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carbon emissions and energy production requirements com-
pared to fossil-based plastics [3, 4]. Among the bio-based 
and biodegradable plastics, polyhydroxyalkanoates (PHAs) 
are a special family of polymers that have attracted con-
siderable attention due to their biocompatibility, biodegrad-
ability and the ability to use a range of different renewable 
and waste-based feedstocks to produce them [5–7].

In PHAs family, poly(3-hydroxybutyrate-co-
3hydroxyvalerate) (PHBV) is a thermoplastic polyester 
with applications in many fields including food, biomedical, 
cosmetic, electronic packaging and so on [8, 9]. However, 
PHBV is brittle and stiff with weak mechanical properties. 
So far, the application of PHBV-based materials is limited 
because their brittleness, unfavorable thermal stability dur-
ing processing and a low crystallization rate resulting in 
aging after shaping [10]. Several efforts had been made to 
improve the properties of PHBV and overcome the chal-
lenges posed by applications, including addition of plas-
ticizers, nucleating agents or blending with other flexible 
polymers [11–13].

Introduction

In recent years, significant efforts have been made to solve 
the plastic pollution through the replacement of petroleum-
based polymers with bio-based polymers [1, 2]. Bio-based 
plastics exhibit high performance with significantly lower 
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Abstract
Due to the high brittleness of poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), ethylene-vinyl acetate copolymer 
(EVA) was incorporated to prepare PHBV/EVA blends by melt blending, and the compatibility of the blends was improved 
by benzoyl peroxide (BPO). The research found that the addition of BPO triggered the production of free radicals in the 
PHBV and EVA polymers, followed by the recombination of the radicals to form the chemical cross-linking. The resultant 
PHBV/EVA/BPO blends showed improved mechanical properties and compatibility. At the optimal BPO content (0.5 phr), 
the elongation at break increased from 1.24% to 4.47%, the impact strength increased from 7.50 kJ/m2 to 17.75 kJ/m2, 
and the tensile toughness increased from 15.96  MJ/m3 to 70.00  MJ/m3. The gel content of the blends also reached the 
maximum value (13.88%) at 0.5 phr of BPO addition. This improvement was primarily attributed to interfacial adhe-
sion between PHBV and EVA due to the chemical cross-linking, the hydrogen bonding interactions and the blends chain 
entanglements. Therefore, this research can improve the poor mechanical properties of PHBV and expand its potential 
application value.

Keywords  Poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), Benzoyl peroxide (BPO), Ethylene-vinyl acetate 
copolymer (EVA) · Interfacial adhesion · Chemical cross-linking

Accepted: 31 August 2023 / Published online: 14 September 2023
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2023

Reinforcing and Toughening Modification of poly (3-hydroxybutyrate-
co-3-hydroxyvalerate)/ethylene-vinyl Acetate Copolymer (PHBV/EVA) 
Blends Compatibilized by Benzoyl Peroxide

Yiqi Fang1,2 · Yansong Huang1,2 · Jiawei Huang1,2 · Yujuan Jin1,2 · You Wu1,2 · Huafeng Tian1,2 · Xiaojuan Zhang1,2

1 3

http://crossmark.crossref.org/dialog/?doi=10.1007/s10924-023-03050-2&domain=pdf&date_stamp=2023-9-13


Journal of Polymers and the Environment (2024) 32:935–946

Adding elastomeric materials is an effective way to 
improve the mechanical properties of brittle plastics [14]. 
Among the elastomeric materials, ethylene–vinyl acetate 
copolymer (EVA) is maturely developed and used in the 
modification studies [15, 16]. Daisuke Kugimoto et al. [17] 
investigated the effect of EVA on the rheological properties 
of poly (lactic acid) (PLA). Due to its long-chain branching 
structure and strain hardening, EVA improved the process-
ability and the mechanical toughness of PLA.

