PHBYV Crystallization under Injection Molding Conditions:
Influence of Packing Pressure and Mold Temperature
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ABSTRACT: Poly(3-hydroxy butyrate)-co-(3-hydroxy valerate) (PHBV) is a biobased and biodegradable polyester. This
semicrystalline bioplastic could be a good candidate for the replacement of some commodity plastics derived
from oil. However, the control of the conditions of its processing in order to obtain optimal properties of the
finished products remains a current research subject. The objective of this work is to better understand the
crystallization under injection molding conditions by inline measurements during the process. We focused
on the influence of two key processing parameters, namely, mold temperature and packing pressure. The
modeling of inline temperature measurements allowed an inverse estimation of the thermodynamic melting
temperature of PHBV and of the heat of crystallization’s variations with processing parameters.
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1 INTRODUCTION

Over the recent decades, poly(hydroxyl alcanoates)
(PHAs) have drawn a lot of attention as a family of
biobased and biodegradable polyesters produced
by microorganisms, whose chemical structure and
properties can be controlled by biotechnology [1].
However, commercial PHAs, such as Poly(3-hydroxy
butyrate)-co-(3-hydroxy valerate) (PHBV), still have
limited applications. Besides still being relatively high
price, PHAs suffer from a poor thermal stability under
melt processing conditions [2] and from progressive
embrittlement after processing due to physical aging
and secondary crystallization [3]. These issues can be
respectively addressed by using the so-called reverse
temperature profile in injection molding [4] and by
optimizing the primary crystallization [3]. For that rea-
son, important research efforts have been dedicated to
the influence of nucleating agents [5-6], including nan-
oparticles [7-8], and to crystallization kinetics studies
both under isothermal [8-11] and non-isothermal con-
ditions [12-13]. However, these studies have gener-
ally been based on differential scanning calorimetry
experiments. Contrary to conventional semicrystalline
plastics such as polyolefin, no experimental studies of
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the crystallization of PHAs under real processing con-
ditions can be found in the literature. To our knowl-
edge, only numerical simulations of molded PHBV
part crystallization upon cooling were performed [14].

In the present paper, we use a specific experimental
design previously developed by our research group
for inline characterization of polypropylene crystal-
lization kinetics under injection molding conditions
[15]. This device allows investigating the influence of
two key processing parameters, namely, mold temper-
ature and packing pressure, on PHBV crystallization
kinetics.

2 EXPERIMENTAL AND MODELING

2.1 Materials

A poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) produced by Tianan Biologic (China) for injec-
tion molding (Grade Y1000P) was used. According to
the supplier, it has a melting temperature of 165 °C
and contains a nucleating agent of unknown nature.
Before processing, it was dried following the suppli-
er's recommendations (48 h at 95 °C in order to obtain
a moisture content below 250 ppm, measured by the
Karl Fischer method).

/ © 2018 Scrivener Publishing LLC



DOI: 10.7569/JRM.2017.634179

G. El hajj Sleiman et al.: PHBV Crystallization under Injection Molding Conditions

2.2 Injection Molding and Inline
Temperature Measurements

A Milacron Elektron 50 injection molding machine
equipped with an instrumented molding cavity
(Figure 1) was used. The barrel temperature was set
to 180 °C, with a melt residence time of 20 s before
injection (40 mm/min; 700 bar). Note that according to
our previous work on PHBV thermomechanical deg-
radation under injection molding conditions [2], these
real processing conditions are expected to lead to a
decrease of PHBV molecular masses. This may affect
crystallization kinetics in a way that is not detectable
by offline studies by DSC on pristine PHBV.

After injection, a pressure holding time of 30 s and
a total cooling time of 40 s were used before opening
the mold. Two different mold temperatures (30 °C and
60 °C) and two different holding pressures (100 bar
and 200 bar) were used. The molding cavity (Figure 1)
is instrumented with two pressure-temperature sen-
sors (diameter 4 mm; Kistler®) located opposite each
other in the mobile and fixed parts of the mold. A fly-
ing probe designed and described in detail in previ-
ous works [15-16] allows monitoring the temperature
inside the polymer during cooling and crystallization.
Briefly, it consists of a K-type thermocouple (butt-
welded chromel-alumel filament of diameter 50 pm,
allowing a measuring range up to 1100 °C, with typical
accuracy of = 0.2%). The thermocouple is positioned in
the middle of the molding cavity’s thickness (4 mm)
thanks to a needle which also allows its protection and
prevents motion under the effect of the holding pres-
sure (Figure 1).

