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Abstract  

Poly(3-hydroxybutyrate), PHB, was mixed with pluronic F68 or F127 to obtain 

polymer blends with increased hydrophilicity and thus suitable for biomedical 

applications. Blend films were obtained by thermomoulding keeping the pluronic 

content ≤ 17 wt% to avoid immiscibility. The non-isothermal crystallization kinetics of 

the blends was investigated by both differential scanning calorimetry (DSC) and 

rheology. PHB and pluronics were found to be miscible in the melt with both pluronics 

acting as diluent. Polarized optical microscopy (POM) and X-ray scattering (SAXS and 

WAXS) revealed that blending increased the overall crystallinity, promoting crystal 

ordering through the formation of more resolved, ring-banded spherulites. However, 

the different diffusion rate of pluronic F68 and F127 led to a different segregation extent 

of pluronic in the extralamellar domains with different final morphological 

homogeneity. The mechanical properties of the blends intimately correlated with the 

structure at the nano and microscale. 

 

1. Introduction 

Biopolymers are receiving increasing attention as they represent a valid alternative to 

petroleum-based counterparts in several fields, such as manufacturing, household, and 

medicine, where they are used to develop implantable biomaterials and drug-delivery 
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systems [1–4]. Poly(3-hydroxybutyrate) (PHB), a biodegradable semicrystalline 

polyester produced via biosynthesis by bacterial fermentation [5,6], is one of the most 

promising biopolymers. Due to its biocompatibility, processability and degradability, 

PHB shows great potential to produce biomedical materials such as controlled release 

devices [7–9], wound dressing materials and scaffolds for tissue engineering [10,11]. 

However, the highly hydrophobic nature of PHB limits its application. Indeed, drug 

release from PHB matrices is mainly achieved through the dissolution of drug present 

on the spherulite surface or located in the spherulite-spherulite boundaries, followed by 

a slower release through water penetration and the formation of channels and pores. 

The mass loss due to surface erosion appears not to play any significant role in the 

active release process, being almost negligible when compared to other bulk-degrading 

blends as poly(lactide-glycolide) systems [12]. Therefore, the efficient application of 

PHB-based materials as drug delivery devices depends on the formulation of suitable 

blends with other biocompatible polymers which could fast the degradation process. 

Consequently, PHB has been blended with several rather hydrophilic polymers, as PEO 

[13,14] and pluronics [15,16], in order to increase its water wettability, swelling 

properties and mechanical behavior. The presence of another component affects the 

PHB crystalline structure, thus changing the mechanism and rate of degradation, the 

drug compatibility and drug diffusion [12]. The drug release profile has been proved to 

be strongly influenced by blend composition and morphology, in particular with respect 

to the presence of nano- and micro-pores and channels [17]. It is therefore clear that 

tailored biomedical devices can be accurately designed by a thorough control of the 

fabrication conditions. 

In the present work, binary blends of PHB and pluronic F68 or pluronic F127 were 

prepared by thermomoulding. Pluronics are linear triblock copolymers approved for 
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medical use by FDA consisting of a central polypropylene glycol (PPO) hydrophobic 

block and two external hydrophilic polyethylene oxide (PEO) segments. F68 and F127 

differ by the length of PPO and PEO blocks with F68 being slightly more hydrophilic 

than F127 (HLB = 29 and 22, respectively). Based on previous experiments conducted 

on similar PHB/PEO blends [18] and on our results on PHB/F127 systems, the pluronic 

content was kept low enough (≤ 17 wt%) to avoid immiscibility.  

The final morphology was investigated by polarized optical microscopy (POM) and 

small- and wide-angle X-ray scattering (SAXS, WAXS) to assess whether and how the 

presence of pluronic influenced the crystalline structure of PHB. Several efforts have 

been made in the past to clarify how the crystallization kinetics and the final 

morphology of the crystalline component are influenced by other blend constituents 

both in the case of crystalline/crystalline and amorphous/crystalline polymer blends 

[19–22]. For PHB-based blends, melt crystallization was found to produce a broad 

range of structures with different degree of segregation depending on the fabrication 

conditions, the polymer/polymer interaction strength and the supermolecular structure 

of spherulites formed by the high temperature crystallizing PHB [13,14,23,24]. In the 

present work, blending was found to increase the crystallinity and to promote crystal 

ordering with formation of more resolved spherulites. Addition of a low amount of 

pluronics (5 wt%) induced the formation of rather homogeneous blends mostly 

containing double-banded spherulites with constant twist period. The different diffusion 

rate of F68 and F127 affected the final structure that became more ordered in the 

presence of F68, i.e. the diluent with the highest diffusivity. Furthermore, the 

morphology distribution increased by increasing the pluronic content. 

The crystallization kinetics in non-isothermal conditions was investigated by 

calorimetric (differential scanning calorimetry, DSC) and rheological measurements. 
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To the best of our knowledge, the study of the non-isothermal melt crystallization of 

PHB/pluronic blends has never been reported. Furthermore, only a few reports refer to 

the use of rheology as a suitable technique to follow polymer blends’ crystallization 

[25–29]. The combined use of DSC and rheology was particularly useful. Indeed, the 

two techniques were found to give analogous results being complementary at the same 

time. While DSC provided the crystallization rate parameters and the final degree of 

crystallinity, rheometry allowed investigating the overall process including the 

induction period before the crystals’ occurrence which is not accessible by calorimetric 

experiments. Our results suggest that both pluronics acted as diluents retarding PHB 

crystallization.  

Finally, the effect of blending on the final mechanical properties of the systems was 

investigated as well. Blends were all found to possess higher Young’s modulus and 

lower elongation at break as compared to neat PHB. The high crystallinity observed for 

all blend compositions, possibly combined with their heterogeneous morphology, could 

explain the variation of mechanical performances observed upon blending.  

From a fundamental point of view, our results contribute to disclose the crystallization 

process for crystalline/crystalline polymer blends that have received less attention than 

fully amorphous and amorphous/crystalline systems. Moreover, our study shows the 

potentiality of rheometry as a tool to investigate all stages of polymer crystallization. 

The obtained results are helpful to correlate the structure and properties of polymers 

processed in dynamic, non-isothermal conditions [30].  

 

2. Experimental Section 

2.1 Materials  
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Poly(3-hydroxybutyrate) (PHB) pellets with the trade name Mirel M2100 were 

purchased from Metabolix, Inc. (USA) with a molecular weight Mw = 3.7·105 g·mol−1 

and polydispersity index (Mw/Mn) in the range 1.60 ÷ 1.85.  

Pluronic F68 (Mw = 8400) and pluronic F127 (Mw = 12600) were supplied by Sigma-

Aldrich (Italy). All reagents were used as received. 

2.2 Films preparation  

PHB pellets were first ground using an IKA-Werke model MF10 basic microfine 

grinder (IKA-Werke GmbH & Co.KG, Germany) operating at 3000 rpm to obtain a 

better pre-mixing with pluronics. PHB/pluronic mixtures were pre-mixed manually and 

then molded by compression using a 25T hot plate press (MTI Corporation, Richmond, 

USA) at 190 ºC and 50 kN gauge pressure for 1 min followed by 3 min at 100 kN in 

order to obtain films of about 300 μm in thickness.  

The prepared samples will be referred as: PHB (pure polymer), F68-5 (PHB/F68 

blend containing 5 wt% of pluronic F68), F68-17 (PHB/F68 blend containing 17 wt% 

of pluronic F68), F127-5 (PHB/F127 blend containing 5 wt% of pluronic F127) and 

F127-17 (PHB/F127 blend containing 17 wt% of pluronic F127). 

All the experiments listed below were performed on samples one week after their 

preparation. Meanwhile, samples were kept at room temperature. 