In addition, mechanical property improvement after 
blending is severely limited by the compatibility between 
different polymers. Some studies [5, 11, 12, 18] have found 
that blending with EVA improves the toughness of PHBV to 
some extent, but it is associated with a loss of tensile strength 
due to their incompatibility. Therefore, it is imperative to 
increase the compatibility of PHBV/EVA to further improve 
its performance. Peroxide additives are a frequently used 
class of reactive additives that generate free radicals and 
initiate crosslinking along with grafting reactions [19, 20]. 
Hu et al. [21] modified poly (butylene succinate) (PBS)/
PLA blends using BPO as cross-linking agent. The addition 
of BPO induced chemical cross-linking reaction between 
PBS and PLA and improved the interfacial interactions for 
PBS/PLA blends. Yan et al. [22] prepared PBS/waxy starch 
(WS)/BPO composites by an internal mixer. A crosslinked 
graft copolymer (WS-g-PBS) is created by melt blending 
with BPO, which improved the mechanical properties of the 
composites and compatibility between PBS and WS.

In this work, BPO was chosen as a cross-linking agent to 
improve the compatibility of PHBV/EVA and the effect of 
BPO content on the compatibility PHBV/EVA was investi-
gated. The results indicated that the incorporation of BPO 
triggered the chemical cross-linking between PHBV and 
EVA, improving the compatibility and mechanical proper-
ties of PHBV/EVA.

Experimental Section

Materials

PHBV (Y1000P, Mw = 3.00 × 105g • mol−1, the molar 
content of HV is 3.00%) was supplied by Ningbo Tian’an 
Biological Co., Ltd. EVA (LEVAPREN 500, the weight% 
of VA is 50.00%) was purchased from LANXESS Chemi-
cal Corporation. Chloroform (Analytical reagent) was pur-
chased from Beijing Chemical Works. Benzoyl peroxide 
(BPO) (Analytical reagent, Mw = 242.23g • mol−1) were 
obtained from Shanghai Maclin Biochemical Technology 
Co., LTD.

Preparation of the Blends

Before preparation, PHBV was dried for 4 h at 70 ℃ and 
EVA was dried for 8 h at 40 ℃ under vacuum (DZG-6050, 
Shanghai Sumsung Laboratory Instrument Co., Ltd.). 
PHBV/EVA blends were prepared by melt blending at a 
ratio of 8:2 using a twin-screw extruder (CTE-35, L/D ratio 
is 42/1, Cobelon Coya Machinery Co., Ltd) in presence of 
different amounts of BPO (0, 0.3, 0.5, 0.7 and 2 phr). The 
temperature of each zone was set to 165 ℃, 165 ℃, 168 
℃, 168 ℃ and 170 ℃, while the rotational speed was 60 
r/min. After the samples were cooled down, the granulator 
(HP-150, Beijing Huanya Tianyuan Mechanical Technol-
ogy Co., Ltd.) was used to pelletize the samples; The injec-
tion molding machine (TY400, HangZhou DaYu Machinery 
Co., Ltd.) was used to prepare the sample strips with injec-
tion pressure of 4.8 MPa, injection volume of 18%, and the 
temperature of each zone is 165 ℃. The holding pressure 
is 75 bar, the holding time is 30s and the cooling time is 
5s of the injection molding machine. The screw diameter is 
18 mm and the L/D ratio is 20.

Characterization

Fourier-transformed infrared spectroscopy (FT-IR) spectra 
were obtained by a Nicolet iZ10 (Thermo scientific, USA). 
PHBV/EVA/BPO blends were prepared by using KBr com-
pression method.

In circulating system, the samples were dissolved by 
heating reflux in chloroform at 60  °C for 8  h. Then they 
were removed and dried at 80 °C for 4 h. The gel content 
was calculated according to Eq. 1. Where m1 and m2 repre-
sented the mass of the samples after and before dissolution, 
respectively.

a =
m1

m2
× 100%� (1)

