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SYNOPSIS

We investigated the nonisothermal crystallization during the cooling process of injection
molding of poly(ethylene terephthalate) (PET), PET/talc, and PET/Surlyn blends. We
applied the isothermal crystallization parameters obtained by the Hoffman—Lauritzen theory
to the kinetics of nonisothermal crystallization and then calculated the relative crystallinity
X/X. as a function of the mold temperature. X/X. were nicely interpreted by calculation
without effect of the pressure history on crystallization in PET and PET/tale (1 wt %)
blends. In contrast, in the PET/Surlyn (3 wt %) blend, crystallization occurred at a lower
mold temperature than predicted by our calculation. The transmission electron micrograph
near the surface of the injection-molded PET/Surlyn blend showed deformation and
stretching of dispersed Surlyn particles, suggesting that orientation of the PET matrix
proceeds with the flow in processing. The orientation of the PET matrix resulted in ac-
celeration of the crystallization in the injection molding. € 1995 John Wiley & Sons, Inc.

INTRODUCTION

Injection molding for semicrystalline polymers in-
volves a complicated thermal history and stress
field, 1.e., a nonisothermal cooling process, stress
during injection pressure loading, and simultaneous
orientation of molecular chains. In this situation,
the key to material design is careful control of pro-
cessing conditions. Ten years ago, there were con-
siderable experiments and simulation to investigate
the mold-filling and cooling effects of amorphous
polymers.'”* Kamal discussed the ultimate degree of
crystallinity by combining heat transfer and kinetics
of crystallization models. Rgdahl proposed inclusion
of the estimation of the residual stress distribution
into the calculated procedure.*

Recently, computer aided engineering (CAE)
has been a powerful tool for investigating process
analysis. With this, it is possible to predict mold
shrinkage and warpage due to the crystallization;
however, it is difficult to practically estimate actual

* To whom correspondence should be addressed.
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volume change during molding so that the simu-
lated results are strongly dependent on the many
parameters set.” To understand the crystallization
in injection molding, it is very important to measure
the transient temperature, pressure, and crystal-
lization behavior during the cooling process.® A
preliminary study was carried out, in our previous
article, under isothermal crystallization conditions
on processing ability as a function of mold tem-
perature in the case of a poly (ethylene terephthal-
ate) (PET)/talc system.”

In this article, we extend the study of the noni-
sothermal crystallization of PET, PET /talc, and
PET /polyethylene ionomer blends, taking into ac-
count not only pressure but also orientation during
injection molding. Furthermore, we measure the ac-
tual transient resin temperature and loading pres-
sure in the mold and apply the isothermal crystal-
lization parameters obtained by the Hoffman-
Lauritzen theory to the kinetics of nonisothermal
crystallization and calculate the degree of crystal-
linity as a function of the various mold temperatures
during cooling. We discuss, in detail, the noniso-
thermal crystallization behavior of the polymer
blends in the injection molding.
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EXPERIMENTAL

Poly (ethylene terephthalate) (PET) used in this
study was a commercial product from Toyobo Co.
(RE530, M,, = 4.6 X 10%; Toyobo Plastic Division).
The talc was generously supplied by the Hayashi
Kasei Co. (talkan-PK, mean diameter = 8.0 um)
and the polyethylene ionomer was from DuPont
(Surlyn #1707, sodium-neutralized acrylicacid ~ 3
wt % ). Mixtures of PET /talc (1 wt %) and PET/
Surlyn (3 wt %) were melt mixed in a corotating
twin extruder (Ikegai Machinery Co.; 30 mm ¢, L./
D = 16; barrel temperature = 280-290°C). The ex-
truded melt was quickly quenched into ice water and
chopped into pellets. The pellets were injection
molded to a sheet (30 X 100 X 1 mm) by an injection
machine (Toshiba Machinery Co., IS-100; barrel
temp. = 280°C, injection time = 10 s, holding time
= 20 s) at various mold temperatures. Injection
speed was 5.2 cm®/s, which corresponded to a low
speed. During the melt-cooling process, just after
the mold filled, the resin temperature and loading
pressure were monitored by embedding the ther-
mocouple and pressure sensor in the mold. The in-
jection-molded specimen was mounted on an ul-
tramicrotome ( Ultracut N, Reichert-Jung) and mi-
crotomed to provide a flat specimen ( ~ 50 um) from
the surface, and the degree of crystallinity X, was
measured. X, was measured by a Perkin-Elmer dif-
ferential scanning calorimeter (d.s.c.), DSC-7 at a
heating rate of 20°C /min with indium as a calibra-
tion standard. We estimated X, using the endo-
thermic peak at the melting point of the microtomed
thin specimen, taking into account the exothermic
peak during the heating process due to the incom-
pletely crystallized specimens. That is, X. of each
microtomed specimen was determined from:

X.(wt %) = AH/AH® (1)

where AH = AHpeiting — AHpeating process and AH? is
the heat of fusion of 100% crystalline PET (AH®
=122 J/g).2 We also measured the nonisothermal
crystallization behavior during the cooling process
of extruded-and-quenched blends and neat PET by
d.s.c. at various cooling rates.