2.3 Differential scanning calorimetry (DSC) 

Calorimetric measurements were carried out by means of a Q1000 Differential 

Scanning Calorimeter (TA Instruments). 3 mg of the films were placed in hermetic 

aluminum pans, which were sealed under nitrogen atmosphere. The samples were first 

heated at 190 °C at a heating rate of 20 °C/min and kept at this temperature for 10 min 

to melt and homogenize the material and to erase its thermal history [31]. They were 

then cooled at 30 °C with a cooling rate of 5 °C/min and heated again at 190 °C with a 
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heating rate of 20 °C/min. The reported melting points, 𝑇𝑚, were taken as the 

temperature of the endothermic peak for the second heating run. The associated 

enthalpy change, ∆𝐻𝑚, was determined by integrating the heat flow curve. The glass 

transition temperatures, 𝑇𝑔, were determined by first heating the samples at 190 °C for 

10 min, cooling them at -90 °C at 10 °C/min and heating them again at 190 °C. 𝑇𝑔 was 

determined as the middle point of the transition during the second heating run at 20 

°C/min. The degree of crystallinity, 𝑋𝑐, was obtained from the melting peak recorded 

during the second heating run as follows: 

Xc =
ΔHm

wΔHf
0 ∙ 100                                      (1) 

where ∆𝐻𝑚 is the melting enthalpy of the sample (J·g-1), 𝑤 is the weight fraction of 

PHB in the blend film and 𝛥𝐻𝑓
0 is the heat of fusion of 100% crystalline PHB which is 

assumed to be 146 J·g-1[16].  

The crystallization behavior of PHB and PHB/pluronic blends was investigated by 

analyzing the corresponding non-isothermal crystallization kinetics. The relative 

crystallinity, 𝑋𝑡, as a function of time t, can be expressed as follows: 

Xt =
∫ (

dHc

dt
) dt

t

0

∫ (
dHc

dt
) dt

∞

0

                                       (2) 

where 𝑑𝐻𝑐 is the crystallization enthalpy released in an infinitesimal time range 𝑑𝑡. 

The relationship between the crystallization time t and the crystallization temperature 

T is: 

t =
To − T

ϕ
                                                 (3) 
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where Φ is the cooling rate, 𝑇0 is the initial crystallization temperature, and T is the 

crystallization temperature at time t. 

Avrami equation is often used to describe the isothermal crystallization kinetics; the 

behavior of 𝑋𝑡 versus time is expressed as: 

Xt = 1 − exp (−katn)                                  (4) 

where 𝑛 is the Avrami exponent depending on the crystallization mechanism, 𝑘𝑎 is 

the overall rate constant related both nucleation and growth rate parameters and t is the 

time form the start of phase transformation [32–34].  

Equation (4) can be rewritten as follows: 

log[− ln(1 − Xt)] = logka + nlogt                    (5) 

A plot log[− ln(1 − Xt)] versus logt would give a straight line from which both 𝑘𝑎 

and 𝑛 can be derived from the intercept and the slope, respectively. 

Considering the non-isothermal character of the crystallization process in the present 

work, the 𝑘𝑎 value was corrected by the cooling rate ϕ according to Jeziorny [35]. 

Assuming constant the cooling rate, the final form of the rate constant 𝑘𝑐 is given by 

equation (6): 

logkc =
logka

ϕ
                                                (6) 

By knowing 𝑛 and 𝑘𝑐, the half-time of crystallization, defined as the time needed to 

achieve 50% of the final crystallinity, can be obtained by equation (7) [36]:  

t1
2

= (
ln2

kc
)

1
n

                                              (7) 

2.4 Rheological measurements 
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Polymer disks of 2.5 cm diameter and 1 ± 0.3 mm thickness were obtained from 8 g 

of material by compression molding between two metallic and silicon sheets in a hot 

plate press (25T, MTI Corporation, Richmond, USA). The polymer was melted at 

190 °C for 3 min without pressurizing the sample and, after molding, it was cooled at 

room temperature.  

Rheological measurements were performed using a controlled-stress rheometer 

Physica MCR501 (Anton Paar Germany GmbH, Ostfildern, Germany) equipped with 

25 mm parallel plate-plate geometry and using a gap thickness of 0.5 mm. The non-

isothermal crystallization kinetics were monitored by evaluating the storage and loss 

moduli (𝐺′ and 𝐺″) and the complex viscosity 𝜂∗ as a function of time. Samples were 

first heated to 190 °C, equilibrated at this temperature for 10 min and then downward 

temperature ramps of 5 ºC/min were applied from 190 to 30 ºC. The experiments were 

carried out in oscillatory mode, time sweep test at the frequency of 1 Hz and constant 

stress of 100 Pa. To ensure a correct stress control, stress sweep tests were previously 

performed on the different samples and both at 30 and 190 ºC in order to perform 

measurements within the linear viscoelastic regime. 

2.5 Polarized optical microscopy (POM) 

Polarized optical microscopy images were acquired by means of a Leica ICC50 W 

optical microscope equipped with a pair of crossed polarizers, coupled with a Linkam 

420 Heating-Freezing Stage by Linkam Scientific Instruments. In order to assess the 

final morphology and its evolution during the non-isothermal conditions used for both 

DSC and rheology, thin layers of PHB and its blends with pluronics (about 300 m) 

were placed between glass microscope slides, heated at 190 °C for 10 min to erase their 

thermal history and then cooled to 30 °C with a gradient of 5 °C/min.  

2.6 Small- and wide-angle X-ray scattering (SAXS-WAXS) 
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SAXS-WAXS measurements were performed on as-prepared PHB and blend films 

by a HECUS S3-MICRO camera (Kratky-type) equipped with two position-sensitive 

detectors (OED 50m) containing 1024 channels of 54 m in width. Cu Kα radiation 

(= 1.542 Å) was provided by an ultrabrilliant point microfocus X-ray source (GENIX-

Fox 3D, Xenocs, Grenoble), operating at a maximum power of 50 W. The sample-to-

detector distance was 281 mm. The volume between the sample and detector was kept 

under vacuum during the measurements to minimize the scattering from the air. The 

Kratky camera was calibrated in the small angle region by using silver behenate (58.34 

Å) [37], whereas lupolen (4.12 and 3.8 Å) was used as a reference for the wide-angle 

region. SAXS curves were obtained in the scattering vector, q, range between 0.01 and 

0.54 Å-1, with q =
4π

λ
sinθ where θ is the scattering angle. The investigated WAXS 

region ranged from 1.3 to 1.9 Å-1. 

Samples were analyzed at 25 °C by using a demountable 1 mm cell having the blend 

films as windows.  All scattering curves were corrected for the empty-cell contribution 

by considering the relative transmission factor. The intensity profiles were corrected by 

subtracting the background intensity associated with thermal density fluctuation 𝐼𝑓𝑙 

according to the Porod-Ruland model [38]: 

I(q) =  Kp 

exp(−σ2q2)

q4
+ Ifl                         (8) 

where 𝐾𝑝  is the Porod constant, 𝜎 is a parameter related to the thickness of 

crystal/amorphous interphase, and 𝐼𝑓𝑙 is the background intensity to subtract from 

SAXS curves. The values of these parameters were obtained from the curve fitting in 

the high-q region (0.1-0.16 Å-1). 
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The long period or interlamellar spacing (LP) of the sample was determined from the 

Lorentz-corrected plot I(q)q2 versus q as 𝐿𝑃 =  2𝜋/𝑞∗, where 𝑞∗ is the peak value 

found in the Lorentz-corrected plot corresponding to the first order of the crystalline 

repeat in the spherulite. 

In the lamellar stack model with sharp phase boundary, the long period LP represents 

the sum of the crystal thickness (𝑙𝑐) and the amorphous layer thickness (𝑙𝑎). The average 

long period, the amorphous thickness, and the crystal thickness can all be obtained from 

SAXS measurements by calculating the one-dimensional correlation function (z) [39]. 

The one-dimensional correlation function was calculated by using SasView 4.1.2 

software. 

