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Abstract

Rosin natural terpene (Dertoline) is compounded with a bacterial thermoplastic

polyesters polyhydroxyalkanoate (PHA), specifically here poly(3-hydroxybutyrate)

(PHB), a biodegradable and biocompatible polymer. The compatibility of the

blend is examined with differential scanning calorimetry and thermal gravimetry

analysis. In the range of concentration of Dertoline, from 5 to 15 wt%, a cold crys-

tallization peak first shifts to slightly higher then lower temperature. Dynamical

mechanical analysis and tensile tests confirm that the addition of Dertoline

slightly decreases the elastic modulus. The degree of crystallinity again increases

then decreases with the content of Dertoline. Polarized light microscopy reveals

smaller diameter spherulites for PHB/Dertoline blends and their presence is dis-

cussed in relation to tensile tests. Overall, the addition of Dertoline has limited

effects on mechanical properties of the blends: the stress at break and the strain at

break. In addition, oscillatory rheology at different temperatures provides the acti-

vation energies and the parameters of a generalized Maxwell model. The tempera-

ture dependence of the rheological properties follows an Arrhenius form. Finally,

transient step viscosity measurements are used in order to quantify the PHB ther-

mal degradation.

KEYWORD S

biopolymers and renewable polymers, differential scanning calorimetry, mechanical
properties, packaging, rheology

1 | INTRODUCTION

The rapid increase of worldwide plastic accumulation in
the environment calls for the reduction of conventional
(petroleum-based) materials use and the development of
alternative biodegradable plastics. In addition, the transi-
tion toward a zero-carbon footprint society requires to

reduce our reliance on fossil feedstocks. In this context,
the biobased, compostable and marine biodegradable poly-
mers blends need to be further understood in order to be
regarded as serious alternatives on the plastic market.

Among the biobased and biodegradable polymers
available, polyhydroxyalkanoates (PHAs) are remarkable
because these are directly biosynthesized by bacteria.1–3
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Depending on the bacteria specificities and the carbon
sources, different PHAs can be produced. According to
their number of carbon atoms in the side chains, PHAs
can be classified into different groups. Short chain length
PHAs (scl-PHAs) are polyesters composed of monomers
with 3–5 carbons, while medium chain length (mcl-
PHAs) and long chain length (lcl-PHAs) have 6–14 car-
bons and over. The most well-know PHA is the poly
(3-hydroxybutyrate) (PHB). These biobased polyesters
present high biodegradability in various environments4–8

and interesting biocompatibility.9–11 Although these
remarkable properties are appreciated, several drawbacks
still limit PHB applications.

The mechanical, that is, the Young modulus (about
1 GPa) and the tensile strength (about 10 MPa), are com-
parable to usual plastics. However, the processing is con-
sidered complex because of the high thermodependency
of the melt flow properties.12 Moreover, the elongation
required to break is poor.13 Hence, neat PHB is consid-
ered as brittle and difficult to process.

To improve low ductility and low resistance to ther-
mal degradation which leads to a narrow processability
window, many efforts have focused on alternative strate-
gies on the blends with plasticizers capable of improving
their thermal and mechanical properties. Plasticizers
offer the opportunities to reduce the degree of crystallin-
ity and to improve the flexibility and the elongation of
the material. Those plasticizers include aliphatic and aro-
matic compounds, vegetable oils and fatty acids, alcohols
and polymers.14–18

Terpenes such as linalool, geraniol, and geranyl ace-
tate were recently compounded with PHB to assess the
influence of the content of these biobased molecules on
the structural and mechanical properties of PHB.19 The
effect is more important with geranyl acetate with an
improvement of the elongation at break. In this context,
natural wood rosin can act as a source of antibacterial
activity and also as chemical compatibilizer due to its
chemically active structure that is rich in functionality.20

Rosin blended with polylactic acid (PLA) have been
reported to have successfully antibacterial properties.21

The blending of PLA with gum rosin and ester of gum
rosin was recently investigated22,23 showing that they also
have a lubricating effect. In order to get further insight
for the processing aid of terpenes on PHB, additional data
are required about the thermal behavior and crystallinity
of the blend.