The tensile properties were tested using a universal test-
ing machine (CMT604, MTS Industry System Co., Ltd., 
Guangdong, China) with a set tensile rate of 5 mm/min, a 
load of 10 kN, and a sample size was established according 
to the ISO 527-2:2012 standard (dumbbell shaped speci-
men, L = 150  mm, d = 4  mm). According to the ISO 180: 
2000 standard, the sample was subjected to an impact test 
using the electronic Izod impact testing equipment (XJUD-
5.5, Chengde Jinjian Testing Instrument Co., Ltd., Hebei, 
China). A 1  J energy pendulum test was used to test the 
notched sample. Five times for each sample was repeated, 
and the average value of elongation at break, tensile strength 
and impact strength were recorded.
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Scanning electron microscope (SEM) (QUATA250, FEI, 
USA) operating at 10 kV accelerating voltage was used to 
observe the impacted fracture surface of samples. Prior to 
observation, gold spraying was performed at an operating 
voltage of 15 kV.

Rheological test was conducted by using a Rotary Rhe-
ometer (MARS, Thermo Scientific Co., Ltd.) at 180℃. The 
angular velocity was adjusted from 0.01 to 100 rad/s.

A small number of samples was placed on two slides on a 
hot table and pressed into thin slices. The sample was heated 
to 200 °C at a heating rate of 50 °C/ min, held for 3 min 
and then cooled naturally to room temperature. A polarizing 
microscope (POM) (CBX51, Olympus, Japan) was used to 
observe crystal growth images during cooling and spheru-
litic morphology.

The melting and non-isothermal crystallization of the 
blends were carried out by differential scanning calorim-
etry (DSC) (Q20, TA Instruments, USA). Firstly, the blends 
were melted at 200 ◦C for 3 min and then cooled to -50 ℃ 
and then reheated to 200 ◦C at 10 ◦C/min. The degree of 
crystallinity (Xc) of the blends was calculated using Eq. (2):

Xc =
∆Hm

w • ∆H0
m

× 100%� (2)

where∆Hm  is the melting enthalpy, w  is the percentage of 
PHBV in the blends, ∆H0

m  is the melting enthalpy of pure 
PHBV (∆H0

m = 146.6 J·g− 1)
Thermogravimetric analyses were performed under 

nitrogen atmosphere in a thermal stability analysis (TGA) 
(Q50, TA Instruments, USA). Approximately, the samples 
were heated from room temperature to 600 °C with a heat 
rate of 20 °C·min− 1.

Results and Discussion

Chemical Structure and Interactions

The FTIR spectra of pure PHBV, EVA and PHBV/EVA/BPO 
were shown in Fig.  1(a). The characteristic wide absorp-
tion peaks of − OH group stretching vibration appeared 
at 3436 cm− 1. The bands near 2976, 2933 and 2850 cm− 1 
corresponded to -CH3 and -CH2 stretching vibrations. The 
peaks at 1725 cm− 1 and 1622 cm− 1 were attributed to C = O 
vibration. Compared with neat PHBV and EVA, the PHBV/
EVA blends exhibited a relatively strong C = O peak. After 
adding BPO, the O-H peak of PHBV/EVA/BPO blends was 
enhanced and the bandwidth of the peak was broadened. It 
was clear that no new chemical bonds formed in the blends, 
but the carbonyl groups changed significantly. The peak of 
C = O groups at 1622 cm− 1 was present in PHBV/EVA/BPO 

blends, the polarity of carbonyl groups was weakened. This 
was ascribed to the formation of intermolecular hydrogen 
bonding between PHBV hydroxyl groups and EVA carbonyl 
groups and thus resulting in a leftward shift of the C = O 
band [23].

To confirm the formation of the chemical cross-linking 
structure, the gel content of the PHBV/EVA/BPO blends 
was measured. During the dissolving process, physical 
cross-linked molecular chains are completely dissolved due 
to the rupture of hydrogen bonds. In contrast, the molecular 
chains with chemical cross-linking can only be swelled [24]. 
The specific gel content was shown in Fig. 1(b). It was obvi-
ous that the gel content increased with increasing concentra-
tion of BPO but reached a plateau at a BPO concentration of 
0.5 phr. The gel content of the PHBV/EVA blends was only 
0.77%. When the content of BPO was 0.5 phr, the degree 
of chemical cross-linking was about 13.88%. However, the 
gel content of PHBV/EVA/BPO declined after reaching the 
maximum value at 0.5 phr BPO. This was due to the fact 
that excessive BPO amount tended to cause chain breakage 
of PHBV and the gel content decreased as a result.