2.7 Tensile properties 

Tensile tests were carried out by using a Shimadzu AG-IS testing machine (Shimadzu 

Corporation, Kyoto, Japan). Test specimens for tensile tests according to UNI-EN ISO 

527-3 standard were obtained from the films by means of a die cutting machine (ATS 

Faar, S.p.A, Milan, Italy). Dumb-bell specimens type 5 (6 ± 0.5, 33 ± 0.5 and 2 ± 0.5 

mm of width, length and thickener of narrow section, respectively) were tested at room 

temperature by following the UNE-EN ISO 527-3 standard with a crosshead speed of 

50 mm/min and a load cell bob 1kN. Average Young’s Modulus, tensile strength and 

strain at break were calculated from the resulting stress-strain curves as the average of 

five measurements on each sample. 

 

3. Results and Discussion 

3.1 Thermal behavior of PHB and PHB/pluronic blends 
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The thermal behavior of PHB, pluronics F68 and F127 and PHB/pluronic blend films 

was investigated by DSC. The melting points, 𝑇𝑚, the corresponding enthalpy of fusion, 

∆𝐻𝑚, the glass transition temperatures, 𝑇𝑔, and the degree of crystallinity, 𝑋𝑐, 

determined by means of equation (1) are reported in Table 1.  

All blend compositions showed a single 𝑇𝑚 value, ascribable to the melting of 

crystalline PHB. The small 𝑇𝑚 depressions recorded for all blends suggested that PHB 

and the used pluronic were weakly interacting polymers [40]. For the investigated 

composition range, both pluronics appeared to be miscible with PHB in the amorphous 

state as evidenced by the presence of a single 𝑇𝑔 value. 

 

Table 1. Melting points, 𝑻𝒎, enthalpies of fusion, ∆𝑯𝒎, glass transition 

temperatures, 𝑻𝒈, and degrees of crystallinity, 𝑿𝒄, determined by DSC 

measurements for all the investigated samples. 𝑿𝒄 values for F68 and F127 were 

obtained from X-ray diffractometry (XRD). 

Sample 𝑇𝑚 (°C) ± 1% ∆𝐻𝑚 (J.gPHB
-1) ± 5% 𝑇𝑔 (°C) ± 5% 𝑋𝑐 % ± 5% 

PHB 162.4 46.9 0.39 32.1 

F68-5 161.3 62.2 -7.5 42.6 

F68-17 160.3 60.9 -9.3 41.7 

F127-5 160.6 54.2 -5.2 37.1 

F127-17 159.2 49.6 -10.0 34.0 

F68 53.0 116.2 -62.4 73*  

F127 53.3 117.2 -64.4 77*  
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Although only two compositions were analyzed for each PHB/pluronic system, small 

negative deviations from the linear trend of 𝑇𝑔 versus composition were recorded for 

the samples containing 5% of both F68 and F127 (see SI, Figure S1), which may be 

related to conformational entropic effects usually ascribed to a weakening of the 

interactions between chain segments of the stiffer component (PHB) due to the effect 

of the relatively more flexible chains of pluronic [41]. 

All blend compositions showed higher 𝑋𝑐  values than neat PHB indicating that 

crystallinity was enhanced upon blending, in agreement with results previously 

reported by Kajjari et al. for PHB/F127 microspheres [16]. The effect was larger for 

F68-containing specimens, for which 𝑋𝑐 was about 42%, significantly higher than that 

measured for neat PHB (32.1%). F127-5 and F127-17 blends exhibited 𝑋𝑐 values of 

37% and 34%, respectively, both closer to the value for neat PHB.  

No endothermal peak due to the melting of crystalline pluronics could be detected in 

the second heating ramp of the DSC profile, suggesting that F68 and F127 were 

completely prevented from crystallization under the conditions used to erase the sample 

thermal history. Nevertheless, it is worthwhile to note that the F127-17 blend was close 

to the unstable region of the phase diagram: the presence of a small endothermic peak 

at 53 °C ascribable to the melting of crystalline pluronic in the first heating ramp 

evidences the presence of some crystalline F127. The value of the corresponding 

enthalpy of fusion indicated that about 35% of the pluronic F127 added to PHB could 

crystallize during the thermomoulding of the blend.  The melting peak of crystalline 

pluronic disappeared after erasing the sample thermal history (see Figure S2 in SI file). 

3.2 Non-isothermal crystallization behavior by DSC 

The non-isothermal crystallization behavior of neat PHB and its blends with pluronics 

was assessed by analyzing the DSC crystallization exothermic peaks and the 
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development of the corresponding relative crystallinity [42,43]. The crystallization 

peaks of neat PHB and of the prepared blend compositions are reported in Figure 1a. 

Figure 1b shows the dependence of the relative crystallinity, 𝑋𝑡, on the crystallization 

time, t. It must be noted that the absolute time, i.e. the time including the so-called 

induction period elapsed before crystallization started, is reported on X-axes. All 𝑋𝑡 

versus time curves show the characteristic sigmoidal shape ranging from 0 at the 

inception of the process to 1 at crystallization completion. Table 2 lists the 

crystallization temperature, 𝑇𝑐  (the peak maximum), the onset temperature, 𝑇0 , the 

Avrami exponent, 𝑛, the constant rate, 𝑘𝑐, and the half-time, 𝑡1/2, determined by the 

log[− ln(1 − Xt)] versus logt plot after subtraction of the induction time. Fittings were 

carried out in the 𝑋𝑡 range 0.2 ÷ 0.8 to minimize the contributions from the beginning 

and the end of the crystallization.  

PHB showed a double crystallization peak with two maxima centered at 60.8 and 77.5 

°C. Double or multiple melting peaks have been previously reported for semi-

crystalline polymers and usually related to melting, re-crystallization and re-melting 

during heating, the presence of more than one crystal modifications (polymorphism), 

of different morphologies (lamellar thickness, distribution, perfection or stability), the 

physical aging and/or relaxation of the rigid amorphous fraction, and the coexistence 

of species with different molecular weight [44,45]. The interpretation of the dual 

crystallization peak is beyond the scope of the present study; however, the presence of 

only one melting peak and the results from SAXS analysis (see below) exclude the 

occurrence of polymorphism and of lamellar stacks with different thickness. A possible 

explanation might rely on the presence of different crystalline microstructures that, 

once formed, have no time to melt, re-organize and crystallize again [46]. 

Measurements carried out at different cooling rates (0.5 ÷ 10 °C/min) all showed the 
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presence of crystallization multiple peaks that could not be avoided even setting the 

cooling rate as low as 0.5 °C/min. Moreover, the double peak was also present when 

PHB was first heated to a temperature larger than 192 °C in order to avoid self-seeding 

nucleation as suggested by Cretois et al. [46] and Di Lorenzo et al. [47]. It is worthwhile 

noting that POM images did not show any crystalline nuclei for samples kept at 190 °C 

for 10 minutes. The PHB used in the present study is significantly more amorphous 

than that used by the above mentioned authors. Thus, the amorphous component of 

PHB might hamper the formation of stable crystals. 

Unlike PHB, all blend compositions exhibited one exothermic peak with a maximum 

temperature 𝑇𝑐  lower than neat PHB (at least with respect to the first maximum at 77.5 

°C). Within each PHB/pluronic series, 𝑇𝑐  further slightly decreased by increasing the 

amount of pluronic. Similarly, the onset of crystallization was delayed upon blending, 

and 𝑇0  further decreased by increasing the pluronic content. Therefore, both pluronic 

polymers seemed to act as diluent increasing PHB chain mobility and thus retarding its 

crystallization [48]. The retarding effect played by pluronic on PHB crystallization is 

also deducible from the shift towards higher absolute times observed for the 𝑋𝑡 versus 

t curves determined for all blend compositions (Figure 1b). 

The Avrami analysis of the non-isothermal crystallization behavior revealed that the 

effect of pluronic addition on the crystallization mechanism changed with changing the 

amount of pluronic in the blend. Interestingly, neat PHB and both blend compositions 

containing the largest amount of pluronic (F68-17 and F127-17) showed 𝑛 values of 

about 3.00 in accordance with three-dimensional spherical growth with athermal 

nucleation [49]. F68-5 and F127-5, instead, possessed n values of 5.64 and 5.40, 

respectively, meaning that pluronic induced a remarkable variation of the nucleation 

mechanism and the crystal growth geometry in these specimens [50]. Values for the 
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Avrami exponent above 5 are consistent with three-dimensional solid sheaf growth and 

athermal nucleation [51]. 