For the analysis of the isothermal crystallization
behavior, the quenched blends and PET were placed
between two cover glasses and melt pressed to a thin
film (ca. 20 um thick) at 280°C (> T,, of PET) for
1 min. Then the remelt underwent a rapid temper-
ature-drop to the various isothermal crystallization
temperatures by putting it on a hot stage set on a
light-scattering apparatus. Immediately after the

temperature drop, the time-resolved light-scattering
measurement was carried out as described in the
previous articles.” The radiation of a polarized He—
Ne laser of 632.8 nm wave length A was applied ver-
tically to the film specimen and the scattering profile
was observed at an azimuthal angle of 45° under Hv
(crosspolarized) optical alignment.

The morphology of the injection-molded speci-
men was observed under transmission electron mi-
croscopy (TEM), using a Hitachi H-600 (100 kV)
with a microtomed-thin section (ca. 70 nm) with
ruthenium tetroxide staining.

To understand the nonisothermal crystallization
1n a complex stress field, we carried out the pressure—
temperature-volume { PVT) measurement by a PVT
apparatus from Shimazu (PVT-200). The cell was
filled with quenched blend or neat PET with ap-
proximately 1 g of polymer and mercury. The cell
was closed on one end by a flexible bellows and the
expansion was measured with changing temperature
in order to determine the volume at a cooling rate of
10°C /min and loading pressure range of 1 to 50 MPa.

The orientation at the surface of an injection-
molded specimen was analyzed qualitatively by
chain-intrinsic fluorescence intensity.’ The mea-
surements were carried out using a fluorescence
spectrophotometer Hitachi F-4010. The excited
wavelength around 340 nm had an angle of 70° to
the injection-molded specimen surface. The emis-
sion spectrum then had a maximum around 390 nm.
Using polarized-incident light and measuring the
polarized components of the fluorescent light, we
estimated the degree of orientation of the fluorescent
intensity between the flow direction and the cross-
flow one.

RESULTS AND DISCUSSION

Isothermal Crystallization Kinetics

In order to estimate the nonisothermal crystalliza-
tion during the cooling process in injection molding,
it is necessary to know the isothermal crystallization
behavior of the blends and neat PET. Light scat-
tering is a powerful and very convenient tool to de-
termine the crystallization kinetics.!!2

The change of the Hv light-scattering patterns
during isothermal crystallization at various tem-
peratures ranging from 110 to 240°C were studied,
and we obtained a four-leaf clover pattern at an early
stage of crystallization, suggesting that spherulites
are formed and then grow with time. From the one-
dimensional Hv scattering profiles at an azimuthal
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Figure 1 Temperature dependence of G and N in iso-
thermal crystallization of PET.

angle 45° in the scattering patterns at various crys-
tallization times, one can obtain the average radius
of spherulites Ry, by a maximum at scattering angle
o

4.09 = 47(Ry, /M) sin(6,,/2) (2)

Time variation of the radius of the spherulite Ry,,
at various crystallization temperatures T, was ob-
tained, and Ry, showed a linear growth. From the
slope, the linear growth rate of the spherulite G
(= dRy,/dt) was obtained and is shown in Figure
1. Using the crude approximation that all the spher-
ulites were of identical size, the primary nucleation
density of the spherulites, i.e., the number of het-
erogeneous nuclei N, was estimated by:

N = (3/4m)R;} (3)

where R,, is the maximum radius of the spherulite,
i.e., the attainable radius before impingement. The
crystallization temperature dependence of N is
shown in Figure 1.