Figure 1(c) displayed the cross-linking reaction mecha-
nism and the hydrogen bonding interaction of the blends. 
Generally speaking, the BPO produced primary free radi-
cals (RO·) among thermal decomposition. Then the free 
radicals of tertiary carbon of PHBV and EVA reacted with 
“RO·” to link the different polymer chains, resulting in car-
bon-carbon crosslinking reaction [25–29]. At the same time, 
the hydroxyl group of PHBV interacted with the carbonyl 
groups in EVA to form hydrogen bonds. The formed chemi-
cal cross-linking structure contributed to enhance hydrogen 
bonding interaction between PHBV and EVA.

In order to determine the hydrogen bond fraction 
(FH−CO), the FTIR spectra of the carbonyl band (1680 to 
1800  cm− 1)were fitted to a curve using the Gaussian-
Lorentz spectral function. To further analyze the change of 
hydrogen bonding interaction in the blends, FH−CO values 
can be calculated by the following Eq. (3) [30].

FH−CO =
AH/rH/a(

AH/rH/a + Aa

)� (3)

where rH/a is the absorption ratio of the above two bands 
(1.25 ~ 1.75), AH and Aa are the hydrogen bonded and car-
bonyl group free peak areas, respectively. For the present 
study, rH/a has been set at 1.35 for semiquantitative compari-
sons, depending on the hydrogen bond strength. The FH−CO 
values of the blends was shown in Fig. 1(b). It could be seen 
that the FH−CO of the blends with 0.5 phr BPO was relatively 
strong, indicating the enhanced hydrogen bonding interac-
tions which resulted from the improved chemical cross-
linking between PHBV and EVA in the presence of BPO.
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disruption, the chains required more interfacial slip and 
broke more entanglement. It was evident that good reinforc-
ing and toughening effect could be achieved by adding BPO 
into the blends.

The impact strength of the PHBV/EVA/BPO blends ini-
tially increased and then declined with the increasing BPO, 
as shown in Fig. 2(b). The impact strength of the blends with 
0.5 phr BPO was increased by 137.30%, from 7.50 kJ/m2 of 
the PHBV/EVA blends to 17.80 kJ/m2. After adding BPO, 
the chemical cross-linking between PHBV and EVA pro-
duced new chemical bonds and enhanced the interfacial 
adhesion, resulting in the polymer chains required a higher 
amount of energy to rupture the material.

Figure 2(c) depicted the stress-strain curves of the blends. 
The tensile toughness was the integral area under the stress-
strain curve (Fig.  2d). The tensile toughness possessed a 
similar trend with the impact strength. When the content 
of BPO exceed 0.5 phr, the impact strength, the tensile 

Mechanical Properties

The mechanical properties of the PHBV/EVA and PHBV/
EVA/BPO blends with different BPO contents were shown 
in Fig. 2. The tensile strength of the blends increased and 
then decreased slightly with the addition of BPO (Fig. 2a). 
The tensile strength of the blends with 0.3 phr BPO was 
increased by 14.00% compared to the PHBV/EVA blends. 
Meanwhile, the elongation at break (Fig. 2a) increased sub-
stantially and reached a maximum at a BPO content of 0.5 
phr, which were increased by 360.48% than that of PHBV/
EVA blends. These were attributed to the chemical cross-
linking and hydrogen bonding between PHBV and EVA 
when BPO was added to the blends. This led to the molecu-
lar chains of the blends curlier and longer, resulting in more 
chain entanglement and limiting chain movement [30, 31]. 
In the process of the chemical bonds and hydrogen bonds 

Fig. 1  (a). FTIR analysis of the 
pure PHBV, EVA and PHBV/
EVA/BPO blends and peak 
deconvolution for 0.5 phr BPO 
(inset), (b). Gel content and 
FH−CO of PHBV/EVA/ BPO 
blends, (c). Reaction mechanism 
and Hydrogen bonding interac-
tion of the PHBV/EVA/BPO 
blends
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addition of BPO resulted in the formation of chemical cross-
linking and stronger interfacial adhesion between the PHBV 
and EVA. Also, the enhanced interfacial interaction led to 
yield deformation and fibre formation (the yellow circle) 
during the process of pull-out. The high interfacial adhe-
sion and cavitation of the elastomer are highly beneficial for 
improving the toughness [32].