 

Figure 1. (a) Crystallization exothermic peaks and (b) development of relative 

crystallinity, 𝑋𝑡, as a function of absolute time for PHB and blend compositions.  

 

Since 𝑘𝑐 quite depends on 𝑛, 𝑘𝑐 values obtained for processes featured by different 𝑛 

(i.e. different crystallization mechanism) cannot be directly compared [52]; therefore, 

the results obtained for the different specimens were more accurately discussed in term 

of 𝑡1/2 (see Table 2). Neat PHB crystallization showed the lowest induction time and 

the highest 𝑡1/2 in accordance with the position and shape of the crystallization 

exotherm. Indeed, crystallization of neat PHB is a complex process that spans over a 
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wide range of temperature. Concerning the blend compositions, the slight decrease of 

𝑡1/2 values observed within each set of samples with increasing the amount of pluronic 

agreed with the slight increase of undercooling T determined for the blends containing 

17% of pluronic (samples F68-17 and F127-17) possibly associated with a slight 

increase of the crystal growth rate. 

 

Table 2. Crystallization temperature, 𝑻𝒄 , onset temperature, 𝑻𝟎 , Avrami 

exponent, 𝒏, constant rate, 𝒌𝒄, and half-time, 𝒕𝟏/𝟐 for neat PHB and all blend 

compositions. 

Sample 𝑇𝑐  (°C)  𝑇0  (°C)  𝑛 𝑘𝑐 10 (min-n)  𝑡1/2 (min) 

PHB 60.8 - 77.5 100.2 2.96 3.03 1.32 

F68-5 62.1 82.9 5.64 1.94 1.25 

F68-17 58.0 74.9 3.07 4.17 1.18 

F127-5 59.2 84.1 5.40 1.71 1.29 

F127-17 55.2 76.1 3.20 3.25 1.24 

 

3.3 Morphology of blends by POM  

The final morphology of PHB and PHB/pluronic blends and its evolution during the 

non-isothermal crystallization process was investigated by polarizing optical 

microscopy. Figure 2 shows POM images at the same magnification (5 - left and 20 

- right) and temperature (30 °C) for all the investigated samples.  
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Figure 2. POM micrographs of PHB and blend compositions recorded at 30 °C at two 

different magnifications (left, 5, scale bar: 50 m; right, 20, scale bar: 20 m). (a,b) 

PHB, (c,d) F68-5, (e,f) F68-17, (g,h) F127-5, (i,j) F127-17. 
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As deducible from Figure 2a,b, PHB crystallized producing a distribution of 

morphologies including unresolved structures, dendritic and banded spherulites. This 

heterogeneous morphology agrees with a crystallization process spanning over a wide 

range of temperatures as determined by DSC and evidenced by the broad, double 

exothermic crystallization peak reported in Figure 1a. Micrographs recorded on blend 

composition revealed that the addition of pluronic induced crystal ordering and lamellar 

twisting leading to the formation of more resolved ringed spherulites. For F68-5 (Figure 

2c,d), only double-banded spherulites with constant twist period along the direction of 

radial growth were visible throughout the overall investigated sample. This sample also 

showed the highest number density of spherulites with the smallest dimensions (Figure 

2c,d). Less ordered domains started appearing by increasing the F68 content to 17% 

(Figure 2e,f). However, double-banded spherulites with larger average dimension and 

band periodicity still dominated the F68-17 morphology. In the case of pluronic F127 

blends, the structure was less ordered than in the case of F68, in good agreement with 

the lower values of relative crystallinity found from DSC analysis. In particular, F127-

5 blend was mostly composed of different types of banded spherulites with different 

twist periods together with very small less ordered domains (Figure 2g,h). The increase 

of F127 content to 17% dramatically changed the final structure leading to a wide 

distribution of morphologies ranging from very large banded spherulites to less ordered 

dendritic spherulites and totally unresolved domains (Figure 2i,j).  

The observed results may be explained in terms of crystallization kinetics of polymer 

blends. Binary polymer blends exhibit a wide range of supramolecular structures and 

morphologies depending on their miscibility and their capability to crystallize under the 

experimental conditions. Generally speaking, the spherulitic growth rate of a 

crystallizable polymer in a miscible blend is governed by dilution effects, diffusion of 
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the constituent macromolecules, and the 𝑇𝑔 of the blend [53]. For low interacting 

polymers (as in the case of PHB and pluronics), the overall crystallization process is 

mainly determined by kinetic factors that ultimately drive the final structural 

arrangement [54,55]. Based on the theory developed by Keith and Padden (KP theory) 

[56], the final blend morphology is qualitatively established by the interplay between 

the growth rate of the HTC (higher temperature crystallizing) blend component and the 

diffusive displacement rate of the LTC or NCC (lower temperature crystallizing or not 

crystallizing) blend component that acts as a diluent. Accordingly, longer segregation 

scales are expected for more mobile diluents. Thus, the structure is controlled by the 

so-called diffusion length, 𝛿, defined as the ratio between the diffusivity of the diluent, 

𝐷, and the crystals’ radial growth rate, 𝐺 [57]. At high undercooling, 𝛿 is small and the 

uncrystallizable polymer cannot escape the envelope of the spherulite. As a 

consequence, a remarkable amount of the diluent is trapped into the growing 

semicrystalline structures and the spherulites grow dendritically with an irregular 

internal order or even open structure [58]. At low undercooling, the diluent possesses 

higher mobility (larger 𝛿) so a significant amount can be found beyond the spherulite 

envelope: the increase of diluent concentration into the melt at the growth front of the 

spherulites reduces the spherulite growth rate thus favoring the formation of compact 

and well-organized structures.  

As mentioned above, F68-5 possessed the most ordered morphology exclusively 

composed of double-banded spherulites. This sample also showed the highest degree 

of crystallinity (Table 1). According to the 𝑇𝑐  and 𝑇0  values reported in Table 2, for 

F68-5 crystallization occurred at a lower undercooling than for F68-17 blend 

composition so allowing the diffusion of pluronic out of the crystal growing front. Thus, 

PHB spherulites could grow to achieve a strikingly regular and dense internal structure 
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with a sharp and regular surface. For such highly ordered packing, lamellar twisting 

occurs to release the compressive stress arising from the opposing lamellar fold 

surfaces. When F68 amount is increased, it imparted an increased mobility to PHB 

chains: this causes the rise of crystallization induction time, thus decreasing 𝑇𝑐  and 𝑇0 . 

Moreover, at lower crystallization temperatures, the diffusivity of the diluent is lower: 

at least part of the diluent could be included in the interfibrillar regions of the growing 

spherulites coarsening their structures and producing a heterogeneous morphology 

composed of both disordered domains and highly ordered banded spherulites. 

Regarding the blends containing pluronic F127, we observed that ringed spherulites 

with different twist periods filled most of the space for F127-5 blend. As deducible from 

Table 2, crystallization kinetics for samples F127-5 and F68-5 were analogous with 

very similar T0, Tc and Avrami parameters. However, F127 possessed a higher 

molecular weight than F68 which certainly reduced its diffusion rate and, therefore, its 

segregation level. The inclusion of even a minute amount of the diluent within the 

growing spherulite could induce its disordering and produce composition gradients 

responsible for the formation of spherulites with different periodicity, as those observed 

in the F127-5 sample. 

As for sample F68-17, the distribution of morphology and the presence of less 

resolved domains observed for the F127-17 blend could be explained by the growth and 

diffusion rate interplay that, at larger undercooling, does not favor the production of 

compact, regular, ringed spherulites. The coarsening observed for this sample as 

compared to the analogous blend containing F68 could be at least partly explained by 

the lower diffusion rate of F127 and, therefore, its remarkable incorporation within the 

inner structure of spherulites that consequently grew unevenly with low internal order 
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and an irregular surface. The hypothesized slightly higher compatibility of F127 with 

PHB could also be taken into account. 