In the present investigation, rosin natural terpene,
Dertoline, is tested with emphases on thermal, morphol-
ogy and mechanical properties. Specifically, the thermal
properties at elevated temperature in terms of viscoelastic
behavior and transient viscosity are quantified in order to
provide data for numerical simulations, which could be

used to predict melt flow in injection molding, micro-
screw extrusion or fused deposition modeling.

2 | EXPERIMENTAL SECTION

2.1 | Materials

The biodegradable polymer powder PHB used in this
investigation was produced by Biomer (Germany) as Batch
T19. All polymer samples were stored in a room at 25�C in
an aluminum closed bag protected from the air. Before
any test, the PHB powder was dried in vacuum, at about
10 kPa, during 2 h at 90�C. PHB's chemical representation
is (C4H6O2)n and its density is 1.2 g/cm3 at room tempera-
ture. PHB has a relatively important molecular weight:
254 kg/mol. Dertoline was produced by DRT (France) in
the form of flakes. Its molar mass is 1.1 kg/mol.

2.2 | Sample preparation

Neat PHB and PHB blends with 5, 10 or 15 wt% Dertoline
were mixed using a mortar until a uniform and homoge-
neous powder was obtained. The blends of PHB and Derto-
line are labeled PHB/Dertolinex or PHB/Dx with the wt% of
Dertoline as a subscript: x. Then, the powder was inserted
in a twin-screw extruder (Minilab Thermo Scientific Haake)
at 180�C, with a rotor speed of 60 rpm and retention time
of 1 min. The extruded molten material was discharged into
a microinjection unit (MiniJet Thermo Scientific Haake) at
a pressure of 200 bars for 2 to 20 s, and the applied pressure
was kept for another 2 to 20 s. The collector and the mold
temperatures were set at 180 and 40�C, respectively. The
injection pressure was adjusted according to the decrease of
the polymer melt viscosity in order to obtain specimens of
60 � 20 � 1 mm.

2.3 | Instrumentation

The properties of the blends were tested using (i) differential
scanning calorimetry (DSC), (ii) thermal gravimetry analysis
(TGA), (iii) thermal dynamics mechanical analysis (DMA),
(iv) polarized optical microscopy (POM), (v) uniaxial tensile
testing, and (vi) rotational rheology.

DSC measurements were performed using the DSC25
and Q10 instruments from TA Instruments. To determine
the melting and enthalpy temperature, a heating from
�70�C to 200�C with a heating rate of 10�C/min was per-
formed. The materials were first heated to 200�C, then
cooled to �70�C quickly (100�C/min) and again heated
to 200�C.

2 of 9 CHARON ET AL.
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TGA was performed on a Setaram (Labsys EVO)
instrument from room temperature to 600�C also at
10�C/min in air.

The dynamic thermal analyses (DMA) were con-
ducted with a Q800 from TA instruments equipped with
a liquid nitrogen cooler. Under a temperature range of
�140�C to 170�C at 3�C/min and a frequency of 1 Hz,
the samples were studied in tension mode with 0.07%
deformation. The storage and loss modules as well as the
loss factor for each sample were obtained as a function of
temperature.

The samples were observed through POM using a
Nikon Eclipse LV-N microscope, where the cross-section
of thin films obtained from microtomic cutting were
placed between cross-polarized light at room temperature.

Then, mechanical uniaxial tensile tests provided the
modulus, strength, and failure strain. The materials sam-
ples were tested using an Instron 5965 Universal Testing
Machine equipped with a cell load of 100 N according to
the standard dimensions ASTM638. For each blend,
10 specimens were tested at a speed of 1 mm/min also at
room temperature.

In addition, an ARES rheometer was used to study
the viscoelastic properties of the samples. The rheometer
is equipped with a forced convection oven and 25 mm
diameter parallel plates. For each test the oven was pre-
heated and then a sample disc was loaded in between the
parallel plates and pressed to 0.9 mm. The temperatures
were maintained for 20 seconds and the frequency sweep
took 105 s.