The position of the thermocouple is determined a
posteriori after each injection molding experiment. This
is done by cutting the injected part closest to the ther-
mocouple. Then, the part containing the thermocouple
tip is polished until the thermocouple becomes clearly
visible. A binocular microscope is then used to capture
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an image of the thickness with the thermocouple posi-
tion. Figure 2 shows the distribution of the thermocou-
ple positions obtained inside the 4 mm thick molded
parts in a series of injection molding experiments.

2.3 Modeling and Simulation of Flying
Probe Temperature Evolution

Our objective was to simulate the temperature of
PHBYV at the center of the molding cavity measured
with the flying probe during cooling stage. The ejec-
tion step where the molded part is in contact with
ambient air outside the mold, is not modeled in the
present study.

Because the thickness of the molded part (4 mm)
is much smaller than its width (81 mm) and height
(71 mm) (Figure 1), the heat transfers in the thickness
dimension are predominant. Thus, a one-dimensional
heat transfer problem in the thickness direction x was
considered (Figure 3).

At the end of the mold filling step (t = 0), the molten
polymer and the mold temperatures are considered
homogeneous and are respectively equal to the
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Figure 2 Distribution of flying temperature probe
thermocouple positions for the different injected samples
(location around 2 mm, in the center of the mold cavity).
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Figure 1 Instrumented molding cavity (a) and flying
temperature probe (b).
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Figure 3 One-dimensional heat transfer problem in the
thickness direction x.
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injection temperature (T, ) and the set cooling tem-
perature (T, ) controlled by the injection molding
machine’s thermoregulator. The polymer in the mold
is assumed immobile, thereby neglecting the effect of
the viscosity.

The 4 mm thick molded PHBV part is situated
between two thick steel blocks of 24 mm thickness
(Figure 3). Because the boundary conditions are iden-
tical on both sides of the molded part; simulating the
cooling of the injected part is reduced to a symmetric
problem. Before opening the mold, the thermal trans-
fer mode between the part and the mold is conduction-
type. The PHBV part is in contact with both parts of
the mold, the temperature of which is regulated by the
cooling channels to the set temperature T, , withah, .,
exchange coefficient between the mold and the fluid.

Cooling of the PHBV part is described by the heat
equation with a source term, taking into account the
heat generated during crystallization:

Cp(T,a) B_T

AH  da _ 0
o(P,T,a) ot

o(P,T,a) ot
(1)

where Cp(T, a), AT, a), and v(P, T, a) are the thermo-
physical properties of the polymer: heat capacity, heat
conductivity, and specific volume, respectively, and
AH is the latent heat of crystallization.

It is noteworthy that the value of AH actually
depends on the absolute crystallinity degree at the
end of the cooling step. As an opposition, a is the
relative crystallinity degree defined as follows: a = 0
corresponds to the initial molten state, and a = 1 cor-
responds to the final semicrystalline state at the end
of cooling. Depending on cooling and crystallization
kinetics, this final absolute crystallinity degree cor-
responds to a = 1, and so the value of AH can vary.
However, the only simulations available for PHBV in
the literature consider a fixed value of AH [14]. In the
present work, we will use this fixed value of AH as a
first approximation, but we will show that the varia-
tions of AH, depending on processing conditions, can
also be evaluated by inverse estimation.

Despite the heat capacity, heat conductivity and
specific volume can depend on temperature T, pres-
sure P and relative crystallinity o, the thermal con-
ductivity and the specific volume were considered
constant, and the pressure dependence was neglected.
For the heat capacity:

Cp(T,a)=(1-a)-Cp,(T)+a-Cp (T) @

+V(=A(T,a).VT)-

where Cp and Cp_ are heat capacity for PHBV in
amorphous/melt and final semicrystalline states.
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Given that the well-known Avrami model only
suitably describes isothermal crystallization kinetics
[10, 17], the Nakamura law [18] which is best suited
for non-isothermal crystallization kinetics modeling
was used:

n-1

da 1 n
7 — (1 - - 3
; n/f( )(1 a)(ln(l )) 3)

where 1 is similar to the Avrami parameter and x(T) is
the rate constant, given by the crystallization theory of
Hoffman-Lauritzen:

() ot
K(T)z Go-e R(T-T..) e T(Tyy -T) @

where G is a pre-exponential coefficient that is con-
sidered here to be constant, U* represents the acti-
vation energy; R is the universal constant of ideal
gas; K is the nucleating parameter relating to the
energy required for the formation of a critically sized
germ; T, =T 30 °C presents the temperature below
which it is assumed that no movement of macromo-
lecular chains can occur; T is the glass transition
temperature and T, is the thermodynamic melting
temperature. ’

Concurrently, the heat transfer in the mobile and
fixed parts of the mold was modeled by the heat
equation:

2
2,C a—T—ima—Z=0 (5)
P ot ox
where p ,C and /  are the density, specific heat and
heat conductivity of steel.

Finally, the heat transfer by convection in the cool-
ing circuits was described by:

JoT
jm [a—x] = hfluid '[Tﬂuid - T(t' X = xp T X )]
X=Xp+Xpy

(6)

The values of the parameters in Equations 1 to 6
used for simulations are listed in Table 1. They were
taken from the literature [10, 14, 16] except for the heat
capacity, which was measured by differential scanning
calorimetry (DSC, Mettler Toledo DSC 1) using a sap-
phire reference.
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Table 1 Thermophysical and crystallization parameters used for simulations.

Mold thermophysical parameters (1) (Farouq et al., 2005)

PHBYV thermophysical parameters (2)(Stefani et al., 2009)
- (3)Measured by DSC

p=7874(kg /m*)"

p=1200(kg /m*)”

C, =475(J/ kg /K)"

Cp,=1990(] / kg / K)
Cp, =1205xT+1612(] / kg / K)"”

A, =45(W /m/K)"

A=0.156(W / m / K)®

PHBV crystallization parameters (2) (Stefani et al., 2009) — (4) (Peng et al., 2003)

AH =383 k] / kg®

K,=314x10° K*

G, =4.8090x10° ¥ T,, =175°C*
U =6276] /mol ¥ n=3% T, =0°C?

3 RESULTS AND DISCUSSION

3.1 Flying Probe Temperature
Measurements Curves

Figure 4 shows the effect of holding pressure and
mold temperature on flying probe temperature meas-
urements T(t) and their time derivative dT(t)/dt curves.

No strong pressure influence can be observed in the
studied pressure range. According to previous work
on polypropylene crystallization [15], piezo depen-
dence becomes significant above 200 bar. Here, one
can observe that pressure influence is only slightly
noticeable after the crystallization plateau. This result
can be explained by an increase of the polymer’s heat
conductivity against pressure [19]. More generally, the
increase of pressure gives molded part with a greater
compactness which enhances as a matter of fact the
contact quality between the part and the mold, thus
leading to a more rapid cooling.

As an opposition, a strong influence of mold
temperature can be observed: raising the mold tem-
perature from 30 to 60 °C delays by roughly 20 s the
cooling time necessary to reach a temperature of 80 °C
at the core of the PHBV part. The time derivative of
the T(t) curves evidences that the molded polymer
underwent severe cooling kinetics. Indeed, the cooling
rate changes from —250 °C/min to 0 °C/min in less
than 15 s for a mold temperature of 30 °C. In the case
of the molding achieved under a temperature of 60 °C,
one can see that the cooling rate becomes positive,
denoting the warming of the part core due to heat
released during crystallization.
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3.2 Simulations and Crystallization
Parameters Estimation

Figure 5 shows examples of simulations of experimen-
tal data (thick continuous lines) for 2 sets of molding
conditions: The first simulations (black dotted lines) are
obtained using the parameters available in the litera-
ture (Table 1). It can be seen that the simulated cooling
curves match qualitatively the cooling kinetics, with
the presence of a temperature plateau due to crystal-
lization. However, it clearly fails in predicting the tem-
perature at the crystallization plateau and its duration.