3.4 SAXS-WAXS analysis 

The sub-cell packing of PHB and blend compositions was determined by WAXS 

(Figure 3b). As expected, the curves were the superimposition of those of neat PHB and 

pure pluronics. All WAXS profiles were dominated by peaks at 2 = 21.5° and 22.8° 

corresponding to an orthorhombic packing of the polymer chains within the crystalline 

layer of the lamellae. This finding agrees with results reported in the literature according 

to which PHB crystallizes in an orthorhombic cell [59]. 

The profile for F127-17 blend also showed a peak at 2 = 19° (labeled with an asterisk 

in Figure 3b) which indicated the presence of crystalline F127 in the as-prepared blend 

film already evidenced by DSC.  

 

Figure 3. (a) Lorentz-corrected plots and (b) WAXS profiles for neat PHB and 

PHB/pluronic blend compositions. The curves have been displaced vertically for 

clarity. The asterisk indicates the diffraction peak due to crystalline F127. 
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SAXS experiments were performed to characterize the nanostructure of as-prepared 

PHB and PHB/pluronic blends, mainly to clarify the mutual position of the crystalline 

and amorphous elements. Indeed, the final properties of homopolymers and blends are 

distinctively affected by the location of the amorphous component [60]. SAXS profiles 

of neat PHB and the as-prepared blends are shown in SI, Figure S3, while Figure 3a 

shows the Lorentz-corrected plots 𝐼(𝑞) versus 𝑞2. All samples showed one peak at 

about q = 0.07 Å-1 due to the first order of the crystalline lamellar repeat (or long period 

LP). The curve for F127-17 showed an extra peak at lower q-value (q = 0.04 Å-1) which 

could be ascribed to F127 crystals formed during the film preparation by 

thermomoulding. For all investigated samples LP, computed from the Bragg law, was 

about 9 nm with a subtle decrease for F68-5 blend composition, meaning that the overall 

lamellar thickness did not increase upon blending (Table 3).  

The morphological parameters associated with the lamellar domains can be also 

obtained by the 1D-correlation function, (z), whose first maximum correponds to the 

overall lamellar thickness, L. The (z) functions were calculated for neat PHB and all 

blend compositions with the exception of F127-17 due to the co-existence of PHB and 

F127 crystals; (z) obtained for PHB is reported in Figure S4, SI, as an example. The 

so-obtained L values are listed in Table 3, together with the crystalline and amorphous 

layer thicknesses (𝑙𝑐 and 𝑙𝑎, respectively) and the linear crystallinity 𝜙𝑐
𝑙𝑖𝑛 defined as 

𝑙𝑐/L also obtained by (z) function calculation.  

 

Table 3. Structural parameters for neat PHB and PHB/pluronic blends. Long 

period, LP, obtained from Lorentz-corrected plots, long period, L, thickness of 
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crystalline and amorphous layers (𝒍𝒄 and 𝒍𝒂, respectively), linear crystallinity, 𝝓𝒄
𝒍𝒊𝒏, 

and correlation length, 𝒂𝒄, obtained by Debye-Beuche equation. 

Sample LP (nm) L (nm) 𝑙𝑐 (nm) 𝑙𝑎 (nm) 𝜙𝑐
𝑙𝑖𝑛 𝑎𝑐 (nm) 

PHB 9.1 9.0 3.1 5.9 0.34 5.5 

F68-5 8.5 7.9 3.3 4.6 0.41 6.7 

F68-17 9.4 9.2 3.5 5.7 0.38 6.6 

F127-5 9.1 8.8 3.0 5.8 0.34 7.3 

F127-17 9.0 9.2 - - - 7.1 

 

The crystalline thickness 𝑙𝑐 remained approximately constant for all specimens in 

agreement with the approximately constant melting points recorded by DSC. L was also 

constant for all samples, except for the F68-5 blend composition that exhibited a subtle 

decrease of L from 9 nm to 8 nm accompanied by an analogous decrease of the 

amorphous layer thickness, 𝑙𝑎. The PHB lamellar morphological parameters did not 

change upon blending meaning that pluronics underwent extralamellar segregation 

during PHB crystallization forming pluronic-rich amorphous domains outside the 

lamellar region. The complete incorporation of pluronic in the lamellar stacks would 

have resulted into a monotonic increase of both LP and 𝑙𝑎, which was not observed. 

The extralamellar placement of amorphous diluents has been already reported in the 

literature for binary polymer blends. Two driving forces are invoked to explain the 

phenomenon: the entropic gain associated with the tendency of the diluent to resume 

random-coiled conformation and the crystallization of crystallizable segments in the 

interlamellar regions. These two forces compete against the favorable interaction 

between the diluent and the amorphous portion of the crystalline polymer in the 

interlamellar regions [61]. The segregation degree of pluronic outside the lamellar 
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domains appeared to be slightly more pronounced for F68 than for F127 as indicated 

by the amorphous layer thickness decrease (≈ 1 nm) observed for F68-5. The slightly 

different behavior observed for the two investigated pluronics might be explained by 

the higher hydrophilic character of pluronic F68 (HLB = 29) with respect to F127 (HLB 

= 22) that could slightly lower its compatibility with the highly hydrophobic PHB. 

Moreover, analogously to what previously reported for PVC/PCL blends [61], the 

higher molecular weight of F127 reduced its diffusion coefficient making it unable to 

efficiently escape the spherulite envelope during PHB crystallization.  

The remarkable segregation of F68 outside PHB lamellae might favor the interactions 

between the PHB crystallizable segments increasing the final specimen crystallinity 

thus explaining the higher linear crystallinity, 𝜙𝑐
𝑙𝑖𝑛, values determined for PHB/F68 

blend compositions. The 𝜙𝑐
𝑙𝑖𝑛 values extrapolated from (z) functions agreed with the 

crystallinity degree values obtained by DSC. The small discrepancies observed for F68-

17 and F127-5 blend compositions might reside in the fact that SAXS only probes the 

crystallinity inside lamellar stacks, while DSC accounts for the overall sample 

crystallinity. Poorly crystallized domains with ill-defined lamellar structure or 

disordered regions at spherulitic boundaries contribute to the observed SAXS-DSC 

differences. Accordingly, the most significant discrepancies between the crystallinity 

values obtained with the two techniques were recorded for samples featured by 

polydisperse morphology, i.e. F68-17 and F127-5. The 𝜙𝑐
𝑙𝑖𝑛 and 𝜙𝑐 values also 

paralleled for neat PHB indicating that also for the homopolymer crystallinity mostly 

resided within the lamellar domains.  

The formation of amorphous extralamellar inhomogeneities was confirmed by the 

rise of the scattering intensity observed in the in the low-q region of the SAXS profiles 

for all specimens (see Figure S3 in SI). As suggested by Nojima and co-workers [62,63], 
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SAXS curves could be described as the superposition of intensities arising from a two-

phase structure system consisting of crystalline regions and inhomogeneities associated 

to amorphous extralamellar domains. Assuming that the lamellar domains and the 

extralamellar amorphous inhomogeneities were randomly distributed and that the 

contribution to the scattering intensity at low q due to the alternating lamellar layers 

was negligible, the low-q intensity could be described by the Debye-Beuche equation 

that allowed calculating the correlation length, 𝑎𝑐, associated to the size of the 

amorphous extralamellar domains: 

𝐼(𝑞) =  
𝐴

(1 + 𝑎𝑐
2𝑞2)2

                                        (9) 

where A is a constant and 𝑎𝑐 is the correlation length.  

The straight line yielded by the plot I(q)−
1

2 versus 𝑞2 has slope of 𝑎𝑐
2 ∙ 𝐴−

1

2 and 

intercept of 1

𝐴−
1

2
⁄  . The correlation length can thus be obtained from the ratio between 

the slope and the intercept. The so-obtained 𝑎𝑐 values are reported in Table 3. 