3 | RESULTS AND DISCUSSION

3.1 | Thermal properties

In order to estimate the compatibility between the PHB
and the Dertoline, DSC curves for PHB, PHB/Dertoline
blends and Dertoline are shown in Figure 1. The samples
experienced a first heating cycle, which is used to esti-
mate the melting temperature, Tm, and the melting
enthalpy, ΔHm. PHB has a clear melting peak, which is
in contrast to the Dertoline which seems to have no clear
melting in the range of temperature tested. The following
cooling and melting cycles were used to estimate the
glass transition temperatures, Tg. During cooling, cold
crystallization peaks at temperature around 90�C for
PHB/Dertoline blends are observed. Note a slight
increase of the peak temperature for PHB/Dertoline10
and a large decrease of the peak temperature for
PHB/Dertoline15 to 65�C. The increase could be
explained by the presence of Dertoline which may act as
a nucleating agent and PHB crystallization takes place

through a heterogeneous nucleating mechanism. The
decrease in the peak temperature maybe due to confine-
ment of polymer chains caused by the presence of Derto-
line that prevent the diffusion and the migration of
polymer chains. The thermal transition temperatures for
PHB, Dertoline and the blends are listed in Table 1. The
influence of the Dertoline on the melting temperature of
the blends is small. Indeed, the melting temperature has
practically no evolution after the addition of Dertoline.
Nevertheless, the melting enthalpy experiences an
increase for 5% Dertoline and then a decrease at 10%.
Based on the DSC data, the degrees of crystallinity, χc,
can be calculated by the total enthalpy method with the
following equation:

χc ¼
ΔHm

WPHBΔH ∘
m
�100, ð1Þ

where ΔHm is the specific enthalpy of fusion of the sam-
ples studied, WPHB is the mass amount of PHB in the
mixture and ΔH�

m is the specific enthalpy of fusion of a
100% crystalline PHB with a value of 146 J/g.19 The
degrees of crystallinity of PHB and PHB/Dertoline are
calculated taking into account the real amount of PHB in
each sample and are also reported in Table 1. The theo-
retical Tg values of the blends were calculated with the
Fox24 equation:

1
Tg

¼ w1

Tg1

þ w2

Tg2

, ð2Þ

where subscripts w1 refers to weight fraction of the
polymer (PHB) and w2 to the weight of plasticizer
(Dertoline). Note, the Tg were calculated from the DSC

FIGURE 1 DSC curves of PHB, PHB/Dertoline and Dertoline

samples from a heating and cooling thermal cycle at 10�C/min

[Color figure can be viewed at wileyonlinelibrary.com]
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data. For neat PHB and Dertoline, Tg are 5 and 50�C,
respectively. The values of χc and its dispersion are in
good agreement with previous studies19,25 where X-ray
diffraction measurements of pure PHB have shown crys-
talline PHB macromolecules are packed in an ortho-
rhombic unit cell that has a compact and a right-handed
helix with screw axis. The effect of Dertoline terpene on
the crystallinity of PHB/Dertoline blends is limited with
a slight increase of χc. The melting temperature of the
PHB/Dertoline5 remains unchanged compared to the
neat PHB, but the crystallinity increases from 65.2% to
72.9%. This suggests that the addition Dertoline does not
affect significantly the degree of crystallinity of the
blends, but further studies are required to assess its effect
on the size and orientation of the crystals.

TGA was conducted on the samples and is shown in
Figure 2. The data for the blends show slight mass losses
compared to neat PHB until 270�C. At 280�C, a sharp
mass loss is observed and is due to the vaporization of
the PHB. Then, in the range 300–400�C, a small mass
fraction of PHB (less than 20%) remains due to the slow
vaporization of Dertoline. It is observed that the blends
with largest Dertoline contents lose less weight. At
500�C, the PHB mass is null and only 24% of Dertoline is
left, because of the complex aromatic compounds of

Dertoline are most difficult to decompose. Finally, at
600�C, almost all the material is evaporated.