It is generally accepted that the growth rate of
spherulites may be expressed by the Hoffman-
Lauritzen theory'**
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G=Gyexp[-U*/R(T.— T,
+30)]exp[—K,/TA(AT)f} (4)

where U* is the transport activation energy for chain
diffusion, R is the gas constant, K, is the nucleation
constant for secondary nucleation, AT is the super-
cooling (= Ty, — T., Ty, being the equilibrium melt-
ing temperature and 7, being the crystallization
temperature ), and f is the correction factor given
by 2T./(Ty + T.). The nucleation constant K, is
given by:

K, = nboo, T,/ AH k (5)

where b is the thickness of a monomolecular layer
comprising the perpendicular separation of (010)
planes (i.e., b = 5.53 A),' ¢ and o, are the lateral
and end-surface free energies, respectively, k is the
Boltzmann constant, and n takes on a value of 4 in
regime I or III and a value of 2 in regime II. The
equilibrium melting point of each sample was de-
termined from a Hoffman-Weeks plot for the iso-
thermally crystallized sample (10 h crystalliza-
tion).™®

Assuming heterogeneous nucleation with con-
current three-dimensional growth, then the number
of nuclei N is given by:?®

N = Noexp[-aT/T(AT)f] (6)

where a is constant.

Using the egs. (4) to (6), one can estimate the
unknown parameters for each blend and neat PET.
All parameters thus obtained are listed in Table 1.

Nonisothermal Crystallization Kinetics

Because rapid cooling occurs in the injection-mold-
ing process, we have to take this situation into ac-
count and use nonisothermal crystallization kinetics.
Figure 2 shows the preliminary results of the tem-
perature dependence of the reduced degree of crys-
tallinity X /X, from the melt state at various cooling

Table I Characteristic Parameters Obtained from Egs. (4) to (8)

TS U* oo, X 1075 Go X 107* T2 Ny X 1073 ax 1072
Sample ©C) (cal/mol) (cal?/m*) (um/s) °C) (um™>) (K™
PET 279 1384 2.85 3.2 202 8.1 6.25
PET/talc (1 wt %) 279 1380 2.80 3.2 202 13.4 6.4
PET/Surlyn (3 wt %) 279 1273 2.57 3.0 207 22.0 7.5

* Regime transition temperature from II to III.
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Figure 2 Nonisothermal crystallization behavior of

PET at various cooling rates.

rates of neat PET measured by d.s.c. Slow crystal-
lization is observed with increasing cooling rate, i.e.,
high cooling rate disturbs the nonisothermal crys-
tallization.

According to Avrami®”™*®* and Mandelkern,'® the
time dependence of X, for the nonisothermal process
under certain assumptions is given by:

—ln(l - 1)
X

_1lp t{fG(u)du}mN(t*)dtf (7)
xcpl 0 t.:

where p. and p; are the density of the crystalline and
liquid phase, respectively, t¥ is the initiation time
of crystallization, and m is the shape factor constant
(= 3, three-dimensional growth). t¥ is also related
to the initiation temperature 7* or T'¥ (in injection
molding) of crystallization after a temperature drop,
which is discussed later.

Using eq. (7) and t¥* (or T*), one can calculate
the temperature dependence of X /X.. The solid lines
in Figure 2 are calculated profiles, and one can see
good agreement between experimental and calcu-
lated results. The nonisothermal crystallizaton be-
havior is nicely reproduced here by calculation.

Analysis of the Injection-Molding Process

Typical experimental data relating to the time vari-
ations of the resin temperature and loading pressure
at the mold wall during the cooling process of neat
PET, just after the filling stage, are shown in Figure
3. A large pressure is applied to the polymer liquid
at an early stage in the cooling process (¢t < 4 s) and

then the pressure is decreased rapidly with time and
finally is close to zero for 12 s. The resin temperature
profiles at various mold-temperature conditions in-
dicate that rapid cooling occurs at the mold surface
as expected, and polymer is fixed at the initial setting
mold temperature for more than 12 s. The question
is, when dose the crystallization start during the
cooling stage? If the crystallization starts in the
temperature range from 220 to 170°C, one should
take into account the effect of the pressure on crys-
tallization. That 1s, the crystallization will be ac-
celerated several orders of magnitude and change
the dimensionality of the crystal growth such as
shish-kebab.

In contrast, crystallization at a late stage of the
cooling process may be close to the quiescent state,
except for the molecular orientation. To confirm the
above point, we estimated the initiation temperature
T?* during nonisothermal crystallization in the in-
jection-molding process as follows. The cooling rate
dependence of T*, measured by d.s.c., of each blend
and neat PET are shown in Figure 4. In the case of
neat PET, no crystallization occurs more with than
a 300°C /min cooling rate because T* is below T,
(~ 78°C). Combining the results in Figures 3 and
4, one can estimate T¥ as a crossover point between
cooling profiles in the injection-molding process and
T* profile as a function of cooling rate again in Fig-
ure 5. One can see a rapid cooling of molten polymer
at an early stage of the cooling process (more than
1000°C /min). Note that T'¥ corresponds to the late
stage of the cooling process, i.e., the effect of pressure
may be negligible on crystallization, and no crys-
tallization occurs at low mold temperature (~
50°C), because T'{ is below T,. Figure 6 shows the
typical PVT result for a PET /talc blend. At high
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Figure 3 Change of pressure and resin temperature
profiles during the cooling process just after the filling
stage.
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Figure 4 Cooling rate dependence of T*.