Interestingly, also neat PHB possessed amorphous extralamellar domains meaning that 

not all amorphous component could be entirely accommodated inside the lamellae 

during the crystallization of the homopolymer. The size of the amorphous extralamellar 

inhomogeneities increased from 5.5 nm to about 7 nm upon blending confirming the 

segregation of pluronics in extralamellar regions occurred during blend preparation. For 

all blends, the 𝑎𝑐 values were larger than both 𝑙𝑐 and 𝑙𝑎 suggesting that blends had 

developed heterogeneities with larger size than the two types of layers. 

The development of amorphous extralamellar domains for neat PHB was confirmed 

by calculating the volume fraction of lamellar stacks in the sample, 𝜙𝑠, that, for volume 
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filling spherulites, can be obtained by comparing the linear crystallinity, 𝜙𝑐
𝑙𝑖𝑛, to the 

bulk crystallinity, 𝜙𝑐  [40]: 

𝛷𝑐 =  𝛷𝑠 ∙  𝛷𝑐
𝑙i𝑛                                            (10) 

𝜙𝑐 is calculated by means of the crystallinity degree obtained by DSC, 𝑋𝑐, as follows 

[64]: 

Φ𝑐 = 𝑋𝑐 (
𝜌𝑠

𝜌𝑐
)                                               (11) 

where 𝜌𝑠 corresponds to the overall density of the sample and 𝜌𝑐 is the density of the 

crystalline fraction.  

The overall density 𝜌𝑠 can be calculated by the following equation: 

𝜌𝑠 = 𝑋𝑐𝜌𝑐 + (1 − 𝑋𝑐)𝜌𝑎                          (12) 

where 𝜌𝑎 is the density of the amorphous phase. The calculation could be performed 

only for pure PHB since values for 𝜌𝑐 and 𝜌𝑎 are not available for both F68 and F127. 

The values used for 𝜌𝑐 and 𝜌𝑎 for neat PHB are 1.260 and 1.177 g cm-3, respectively 

[65].  

The 𝑋𝑐 value for neat PHB obtained from the first heating ramp was 0.29. The 

calculated values of 𝜙𝑐 and 𝜙𝑐
𝑙𝑖𝑛 were 0.28 and 0.34, respectively, which led to a value 

of 𝜙𝑠 of about 0.8, lower than unity. 𝜙𝑠 provides a measure of the extent of interlamellar 

incorporation of amorphous PHB. When all amorphous polymer is incorporated in the 

interlamellar region, the whole volume is filled with lamellar stacks and 𝜙𝑠 is equal to 

1; when part of the amorphous component is placed outside the lamellar domains, 𝜙𝑠 

is below 1. In the present work, 𝜙𝑠 = 0.8, meaning that amorphous PHB was partially 

expelled from the interlamellar region. Based on the assumption of volume filling 

spherulites, we could argue that amorphous PHB was partially segregated in the 
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interfibrillar space. Nevertheless, its extra-spherulites placement could not be totally 

excluded. 

In summary, we can conclude that, except for the blend F127-17 that is close to the 

unstable region of the phase diagram, PHB and pluronics were miscible in the melt in 

the investigated range compositions, pluronics were prevented from crystallization and 

PHB crystallized producing a rather complex system where the amorphous material 

could not be fully accommodated in homogeneous amorphous interlamellar layers but 

was partly segregated in amorphous extralamellar regions. Liquid-liquid demixing 

between PHB and pluronics, that has often been invoked to explain the crystallization 

behavior of several binary polymer blends that show the formation of extralamellar 

amorphous inhomogeneities [66,67], could be responsible for the observed behavior. 

Indeed, due to the dissimilarity of chemical structure and to entropic factor related to 

geometrical asymmetry [68], PHB and pluronics, miscible close to the melting point, 

started demixing at a certain temperature above the crystallization temperature and at 

least part of the pluronics was rejected out from the interlamellar region to form 

pluronic-rich domain outside PHB lamellar stacks.    

3.5 Non-isothermal crystallization behavior by rheometry  

Beyond calorimetric analysis, rotational rheometry under the same cooling conditions 

used for DSC experiments was applied to investigate the non-isothermal crystallization 

kinetics of neat PHB and PHB/pluronic blends. The main advantages of rheometry are: 

(1) it is much easier and faster than other methods such as optical microscopy, small-

angle light and X-ray scattering and differential scanning calorimetry, (2) even small 

polymer microstructure modifications can be detected by measuring the mechanical 

spectrum, and (3) it can be applied to systems that cannot be investigated by other 

methods, such as colored and filled composite systems [69]. 
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However, despite being rheometry a complementary tool to study the crystallization 

kinetics due to its higher sensitivity as compared to conventional methods, the 

interrelation between the relative crystallinity and the mechanical data is not simple and 

remains a topic open to discussion [70,71]. 

Figure 4 shows the evolution of storage modulus, 𝐺′, with time, measured during the 

non-isothermal crystallization (Figure 4a) and its logarithmic normalization, 𝐺𝑛(𝑡), 

(Figure 4b) for neat PHB and PHB/pluronic blend compositions. Table 4 lists the values 

of the storage modulus at the beginning of the crystallization process, 𝐺𝑚𝑖𝑛
′ , the value 

obtained by the last measurable plateau, 𝐺𝑚𝑎𝑥
′ , the crystallization onset temperature, 

𝑇0 𝑟ℎ𝑒𝑜, and the crystallization half-time, 𝑡1/2rheo, as determined by dynamic mechanical 

tests.   
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Figure 4. a) Time evolution of storage modulus, 𝐺′ and b) Time evolution of 

normalized storage modulus (i.e relative crystallinity), 𝐺𝑛(𝑡), for neat PHB and 

PHB/pluronic blend compositions.  

 

The evolution of 𝐺′ as a function of time showed the typical sigmoidal shape 

according to which 𝐺′ progressed from about constant values at the beginning of the 

process to an abrupt increase at the onset of crystallization, and finally reached a 

plateau. During crystallization, 𝐺′ rises due to filler effects of crystals growing in an 

amorphous matrix [69]. The slight initial 𝐺′ increase recorded during the induction time 

(i.e. the time at the intersection of the highest slope of the storage modulus-time curve 

with the line through the initial almost constant storage modulus values) could be 

attributed to a premature crystallization during cooling [72]. Furthermore, the initial 

value of 𝐺′, 𝐺𝑚𝑖𝑛
′ , decreased upon blending, with F127-17 blend composition 

possessing the lowest 𝐺𝑚𝑖𝑛
′ .  

In order to compare results obtained by calorimetry and rheometry, the change of the 

relative crystallinity versus time must be derived from rheology experiments. 

According to Pogodina and co-workers [70], for dynamic mechanical tests, the relative 

crystallinity can be estimated by applying a logarithmic normalization of 𝐺′. 

The so obtained normalized storage modulus 𝐺𝑛(𝑡) can be expressed as follows:  

𝐺𝑛(𝑡) =
log 𝐺′(𝑡) − log 𝐺′𝑚𝑖𝑛

log 𝐺′𝑚𝑎𝑥 − log 𝐺′𝑚𝑖𝑛
                              (9) 

where 𝐺𝑚𝑖𝑛
′  and 𝐺𝑚𝑎𝑥

′  are the values of 𝐺′ at the beginning and at the ending plateau 

of storage modulus, respectively.  
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Table 4. Storage moduli at the beginning of the crystallization process, 𝑮𝒎𝒊𝒏
′ , at the 

ending plateau, 𝑮𝒎𝒂𝒙
′ , onset temperature, 𝑻𝟎 𝒓𝒉𝒆𝒐, and half-time, 𝒕𝟏/𝟐rheo, 

determined by rheology. 

Sample 𝐺𝑚𝑖𝑛
′  (Pa) 𝐺𝑚𝑎𝑥

′
106 (Pa) 𝑇0 𝑟ℎ𝑒𝑜 (ºC) 𝑡1/2rheo (min) 

PHB 526.3 8.8 117.3-113.9 13.56 

F68-5 321.9 9.1 115.9 13.38 

F68-17 104.8 10.7 114.6 13.69 

F127-5 86.8 15.1 115.9 13.30 

F127-17 66.8 14.5 111.2 13.88 

 

All curves showed an induction period where premature crystallization was assumed 

to occur. It is worth noting that the applied stress was small enough to avoid any 

disturbance in the crystallization kinetics and was adjusted previously to obtain a low 

torque level compatible with the transducer sensitivity. Nevertheless, the sigmoidal 

curves were shifted towards shorter times for rheological measurements as compared 

to DSC experiments, possibly suggesting a shear-induced crystallization behavior. 