Figure 3 shows the DMA data over a temperature
range from �110�C to 160�C. It exhibits the usual large
drop in storage modulus, E0, around 20�C. This decrease
corresponds to a maximum value of the loss modulus E00

and tanδ. A reduction of the maximum value of E00 is
observed with the increase Dertoline concentration. The
peak is usually refereed as the α-relaxation, also observed
in X-ray diffraction,19 and is not shifted horizontally by
the presence of Dertoline. But, at elevated temperatures,
interactions between PHB and Dertoline lead to addi-
tional peaks of E00 and tan δ. It suggests the Dertoline
properties are enhancing the material properties in com-
parison to the neat PHB. Note that for temperature above
60�C, the storage module E0 diminishes with the Derto-
line content.

POM images are show in Figure 4 and represent the
microstructure of the PHB and PHB/Dertoline material,
which was rapidly cooled to room temperature after
microinjection. The main features of the POM images is

TABLE 1 Thermal transition DSC temperatures of PHB, PHB/Dertoline and Dertoline

Sample Theoretical Tg (�C) Experimental Tg (�C) Experimental Tm (�C) ΔHm (J/g) χ c (%)

PHB 5 3.5 171.2 95.2 65.2

PHB/Dertoline5 7 3.8 172.2 101.1 72.9

PHB/Dertoline10 8.9 3.5 170.7 83.4 63.5

PHB/Dertoline15 10.5 3.7 170.9 80.2 64.6

Dertoline 50 43.8 – – –

FIGURE 2 TGA of PHB, PHB/Dertoline, and Dertoline sample

at 10�C/min [Color figure can be viewed at wileyonlinelibrary.com]

ta
n

FIGURE 3 DMA of PHB and PHB/Dertoline samples at

3�C/min [Color figure can be viewed at wileyonlinelibrary.com]
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the appearance of spherulites with first a slight increase
of average diameter and then a decrease of diameter with
the increase of Dertoline content. In blends of PHB and
other plasticizers such as talc,26 glycerol, tributyrin,
triacetin,27 starch,28 or triethyl citrate,29 previous investi-
gations have also reported an effect on the nucleation
density and growth rate of spherulite.30,31 Moreover, the
presence of spherulite crystals is associated to intra-
spherulitic cracks that are known to appear either in
radial or circumferential direction within the spherulites
depending on the crystallization temperature25,32 and
cause brittleness. The natural plasticizer (Dertoline)
added here into the PHB polymer acts as a nucleation
agent modifying the density of the nuclei.

3.2 | Mechanical properties

The mechanical traction test results at room temperature
are presented in the form of stress–strain curves in

Figure 5 and summarized in Table 2. It is observed that
the incorporation of 5 wt % of Dertoline caused an
increase in the Young's modulus from 1508 MPa for
the neat matrix to 1859 MPa. Then, the decrease is more
significant as the content of Dertoline increases and
E reduces by 14% for the highest Dertoline content. For
the stress at the break (σr) and the strain at break (εr), the
trend remain unclear and the changes are not significant.
It is interesting to note that PHB evolves as a brittle mate-
rial in the long term because of a relatively high crystal-
linity and in particular the significant secondary
crystallization that occurs while aging.25 An alternative
approach to circumvent the compatibility and the brittle-
ness of PHB materials is to consider copolymers.33

3.3 | Viscoelastic properties

Oscillatory measurements were performed in the linear
viscoelastic regime with 1% strain amplitude. The oscilla-
tory frequency was limited from 100 to 1 rad/s in order to
limit the duration of each test. Multiple runs were carried
out with a new sample at different temperatures:
T = 168, 172, 174, 176, 178, and 180�C. The results were
combined using the time temperature superposition at a
reference temperature of 168�C using the REPTATE rhe-
ology software.34 Figure 6a presents the storage modulus,
G0, the loss modulus, G00, and the complex viscosity,
η� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G02þG002

p
=ω, as a function of the reduced angular

velocity aTω, where aT are the shifting factors.

