization temperature (approximately
10% over the crystallization temperature) and the time at which the
crystallization process started (peaks of heat flow versus time). The
values obtained are presented in a plot of ln(t0) as a function of Tc

for the different blends in Fig. 5. A minimum value for pure PHB can
be observed at Tc = 80 ◦C. The values of t0 are in the range reported
by Cyras et al. [39] in [P(HB-co-11%HV)], although the experimen-
tal procedure was slightly different because in the present work,
the whole process of heating and cooling was performed in the
calorimeter. For the blends, the position of minimum shifts to lower
temperatures and the time induction increases.

To consider the dependence of t0 on the temperature, in the
literature, Eq. (14) was used [39,40]:

t0 = K0 exp

[
Etg

R
(

Tc − Tg
)
]

exp

(
Etm

R
(

T0
m − Tc

)
)

(14)

where, Etg and Etm are activation energies that consider the
driving forces of nucleation above Tg and below T0

m and K0 is a
pre-exponential factor. The dashed lines in Fig. 5 represent Eq.
(14) for the different blends studied. The fitting was  performed fol-
lowing a proof-and-error method. The values of Etm and Etg used
were 4.45 kJ/mol and 2 kJ/mol, respectively, which were near those
obtained by Cyras et al. [39]: 5.76 kJ/mol and 1.79 kJ/mol. As a first
approach, Eq. (14) was also used to model the blends, observing
that Etm decreases to 3.99 kJ/mol, 3.08 kJ/mol and 2.66 kJ/mol and
Etg decreases to 1.66 kJ/mol, 1.25 kJ/mol and 1.06 kJ/mol for the
blends 90/10, 80/20 and 70/30, respectively. The pre-exponential
factor increases with the increasing DGEBA content with the val-
ues 0.005 s (PHB), 0.022 s (PHB/DGEBA 90/10), 0.21 s (PHB/DGEBA
80/20) and 0.53 s (PHB/DGEBA 70/30).

The increase of the induction time when the DGEBA amount

is increased could be an indication of a diminution of the nuclea-
tion process. This reduction could be associated with a reduction in
the density of the nucleus of growth. You et al. [37,38] observed a
diminution in the density of the nucleus of growth when the PHB
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ig. 5. ln(t0) as a function of Tc for PHB (•) and blends with ratios of PHB/DGEBA of
0/10 (�), 80/20 (�), and 70/30 (�) (see text). The lines are only a visual guide.

roportion decreased in PHB/PEO blends. In this sense, a combined
ffect of diminution of nucleation and spherulitic growth may occur
hen DGEBA is added to PHB.

.4. Secondary crystallization

Some of the thermograms obtained show a secondary peak
ocated at a time higher than the corresponding to the first peak.
his secondary peak was attributed to secondary crystallization. In
articular, the secondary peak was clearly observed for PHB crystal-

ized at 110 ◦C as a broadening of the first peak; PHB/DGEBA 90/10
rystallized at 80 ◦C and 100 ◦C (see Fig. 4), and PHB/DGEBA 70/30
rystallized at 45 ◦C and 60 ◦C.

A complete analysis of the thermograms considering primary
nd secondary crystallization is complex because the secondary
rystallization depends on the primary crystallization. Several
pproaches have been used in the literature [41,42]; but in general,
umerical evaluations must be performed to fit the experimental
esults.

From the results obtained, it is feasible to suppose that
econdary crystallization is scarce at lower crystallization tempera-
ures. The thermograms corresponding to higher temperatures will
e affected by secondary crystallization, and this is reflected in the
alculated Avrami index, which decreases from a value of n near 3
or Tc = 45 ◦C and Tc = 60 ◦C to a value of n near 2.3. It is worth men-
ioning that although the values are lower, Cyras et al. also observed

 change of n for temperatures higher than 73 ◦C with respect to
inor temperatures [39]. A temperature of approximately 80 ◦C
ould be a limit temperature, which marks off a change in the

rystallization process.

. Conclusions

The crystallization of PHB and PHB/DGEBA blends was stud-
ed using optical microscopy and calorimetry. The kinetic of
rystallization was analyzed using the theoretical framework of
auritzen–Hoffman with the usual modifications to consider the
on-crystallizable component in the blends. The linear growth rate

 of spherulites was determined as a function of the crystalliza-
ion temperatures. The nucleation constant Kg and the spherulitic

rowth of the end-surface free energy �e were calculated by
bserving a diminution in �e when the DGEBA content increases.

The calorimetric results were described using the Avrami equa-
ion. Differences observed in Kg when estimated by calorimetry

[
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with respect to the results of optical microscopy were attributed
to the fact that the Avrami equation describes only the primary
crystallization. Secondary peaks were observed in the calorimetric
results and were attributed to secondary crystallization. It was con-
cluded that thermograms corresponding to 80 ◦C, 100 ◦C and 110 ◦C
will be affected by secondary crystallization, and this fact affects
the Avrami index calculated, which decreases with increasing Tc.
The activation energies of the induction process were calculated
by observing a diminution with the increase of DGEBA. Changes
observed for crystallization temperatures higher than approxi-
mately 80 ◦C with respect to lower temperatures were discussed
and are postulated as a possible influence of RAF generation and/or
mobilization on the characteristic parameters of the crystallization
process.
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