The above toughening interfacial mechanism was also 
displayed in Fig.  3(g). BPO transformed the morphology 
of the ternary blends into quasi-continuous phase structure 
by chemical cross-linking. Therefore, a large amount of the 
fractured energy was dissipated that led to achieve toughen-
ing performance.

Rheological Analysis

To understand the compatibility of blends and the toughen-
ing mechanism, it was important to analyze the rheological 
behavior of blends. The viscosity (η*), the storage modulus 
(G’) and loss modulus (G”) of PHBV/EVA/BPO blends as 
a function of angular frequency (ω) were shown in Fig. 4. 
The viscosity of the PHBV/EVA/BPO blends decreased 
sharply with the increment of frequency and then flattened 
(Fig.  4a). However, the viscosity of PHBV/EVA blends 
was not significantly related to frequency during long-
term motion due to the lack of chain entanglement. After 
the addition of BPO, the viscosity gradually increased and 

toughness and the elongation at break of the blends showed 
a downward trend. The slight agglomeration of BPO was 
mainly responsible for this, which could be supported by the 
SEM observation. Thus, 0.5 phr BPO was found to give the 
best mechanical properties of the blends.

SEM

The impact fracture morphology of the pure PHBV and 
PHBV/EVA/BPO ternary blends was shown in Fig. 3 (a-f). 
The pure PHBV displayed a typical brittle fracture, present-
ing a smooth impact surface (Fig. 3a). After the addition of 
EVA, the blends exhibited rougher interface with a large area 
of stress whitening (Fig. 3b). A significant interphase gap 
was observed between the EVA elastomer and PHBV, due to 
the poor compatibility between the two polymers. The EVA 
elastomer underwent brittle pull-out and debonded from the 
PHBV without sufficient deformation and dislodges from 
the PHBV, due to their poor adhesion to the PHBV interface, 
forming microvoids (the red circle). After adding BPO, the 
rough structures gradually became unclear and the interface 
became blurred. The rubbery EVA was also more homoge-
neously distributed in the PHBV matrix, indicating that the 
compatibility between the two phases had been increased. 
By comparing Fig. 3 (b-f), it was found that the observa-
tion of the microvoids and the brittle pull-out phenomenon 
were not obvious for the PHBV/EVA blends with BPO. The 

Fig. 2  Mechanical properties test 
results of the pure PHBV and 
PHBV/EVA/BPO blends. (a). 
elongation at break and tensile 
strength, (b). impact strength, (c). 
stress-strain curve, (d). tensile 
toughness.
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fact that BPO triggered the chemical cross-linking reaction 
between PHBV and EVA, resulting in the long molecular 
chains more tightly intertwined at the beginning of shear. 
Therefore, the introduction of BPO significantly improved 

reached a maximum at 0.5 phr BPO. In ternary blends, the 
addition of benzoyl peroxide not only increased the chain 
entanglement in the blends, but also enhanced the interfa-
cial adhesion between PHBV and EVA. This was due to the 