FIGURE 4 POM observation of the PHB, PHB/Dertoline5, PHB/Dertoline10, PHB/Dertoline15 (from left to right) at room temperature.

The red lines represent spherulitic crystalline structures and the scale bar represents 20 μm. [Color figure can be viewed at

wileyonlinelibrary.com]

FIGURE 5 Strain and stress curves of PHB and PHB/Dertoline

[Color figure can be viewed at wileyonlinelibrary.com]

TABLE 2 Mechanical properties of PHB and PHB/Dertoline

Sample E (MPa) σr (MPa) εr (%)

PHB 1508 ± 232 11 ± 7 2.8 ± 1.5

PHB/Dertoline5 1859 ± 546 12 ± 7 2.4 ± 0.7

PHB/Dertoline10 1849 ± 191 10 ± 7 1.4 ± 0.6

PHB/Dertoline15 1316 ± 140 17 ± 7 2.3 ± 0.7

CHARON ET AL. 5 of 9
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For PHB/Dertoline blends, the behavior of G0 and G00

are essentially similar to PHB, as seen in Figure 6(b-d).
Yet, the plateau of the complex viscosity, η*, seems to
decrease with the concentration of Dertoline. This varia-
tion illustrates the large variability of the sample proper-
ties. The behavior of η* of the PHB and PHB/Dertoline
can be modeled using a modified Carreau–Yasuda
model:

η� ωð Þj j ¼ η0 1þ ωλð Þa½ �n�1
a ð3Þ

The parameters the Carreau–Yasuda fits are given in
Table 3 and indicate no clear monotonous behavior of
the shear-thinning index (n). The characteristic relaxa-
tion time (λ) from the Carreau-Yasuda fit varies from
21 to 97 ms. Another relaxation time can be defined by
the crossing between the moduli that leads to 1=ωc ’ 0:5
s at T = 164�C. Clearly, the whole polymer melt cannot
be represented by a single relaxation time.

The actual relaxation of a polymer chain has a spec-
trum of relaxation times. This can be represented with
the generalized Maxwell model:

G0 ωð Þ¼
XN

i¼n

Gi ωλið Þ2
1þ ωλið Þ2 ð4Þ

G00 ωð Þ¼
XN

i¼n

Gi ωλið Þ
1þ ωλið Þ2 ð5Þ

FIGURE 6 Dynamic moduli (G0 and G00) and complex viscosity (η*) as a function of shifted angular frequency (aTω) at a reference

temperature Tref = 168�C for (a) PHB, (b) PHB/Dertoline5, (c) PHB/Dertoline10, and (d) PHB/Dertoline15. The lines are the Maxwell and

Cross models described in the text with the parameters listed in Tables 3 and 4 [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 3 Parameters of the modified Carreau-Yasuda model

for PHB and PHB/Dertoline

η0 (Pa s) n λ (ms)

PHB 2648 0.94 29

PHB/Dertoline5 986 1.07 21

PHB/Dertoline10 2782 0.82 97

PHB/Dertoline15 646 0.86 28

6 of 9 CHARON ET AL.
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where Gi and λi are the modulus and relaxation time cor-
responding to the ith Maxwell element of the generalized
Maxwell model. The measured G0 and G00 are fitted by
four Maxwell elements, which are represented by lines in

Figure 6 and the parameters are listed in Table 4. Four
elements are sufficient to describe the viscoelastic behav-
ior, which is viscous dominated before the crossing point.

From the time–temperature superposition, the shift
factors, aT, are presented in Figure 7 as a function of
1/T � 1/Tref. Close to the Tg, the thermal dependency of
aT is usually described by the Williams-Landel-Ferry
(WLF) equation.35 However, here at higher temperature,
the free volume is no longer the limiting factor and the
viscosity-temperature relationship follows an Arrhenius
equation36:

lnaT ¼Ea=R� 1=T�1=Trefð Þ ð6Þ

where Ea is the apparent activation energy linked to the
energy needed for a chain segment to jump between an
occupied site and an unoccupied one. R is the gas con-
stant and Tref is the reference temperature, here
Tref = 168�C. In the inset of Figure 7, Ea is plotted as a
function of the weight fraction of Dertoline in PHB, the
values are in a range of 150 to 50 kJ/mol and decreases
with percentage of Dertoline. Previous estimates of the Ea

for PHB37 are in the range 37–40 kJ/mol. The present
high values of Ea indicate a rapid variation of the
thermo-rheological properties of PHB and PHB blends.