loading pressure, T* (indicating arrow in Fig. 6)
goes up to a higher temperature due to the entropy
loss in the case of 40 MPa. The decrease in entropy
of the polymer melt allows crystallization to occur
at a higher temperature than would normally be ob-
served without deformation. However, at low pres-
sure (< 5 MPa), there is no difference and no ac-
celerated behavior of crystallization during the
cooling process compared with the quiescent state
T* obtained by d.s.c. In each blend and PET, we
believe the effect of the pressure is negligible.
Now, having obtained T¥, we use our simulation
work to predict the nonisothermal crystallization in
injection molding. Figure 7 shows the crystallinity
X, obtained from the injection-molding experiment
and the calculated relative crystallinity X /X at var-
ious mold temperatures. The solid and two dashed
lines are calculated results using the nonisothermal
kinetics model [eq. (7)], T, and crystallization
parameters in Table 1. One sees a slight deviation
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Figure 5 Plots of resin temperature and T* against
cooling rate for PET.
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Figure 6 PVT data for the PET/talc {1 wt %) blend.

between calculation and experiment; however, the
predictions of neat PET and the PET /talc blend
show that the nonisothermal model can predict X,
well. Note that the simulation avoids complications
resulting from the effect of pressure and shear on
crystallization kinetics. The small deviation may be
an effect of the molecular orientation due to the fast
flow in the cold cavity near the wall.

On the other hand, a big difference is seen in the
accelerated PET /Surlyn blend, suggesting that, in
this case, the shear and orientation induced crys-
tallization kinetics because the melt viscosity of the
PET /Surlyn blend increases compared with neat
PET and the PET /talc blend. It is well known that
orientation accelerates crystallization, particularly
at higher melt viscosity.?"?!

Furthermore, we carried out the analysis of the
surface of the injection-molding specimen to clarify
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Figure 7 Variation of X, with mold temperature in in-
jection molding and calculated relative crystallinity X/X..
Calculated value (—) in PET, (----) in PET/talc (1 wt %),
and (— - —) in PET/Surlyn (3 wt %) (injection = 10 s
+ holding = 20 s).
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Figure 8 Fluorescence intensities vs. X..

the orientation with the flow. The chain-intrinsic
fluoresence intensity around 390 nm is related to
the degree of amorphous orientation.!” The intensity
ratio between the flow direction 7;0° and a crossflow
one I790° provide the orientation behavior at the
surface of the injection-molded specimen. Figure 8
shows the fluorescent properties of each blend and
PET as a function of X, as molded. In the PET/

surface
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Figure 9 Transmission electron micrograph (RuQ,) of
the PET/Surlyn (3 wt %) near the surface of an injection-
molded specimen. Arrow indicates flow direction.
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Figure 10 Transmission electron micrograph (RuQOy)
of the PET/Surlyn (3 wt %) at the center of an injection-
molded specimen. Arrow indicates flow direction.

Surlyn blend, one sees a higher level of intensity
ratio, suggesting that the big difference arises from
enhanced orientation. The orientation proceeds
more so at the surface of the injection-molded spec-
imen.

Figure 9 is a TEM photograph of the PET /Surlyn
blend near the surface in the flow direction. As ex-
pected from Figures 7 and 8, one can see the large
deformation and orientation of dispersed Surlyn
particles. The average diameter of the dispersed
particles near the center of the specimen is ca. 0.5
um, as shown in Figure 10. That is, the Surlyn par-
ticles near the surface are stretched four times with
the flow. Thus, the orientation may result in accel-
eration of the crystallization in injection molding.

CONCLUSION

In the slow crystallizing of the PET /talc blend and
neat PET, nonisothermal crystallization during the
cooling process in injection molding can be used to
successfully predict the nonisothermal kinetics with
the effect of the pressure. This implies that the crys-
tallization starts in the negligibly small loading
pressure regime and late stage of the cooling process.
It is found that in the PET/Surlyn blend, very
significantly orientation occurs near the surface so
that the crystallization is accelerated in spite of a



low mold temperature. It is necessary to understand
experimentally the effect of shear stress and ori-
entation on nonisothermal crystallization kinetics
quantitatively. This subject is currently being fol-

lowed up in our laboratories.
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