Fig. 3  SEM image of the impact 
section of pure PHBV and 
PHBV/EVA/BPO blends. (a) 
pure PHBV, (b) 0 phr, (c) 0.3 
phr, (d) 0.5 phr, (e) 0.7 phr, (f) 2 
phr, (g) The possible interfacial 
mechanism for PHVB/EVA/BPO 
blends
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was large. However, a small number of intact spherical 
crystals can be seen in Fig.  5(b), with the blurred outline 
of PHBV ring Maltese cross spherulites. This is due to the 
poor compatibility between PHBV and EVA. The pure 
blends exhibited two different crystal topographies, where 
the incomplete spherulite PHBV crystals were hindered by 
the EVA phase. After the addition of BPO, the size of the 
PHBV crystals was gradually become large and the size of 
the EVA domain decreased, but defects still existed inside 
the crystal (Fig. 5c). With the addition of BPO up to 0.5 phr, 
the crystal topography separation was decreased. Moreover, 
the defects inside of spherical crystal seemed to be more 
uniformly distributed and the flake Maltese cross of PHBV 
spherulites displayed, as shown in Fig. 5(d). Furthermore, 
the blends with 0.7 phr and 2.0 phr BPO, the spherulite size 
increased and the spherulite density decreased (Fig. 5e and 
f), an indication of BPO agglomeration leading to reduced 
nucleation sites and increased chain diffusion. In line with 
previous studies, BPO could improve the compatibility of 
PHBV and EVA by chemical cross-linking.

Dynamic competition theory can explain these results 
[36, 37] in Fig. 5(g). The Elastomers phase or BPO cross-
linking agents restricted further growth of PHBV crystals. 
Meanwhile, BPO wrapped on EVA surface increased inter-
chain interactions to promote their crystallization ability 
and form more perfect spherulites.

the loss modulus and storage modulus of the blends, higher 
than those of neat PHBV/EVA in Fig. 4b and c.

In addition, the relaxation process can be described by 
the Cole-Cole semicircle (Fig.  4d) to verify the compat-
ibility between PHBV and EVA. The Cole-Cole plot was 
obtained by plotting the real part (η’) and the imaginary part 
(η’’) of the complex dielectric function in the low-energy-
loss region. In general, a smooth, half-round shape of the 
plotted curves indicates a high degree compatibility and 
phase homogeneity in the melt. On the contrary, any devia-
tion from this shape exhibits a non-homogeneous disper-
sion and phase segregation due to incompatibility [33–35]. 
In this way, the extent of compatibility between PHBV and 
EVA could be effectively evaluated. As can be seen from 
the smooth semi-circular shape of the plots (yellow dashed 
line), the mixtures with 0.5 phr BPO show the most homo-
geneous dispersion. The deviation from the semicircular 
shape was more obvious for PHBV/EVA blends than for the 
blends with BPO. As mentioned above, the compatibility of 
PHBV/EVA blends was highly improved by the addition of 
BPO.

POM

The POM images of the blends were shown in Fig.  5(a-
f). Figure 5(a) showed the dimension of PHBV spherulite 

Fig. 4  Rheology analysis of 
PHBV/EVA/BPO blends (a) η*, 
(b) G’, (c) G”, (d) the Cole-Cole 
semicircle
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formation of imperfect crystallite with smaller size. On the 
other hand, the formation of chain entanglement between 
PHBV and EVA limited the mobility of PHBV/EVA blends 
chains, leading to incomplete crystals and reduced crys-
tallinity. The endothermic melting peak with a high tem-
perature shoulder were observed at 170℃ for the blends 
was shown in Fig.  6b. The occurrence of multiple peaks 
in PHBV blends has been reported in the following litera-
tures [5, 38–40]. The reason for this phenomenon was that 
the incomplete crystallite formed during the cold crystal-
lization process can be melted and re-crystallized as the 

Thermal Properties

To analyze the effect of BPO concentration on the crystal-
lization behaviors, DSC for the pure PHBV and PHBV/
EVA/BPO blends as shown in Fig.  6a-b and the thermal 
parameters were given and Table 1. The crystallinities (Xc) 
decreased from 59.2% of PHBV/EVA blends to 41.3% of 
PHBV/EVA/BPO (0.5phr). There were two main reasons 
for this phenomenon. On the one hand, the formation of 
chemical cross-linking structures in the melt state (amor-
phous phase) disturbed the reorganization and chain fold-
ing during crystallization process, which would result in the 