3.4 | Transient rheology

The previous viscoelastic data were obtained after few
minutes at temperatures close to the melting tempera-
ture. In order estimate the degradation time associated
with PHB and PHB/Dertoline, transient tests have been
performed from 0 to 600 s at different temperatures from
174 to 186�C. Figure 8 presents the results for oscillatory
tests in terms of relative viscosity, which is the ratio of
the viscosity at a given time and the viscosity at t = 0.
The oscillations are stress controlled with amplitude of
1% and frequency of 1 rad/s. In Figure 8a, one can pro-
pose there is a plateau between 0 and 120 s for the tem-
peratures under 180�C where relative viscosity remains
roughly constant. That is why we operate in this short
among of time (120 s) for our dynamic frequency
sweep presented earlier. The polymer was strongly
degraded in a short among of time, 40% in 200 s, inde-
pendently of the temperature. Shear measurements at
10 s�1 were not possible as the sample does not remain
between the plates. For PHB/Dertoline5, Figure 8b pre-
sents the transient oscillatory tests, where there is a
bigger fall of relative viscosity between 0 and 100 s. For
PHB/Dertoline10 and PHB/Dertoline15, the decrease of
relative viscosity between 0 and 100 s is not improved
compared to neat PHB.

TABLE 4 Parameters of the generalized Maxwell model for

PHB and PHB/Dertoline

i Gi (Pa) λi (s)

PHB 1 282.7 0.958

2 5314.8 0.179

3 31,220.3 0.034

4 95,568.3 0.006

PHB/Dertoline5 1 726.2 0.339

2 9637.4 0.049

3 31,408.4 0.007

4 116,817 0.001

PHB/Dertoline10 1 134.6 2.691

2 2189.5 0.394

3 16,743.3 0.058

4 61,692.6 0.008

PHB/Dertoline15 1 87.0 1.649

2 1089.1 0.183

3 11,536 0.020

4 64,753.3 0.002

a

, ×

FIGURE 7 Shift factor, aT, as a function of 1/T � 1/Tref for

PHB and PHB/Dertoline. Tref is 168�C and the lines are linear fits.

The insert is the activation energy, Ea, as a function of the weight

ratio of Dertoline in PHB [Color figure can be viewed at

wileyonlinelibrary.com]
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4 | CONCLUSION

In conclusion, biobased and biodegradable PHB/Dertoline
blends have been examined through POM, DSC, TGA,
DMA, and tensile tests. The addition of Dertoline first
increases the degree of crystallinity from DSC at 5 wt% Der-
toline and then decreases slightly the crystallinity, compared
to neat PHB. TGA suggests an augmented thermal stability
with the addition of Dertoline. Moreover, smaller spherulites
are observed for 10 and 15% Dertoline samples, which
results in larger measured strains at break. In addition, tran-
sient oscillatory rheology at different temperatures indicate
the degradation is slightly prevented at low temperature
170�C. Overall, the rapid reduction of polymer melt viscosity
at high temperature only allows to process PHB for a short
running time. Hence, the PHB is recommended for micro-
screw extrusion for example in additive manufacturing, such
as fused deposited modeling technologies.38 Finally, the tem-
perature rheology time superposition was obtained so that
activation energies and parameters of the Carreau-Yasuda
and Maxwell models are provided, which could be used to
model precisely the melt flow behavior. In the future, more
properties of the blend need to be quantified: the aging, the
antioxidant effects, the gas permeability,39 the crystalline
structure,40 the flammability and the cost effectiveness and
life cycle.41,42
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