Moreover, relative crystallinity values determined for PHB and F127-17 sample just 

after the induction time were 20% and 15%, respectively, both larger than the analogous 

virtually nil 𝑋𝑡 values determined by DSC. Besides, the relative crystallinity versus 

time curves obtained by rheology (Figure 4b) and by DSC (Figure 1b) were not 

quantitatively superimposable suggesting that rheology might represent a more 

sensitive tool than differential scanning calorimetry to follow a polymer crystallization 

process, particularly at its very early stage. Indeed, while the crystallinity development 

during the induction period cannot be detected by DSC, the premature crystals’ 

appearance was clearly evidenced by the slow increase of polymer viscoelasticity.  
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Despite the just mentioned discrepancy at the beginning of crystallization, rheology 

and DSC provided several consistent results. First, the onset temperature (taken as the 

temperature at which 𝐺𝑛(𝑡) starts to rapidly increase), 𝑇0 𝑟ℎ𝑒𝑜 (Table 4) decreased upon 

blending and, within each PHB/pluronic system, by increasing the pluronic content. 

Thus, the delaying effect played by pluronics on PHB crystallization deduced by DSC 

was further proved. As already mentioned, the values for both crystallization and onset 

temperatures determined by rheology were significantly smaller than those obtained by 

DSC, indicating that PHB crystallization could be promoted by the flow field imposed 

in rheological experiments. Further experiments should be performed in order to verify 

this hypothesis. 

Second, the curve of the relative crystallinity versus time for neat PHB (Figure 4b) 

showed two different regions with different slopes that could be ascribed to the 

formation of two kinds of crystallites during the crystallization process. In particular, a 

first slower crystallization was followed by a faster crystal growth phase indicating that 

PHB crystallization is a complex process spanning over a wide range of temperature. 

This slope variation paralleled the double crystallization peak showed by PHB in DSC 

experiments reported in Figure 1a. Thus, both DSC and rheological tests indicated that 

crystallinity evolved in two different ways for neat PHB and PHB/pluronic blends: 

while crystallinity mostly developed through a two-step process for the former, 

crystallization proceeded via a one-step mechanism for the latter. 

The quantitative effect of both the amount and nature of pluronics on the non-

isothermal crystallization kinetics of PHB/pluronic blends was derived from 

𝐺𝑛(𝑡) versus time sigmoids by determining the crystallization half-time, 𝑡1/2rheo, 

defined as the time at which the relative crystallinity reached a value of 0.5. It is 

worthwhile to note that 𝑡1/2rheo values were not obtained by Avrami analysis since the 
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shape of the rheological curves could not be accounted by the Avrami equation 

providing unreasonably high exponents (𝑛 ≈ 8). The values of 𝑡1/2rheo reported in Table 

4 showed that, within each PHB/pluronic blend series, the time required to complete 

50% of the crystallization process increased by increasing the pluronic content, in 

agreement with the absolute half-time values extracted by the 𝑋𝑡  versus time curves 

reported in Figure 1b (see values of 𝑡1/2DSC reported in Table S1 in SI). Indeed, the 

viscoelastic response of a material is directly correlated with its structure and its 

evolution during the crystallization process which does not only depend on the crystal 

volume fraction variation, but also on the viscoelastic properties and interactions 

between the different ordered and disordered developing phases (i.e. the disordered 

melt phase that is transforming to solid and the solid phase which combines ordered 

domains with disordered solid material unable to crystallize) [73]. In contrast, 𝑡1/2rheo 

for F68-5 and F127-5 specimens were smaller than that obtained for neat PHB, not 

following the trend obtained by DSC measurements. This lack of congruence might be 

related to the different sensitivity of the two employed techniques.  

Contrary to what was expected, F127-containing blends, which showed lower 𝑋𝑐 

values (Table 1) than analogous blends containing F68, possessed the largest 𝐺𝑚𝑎𝑥
′ . 

Nevertheless, in agreement with the higher crystallinity degree obtained by DSC, all 

blends showed more pronounced elastic behavior than neat PHB. The observed 

rheology/DSC inconsistency might be rationalized by considering the strength of 

spherulite-spherulite interaction. G𝑚𝑎𝑥
′  value is known to decrease by lowering the 

strength of interspherulite interactions [74]. As previously discussed, F68-5 possessed 

the most pronounced segregation degree of pluronic outside the lamellar domains. 

Therefore, despite the large overall crystallinity degree, 𝑋𝑐, the presence of pluronic 

between adjacent spherulites could weak their connectivity lowering the final 𝐺𝑚𝑎𝑥
′  
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value. On the other hand, the lower liquid-liquid demixing extent revealed for F127-

containing blends could enhance the interaction between adjacent spherulites, thus 

enhancing the elastic behavior. 

To further investigate the effect of pluronics on PHB crystallization, the change of 

complex viscosity, 𝜂∗, with temperature was recorded for neat PHB and all blends 

(Figure 5). Moreover, 𝜂∗ trends further supported miscibility between PHB and 

pluronic in the molten state hypothesized based on DSC results. 𝜂∗ decreased upon 

blending and by increasing pluronic content meaning that blending resulted into 

lowered interaction densities.   

 

Figure 5. Change of complex viscosity, 𝜂∗, with temperature for neat PHB and 

PHB/pluronic blends.  

 

Interestingly, despite the higher F127 molecular weight, 𝜂∗ drop was found to be 

larger for F127-5 than for F68-5. As already mentioned, we might argue that the slightly 

higher hydrophilic character of pluronic F68 than F127 could lower PHB-pluronic 

interactions enhancing the pluronic segregation also in the molten state and thus 

increasing the viscosity.  
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3.6 Tensile properties 

Table 5 reports the mechanical properties (ultimate tensile strength, 𝜎𝑓, strength at 

break, 𝜎𝑏, elongation at break, 𝜀𝑏, and Young’s modulus, E) for all as-prepared 

specimens. In the case of F127-17 blend, mechanical tests were not performed due to 

its inhomogeneous morphology responsible for particularly fragile samples.  

The mechanical properties of polymer blends depend on several factors such as the 

properties of the individual constituents, their degree of compatibility, the mode of 

dispersion, etc. In crystallizable polyblends the mechanical behavior is also affected by 

the degree of crystallinity, the ability to co-crystallize, the morphology, and the 

compatibility in the amorphous state [75]. Moreover, polymer blends usually possess a 

more complex structure than homopolymers due to the occurrence of a dispersed phase, 

a continuous phase, and the polymer-polymer interface featured by a finite thickness. 

Being the applied force transmitted onto the dispersed phase from the matrix via the 

interface, the latter plays a vital role on the overall blend behavior [76]. 

 

Table 5. Ultimate tensile strength, 𝝈𝒇, strength at break, 𝝈𝒃, elongation at break, 

𝜺𝒃, and Young’s modulus, E, for neat PHB and PHB/pluronic blends.

Sample 𝜎𝑓 (MPa) 𝜎𝑏 (MPa) 𝜀𝑏 (%) E (MPa) 

PHB 20.95 ± 4.72 17.79 ± 4.76 20.29 ± 11.06 430.52 ± 73.09 

F68-5 17.63 ± 2.90 16.27 ± 3.40 11.35 ± 2.17 443.15 ± 37.34 

F68-17 15.91 ± 4.16 15.61 ± 4.02 7.71 ± 3.19 517.15 ± 119.85 

F127-5 17.53 ± 3.34 16.83 ± 3.09 6.99 ± 2.04 649.37 ± 175.10 
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The values listed in Table 5 indicate that blending resulted into a decrease of the 

elongation at break and an increase of Young´s modulus: for F68-containing blends, E 

increased with increasing the pluronic content from about 430 MPa for neat PHB to 

443 MPa and 517 MPa for F68-5 and F68-17, respectively. The increase was even larger 

upon addition of F127 reaching a value of 649 MPa for F127-5. These findings clearly 

indicate an enhanced brittle behavior of blends as compared to neat PHB. 