According to our previous work on polypropylene
[15], the predictions of the model used for simulations
in the crystallization plateau region are extremely
sensitive to two parameters: The equilibrium melt-
ing temperature T and the latent heat of crystalliza-
tion AH, responsible for the warming of the polymer
part. Figure 6 shows a sensitivity study of the model’s
predictive accuracy with respect to these two param-
eters: We considered values of T ranging from 170
to 190 °C (around the literature value of 175 °C [10])
and values of AH ranging from 35 to 50 kJ /kg (around
the literature value of 38.3 kJ /kg [14]). The plot shows
the evolution of the absolute mean square difference
oT between simulated T and measured T temper-
ature curves as a function of the two crystallization
parameters:

ol = \/l i(TSim (t)=T (fi))2 (7)
m-i-

e © 2018 Scrivener Publishing LLC 273


http://dx.doi.org/10.7569/JRM.2017.634179
http://dx.doi.org/10.7569/JRM.2017.634179

G. El hajj Sleiman et al.: PHBV Crystallization under Injection Molding Conditions DOI: 10.7569/JRM.2017.634179

i P=100 bar; T, ,=30°C

mold

—— P=100bar; T__ =60°C

mold

0 20 40 60

| b= P=100 bar; T, ,,;=30°C
— P=100 bar; T,,;,¢=60°C

mold
20 40 60
t(s)

200,
180:
160
140
G120
'9:100

[ P=200bar; T =30°C

—— P=200bar; T__ =60°C

mold

g P=200 bar; T, ,;=30°C

-250 |
— P=200 bar; T,,,,4=60°C
300 - 1
20 40 60
t(s)

Figure 4 Flying probe temperature measurements: (a) T(t) curves and (b) their time derivative dT(t)/dt curves obtained for two
holding pressures (100 and 200 bars) and two mold temperatures 30 and 60 °C.
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Figure 5 Simulations vs. experimental data for two sets of molding conditions (pressure, temperature and enthalpy of

crystallization are given in bar, °C and kJ/kg, respectively).

where m is the number of considered measurement
points acquired at time ¢,.

One can clearly see in Figure 6 that the values of
T_ which give the best fit for the four molding con-
ditions tested are very close (180 < T, <182 °O).
Concurrently, the corresponding AH values show
a relatively more important variation. The heat of
crystallization increases by = 10% with both mold
temperature and holding pressure from AH =39 kJ /kg
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(for 30 °C/100 bar) to AH = 43 kJ/kg (for 60 °C/
200 bar).

The cooling curves simulations corresponding to
these processing conditions with the average value of
T_ =181 °C and these extreme values of AH are plot-
ted on Figure 5. A significantly better fit with experi-
mental data can be observed compared to the initial
simulation with fixed literature values (black dotted
lines).
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Figure 6 Influence of AH and T _, values on absolute mean square difference between simulated and measured temperature

curves for four molding conditions.

These estimated variations of the estimated latent
heat of crystallization can be ascribed to an increase of
the final crystallinity of PHBV. It suggests that the pro-
cessing conditions can modulate the primary crystalli-
zation of PHBV. However, as observed in Figure 4, the
use of a high mold temperature results in significantly
longer cooling times. From an industrial perspective,
this is disadvantageous as it affects the productivity
of the molding process. In further studies, it may be
interesting to try to combine low mold temperature
with higher holding pressure values.

4 CONCLUSION

In this work we tried to analyze the influence of two
injection molding key parameters (holding pressure
and mold temperature) on the crystallization of PHBV
during the cooling step. Injection tests were carried
out in a molding cavity instrumented with pres-
sure sensors and a flying temperature probe located
at the middle of the molded part’s thickness. These
inline temperature measurements were compared to
numerical simulations based on the Nakamura crys-
tallization kinetics and the Hoffman-Lauritzen crystal-
lization growth models.

J. Renew. Mater., Vol. 6, No. 3, April 2018

Using the literature values for the thermophysi-
cal and crystallization parameters, the simulations
describe qualitatively well the cooling behavior of
PHBV molded part. A more quantitative prediction
was possible by adjusting two key crystallization
parameters. Indeed, the resulting estimated value
of the equilibrium melting temperature T and the
latent heat of crystallization AH remain close to the
initial literature data but show a 10% variation of AH
depending on the processing condition, indicating the
possibility to modulate the final crystallinity degree.
To our knowledge, this is the first time that these crys-
tallization parameters of PHBV have been estimated
under real processing conditions close to industrial
use. In particular, the measured cooling rates of the
molded parts are shown to be very high compared to
offline crystallization experiments done under “much
softer” conditions previously reported.
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