Table 1  Thermal parameters from DSC and TGA characterizations
BPO content(phr) Tc (℃) ∆Hc (J/g) Tm (℃) ∆Hm (J/g) Xc (%) T5% (℃) Tmax (℃) Et (kJ/mol)
PHBV 106.4 71.3 172.3 80.1 54.9 265.5 289.3 /
0 107.8 85.9 168.2 108.0 59.2 290.8 304.1 132.89
0.3 105.5 71 167.9 88.9 48.7 278.0 296.1 110.69
0.5 104.6 58.7 166.3 75.4 41.3 285.5 299.3 136.84
0.7 104.4 66.3 166.9 86.2 47.3 287.0 303.4 124.28
2 101.6 62.4 167.6 81.2 44.5 277.6 292.9 111.39

Fig. 5  Polarization diagram of 
the PHBV and PHBV/EVA/BPO 
blends. (a) pure PHBV; (b) 0 
phr;(c) 0.3 phr; (d) 0.5 phr; (e) 
0.7 phr; (f) 2 phr. (g) dynamic 
competition mechanism of PHBV 
with EVA and BPO
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PHBV/EVA, the initial decomposition temperature (T5%) 
and the maximum decomposition temperature (Tmax) of 
PHBV/EVA/BPO decreased slightly. It was due to the fact 
that the chemical cross-linking between PHBV and EVA 
limited the mobility of the blends chains and imperfect crys-
tals formed. The reason for above phenomenon also could 
be explained by the mechanism of thermal degradation of 
PHBV and EVA, as shown in Fig. 6(g) [42–44]. The addi-
tion of BPO promoted hydrogen bonding, but the hydrogen 
bonding interactions did not affect the development of the 
six-membered ester ring during the degradation of PHBV. 
However, hydrogen bonding interactions might prevent the 
formation of a six-membered ester ring during the thermal 
degradation process of EVA, thereby increasing its thermal 
stability.

Using the integral method proposed by Horowitz and 
Metzger, the activation energy (Et) of the blends with differ-
ent BPO contents can be calculated from the TGA curves. 
The equation derived by Horowitz-Metzger is as follow [45, 
46]:

θ = T − Tmax � (5)

temperature rises, while at higher temperatures, the crystals 
melt completely.

In addition, the crystallization enthalpy (ΔHc), the melt-
ing temperature (Tm) and the melting enthalpy (ΔHm) of 
PHBV/EVA mixture showed a declining trend, reaching 
the lowest value when the BPO content was 0.5 phr. This 
phenomenon was caused by the increased crosslink density 
through aggrandizing the addition of peroxide, leading to 
reduce the degree of crystallinity of the blends. Crosslinks 
acted as defect centers, hindering the folding of the macro-
molecular chains and thus reducing the sizes of the crystals 
[41]. The endothermic melting peak with a high temperature 
shoulder was most pronounced at PHBV/EVA blends with 
0.5phr BPO, because the degree of chemical cross-linking 
reached its maximum value. The formation of chemical 
cross-linking structures disturbed the reorganization and 
chain folding during crystallization process, which would 
result in the formation of imperfect crystallite.

Figure 6 (d) and (e) show the TGA and DTG curves of 
PHBV/EVA/BPO blends. The blends evidenced a two-stage 
weight loss. The weight of 250℃-300℃ was attributed 
to the PHBV degradation, and that of 300℃-500℃ was 
attributed to the degradation of EVA. Compared with pure 

Fig. 6  Thermal performance of 
the PHBV/EVA/BPO blends. (a). 
DSC curve of cooling process, 
(b). DSC curve of secondary 
heating, (c). Flow activation 
energies, (d). Thermal weight 
loss curve, (e). Thermal weight 
loss rate curve, (f). Plots of 
ln[ln(1-α)−1] vs. θ for determina-
tion of the decomposition activa-
tion energy. (g). The general 
mechanism of thermal degrada-
tion of PHBV and EVA
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[
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]
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little effect on the thermal stability of the PHBV/EVA/BPO 
blends.

Conclusions
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