Typically, more crystalline materials possess higher Young’s modulus; nevertheless, 

this linear trend was not found in the present study. Indeed, F68-5 possessed the 

smallest Young’s modulus (443 MPa) and the largest crystallinity degree 𝑋𝑐  (42.6%), 

while F127-5 showed the highest Young’s modulus (649 MPa) and a smaller value of 

𝑋𝑐  (37.1%). Clearly, the elastic behavior of the investigated PHB/pluronic blend 

compositions could not be simply explained in terms of their degree of crystallinity or 

lamellar thickness. As a matter of fact, the blend nano- and micro-structure must be 

taken into account. Amorphous domains possess different energy dissipation power 

depending on their exact location with respect to spherulites [64]. Thus, highly 

segregated F68-rich amorphous domains present at the interspherulitic boundaries in 

F68-5 specimen might possess a higher capability to dissipate energy which gave rise 

to the unpredictable mechanical properties recorded for this highly crystalline sample. 

On the other hand, the partial inclusion of F127 in the inner structure of spherulite 

assumed for F127-5 sample based on POM and SAXS experiments could enhance the 

interphase elastic contribution leading to the recorded increase of Young’s modulus.  

Another observation is that blending reduced the sample elongation capability: the 

elongation at break, 𝜀𝑏, decreased from 20.29% for neat PHB to 11.35% for F68-5 and 

further to 7.71% and 6.99% for F68-17 and F127-5, respectively. It is well known that 

spherulite size pronouncedly affects the deformation of semicrystalline polymers with 



 37 

polymer brittleness increasing by increasing spherulite radius [77–79]. Moreover, more 

heterogeneous structures certainly show inter-domain higher degree of voids and 

imperfections that are known to provide relatively easy paths for crack propagation at 

the interface, thus reducing the sample elongation capability. POM investigation 

revealed that F68-5 morphology was highly homogeneous and composed of many 

small spherulites, while the other blends possessed a coarse structure composed of 

larger well- and ill-defined spherulites and less ordered domains. This, combined with 

the larger spherulitic size observed for F68-17 and F127-5, could well explain the lower 

values of 𝜀𝑏 determined for these blends as compared to the more crystalline F68-5 

sample. This behavior was further emphasized for F127-17 blend, whose remarkably 

inhomogeneous morphology containing banded, dendritic and unresolved spherulites 

resulted into extremely low 𝜀𝑏 values (few percent) and a catastrophic failure during 

tensile tests. The general lower elongation resistance of blends with respect to neat PHB 

was further enhanced by the significantly lower molecular weight of pluronic.  

The addition of pluronics to PHB reduced its ability to resist breaking under tensile 

stress: both the ultimate strength, 𝜎𝑓, and the strength at break, 𝜎𝑏, decreased upon 

blending. The reduction increased by increasing the pluronic content. Again, the 

morphology revealed by POM and SAXS investigation can be invoked to explain these 

findings. In order to resist to applied loads, the amorphous regions between adjacent 

crystals must be capable to accommodate some crystals’ rotation [80]. We can 

hypothesize that in our samples the amorphous regions were too constrained to adjust 

accordingly and, upon distortion, the amorphous chains tightened up immediately, 

producing a brittle fracture. Shen et al. have recently demonstrated that the interface 

between crystals of two different components in a polymer blend is weaker than that 

between identical crystals arising from a less perfect lattice matching [74]. Thus, PHB-
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pluronic interface might be weaker than the PHB-PHB one and, therefore, less efficient 

towards stress transfer, thus explaining the blend scarce resistance towards tensile 

stresses.  

 

4. Conclusions 

Addition of pluronic F68 or F127 to PHB produced macroscopically homogeneous 

blend films by simple thermomoulding. Four binary blend compositions were prepared 

containing 5 and 17 wt% of pluronics. For all blends, the two components were found 

to be miscible in the amorphous state. Moreover, blending delayed the crystallization 

process though increasing the overall final crystallinity degree. The mechanism of 

crystal growth changed depending on the pluronic content: 3-dimensional solids sheaf 

growth was observed for blend compositions containing 5 wt% of both pluronic, while 

3D spherical growth with athermal nucleation featured both blends containing 17 wt% 

of pluronics and neat PHB.  

The different crystallization mechanisms led to significant variations of the final 

sample morphology and nanostructure as revealed by polarized optical microscopy 

(POM) and small- and wide-angle X-ray scattering (SAXS, WAXS). In particular, 

addition of pluronics promoted crystal ordering with the formation of more resolved 

ringed spherulites with respect to neat PHB which showed a polydisperse 

inhomegenous structure. Besides, for such low interacting polymer systems, the final 

morphology was found to be mainly controlled by the diffusion rate of pluronics: the 

higher the diffusion coefficient, the higher the spherulite crystalline ordering. Thus, the 

more diffusive F68 led to highly homogeneous samples mostly composed of double-

banded spherulites with constant twist period. Crystal ordering paralleled the 

segregation extent of pluronic in extralamellar amorphous domain. Indeed, the smaller 
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size and the lower chemical compatibility of F68 towards PHB enhanced its capability 

to escape the spherulite envelope with subsequent formation of compact and well-

organized spherulitic structures. This effect was particularly evident for F68-5 blend 

composition where only small double banded spherulites with constant twist period 

filled the overall sample volume.  

All blend compositions showed higher Young’s modulus and lower elongation at 

break than neat PHB, in agreement with the increased crystallinity observed upon 

blending. Unexpectedly, among blends, the most crystalline F68-5 sample was also the 

less brittle. We argued that the highly segregated F68-rich amorphous domains present 

at the interspherulitic boundaries of this specimen could better dissipate energy thus 

explaining the recorded mechanical properties. On the other hand, the more 

heterogeneous structure observed for F127-based blends could account for the poor 

mechanical behavior recorded for F127-5 and, especially, F127-17 blends. 

The present study shows that the non-isothermal crystallization behavior of PHB and 

PHB/pluronic blends can be studied both by differenial scanning calorimetry and 

rheometry. The two techniques provided analogous results in terms of crystallinity 

evolution, but rheometry appeared to be extremely powerful to follow the early stage 

of crystallization which is inaccessible by DSC. Moreover, rheology allowed 

monitoring the crystallization process in a rather straightforward way that does not 

necessitate considerable data analysis. Thus, rheology represents a valuable tool whose 

full potential to investigate polymer blends’ crystallization behavior has not yet been 

exploited.   
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Appendix A. Supplementary material 

 
𝑻𝒈 deviations from linearity 

 
Figure S1. Plot of the measured and theoretical 𝑇𝑔 values for the investigated 

PHB/pluronics blends. 

 

Presence of crystalline pluronic in the as-prepared F127-17 blend 

 
 

Figure S2. DSC profile of F127-17 blend showing the presence of crystalline pluronic 

in the first heating ramp (dotted line).  
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SAXS curves on the as-prepared films 

 
Figure S3. SAXS profiles for neat PHB and all PHB/pluronics blends. All curves are 

offset along y-axis.  
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1D-correlation function obtained from SAXS curves

 

Figure S4. 1D-correlation function for the as-prepared neat PHB film.  

 

Comparison between the crystallization half-times obtained from DSC and 

rheology measurements 

 

Table S1. Values of crystallization half-time taken as the time necessary to reach 

a relative crystallinity value equal to 0.5 as obtained from DSC (𝒕𝟏/𝟐DSC) and 

rheology (𝒕𝟏/𝟐rheo) for all the investigated samples. 

 

Sample 𝑡1/2DSC (min) 𝑡1/2rheo (min) 

PHB 24.63 13.56 

F68-5 25.35 13.38 

F68-17 26.67 13.69 

F127-5 25.97 13.30 

F127-17 27.30 13.88 
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