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ABSTRACT: An inline method for monitoring the solidi-
fication process during the injection molding of semicrystal-
line polymers is demonstrated. The method has been ap-
plied to various poly(ethylene terephthalate) (PET) and
poly(buthylene terephthalate) (PBT) samples. The technique
is based on a simple device by which an additional ejector
pin is pushed onto the injection-molded part with a fixed
force at different times during the solidification phase while
the mold remains closed. The residual deformation (the
so-called indentation depth) due to the applied load is mea-
sured offline after ejection. By the performance of indenta-
tion at different times during the cooling phase, an inden-
tation depth profile, that is, the residual deformation as a
function of time, is obtained. With a simplified solid/liquid
two-phase model, the evolution of the solidification front in

the mold as a function of the cooling time can be determined
from the indentation curve. The obtained experimental re-
sults agree well with calculations based on the classical
theory of heat penetration. Descriptions of several materials
(including PET and PBT) with variations in the molecular
weight (PET) have been obtained under different operating
conditions (various mold temperatures, holding pressures,
and indentation pressures). The results show that the inden-
tation test may be regarded as a powerful tool for monitor-
ing the solidification process during injection molding and,
therefore, for optimizing injection-molding processing con-
ditions according to material characteristics. © 2003 Wiley
Periodicals, Inc. J Appl Polym Sci 89: 3713–3727, 2003
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INTRODUCTION

Injection molding is one of the most widely employed
processing techniques for manufacturing plastic parts,
being characterized by a high degree of automation,
high productivity, and high flexibility. During the in-
jection-molding process of a thermoplastic polymer,
the material is subjected to high pressures (essentially
during the packing phase), high cooling rates (during
the whole process), and high shear and elongational
rates (essentially during filling), the combination of all
these factors governing the final property distribution
across the injection-molded sample. In the injection
molding of a semicrystalline polymer, crystallization
takes place during solidification/cooling, which
strongly influences both the shrinkage of the molded
part and the final product properties. Moreover, the
crystallization kinetics will strongly determine the
time needed for cooling and, therefore, the cycle time
of the entire process. For these reasons, there is great
interest in the crystallization process during process-
ing. Several approaches exist for investigating these

complex phenomena. On the one hand, some re-
searchers have put a great deal of effort into the sim-
ulation of the injection-molding process with the aim
of predicting the final property distribution.1–3 Obvi-
ously, for the quantitative description of structure de-
velopment during injection molding, data on the crys-
tallization kinetics under processing conditions are
required, but these are hard to obtain. On the other
hand, much research has been performed in separate
studies of the effects of high cooling rates,1–6 pres-
sure,7–18 and flow19,20 on the crystallization kinetics of
various polymeric materials, such as polyethyl-
ene,8,13,14 isotactic polypropylene,5,7,9,17–22 polyamide
6 and polyamide 66,4,6,7,23 poly(ethylene terephtha-
late) (PET),7,15–16,24 and polybutene 1.9 These studies
provide very useful data and give new insights that
sometimes can be used in simulation studies.

Beside this type of research, various experimental
devices have been designed and implemented that
enable direct monitoring of the solidification process
during injection molding. Thomas and Bur25 con-
structed an optical sensor for monitoring the injection-
molding process. On the basis of the reflected light
intensity, information was obtained on the crystalliza-
tion process during injection molding. Another inter-
esting technique is dielectric spectroscopy, as shown
by Guillet et al.26 Using an instrumented mold with
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dielectric sensors positioned at the walls of the mold
cavity, they detected the dielectric response as a mean,
following the progression of the crystallization front
inside the mold. In addition, the dielectric response
was sufficiently sensitive to identify the successive
steps of the closing of the mold, filling, packing, cool-
ing, and ejection of the part. In addition, information
concerning the crystallization behavior of the polymer
near the wall or close to the center was collected. The
gradual filling of the cavity could also be monitored
by this method. Finally, Wang et al.27 and Brown et
al.28 monitored the injection molding of a simple poly-
mer box by ultrasonic waves with the pulse-echo tech-
nique. With the help of ultrasound velocity measure-
ments, the solidification process of the part could be
monitored during the cooling phase as well as the
shrinkage evolution.

In this article, a new inline technique is reported for
monitoring the solidification process during injection
molding. The method is based on a simple device by
which an additional ejector pin is pushed onto the
injection-molded part at different times during the
solidification phase while the mold remains closed. By
the performance of indentation at different times dur-
ing the cooling phase, an indentation depth profile,
that is, the residual deformation as a function of time,
can be obtained that gives information about the so-
lidification process. In contrast to the aforementioned
methods, this technique does not require sophisticated
instrumentation of the mold with dielectric, optical, or
ultrasound sensors and detection equipment. The
method can easily be implemented with a conven-
tional injection-molding machine without major alter-
ations. Moreover, the ease of operation, the wide ap-
plicability to different classes of semicrystalline poly-
mers (polyesters, polyamides, and polyolefins), and

the simplicity of the interpretation make the method
very useful for a general understanding of the mold-
ability of a given material in terms of the process cycle
time and final properties of the molded part.

The method has been demonstrated on a relatively
slowly crystallizing polymer (PET) varying in its mo-
lecular weight, a relatively fast crystallizing polymer
poly(buthylene terephthalate) (PBT), and a glass-fiber-
reinforced system (PET with 30% glass fibers). A sim-
plified two-phase model is proposed for interpreting
the experimental data. On the basis of this model, the
propagation rate of the solidification front can be de-
rived from the indentation depth experiments. Finally,
experimental data are compared with predicted data
based on a simple heat-transfer model.

EXPERIMENTAL

Materials

Two unfilled PET samples, a 30% glass-fiber-rein-
forced PET sample, and a PBT sample were used to
illustrate the applicability of the method. The main
material characteristics are reported in Table I.

Operating conditions

A conventional injection-molding press was used with
the processing conditions reported in Table II. The
pressure in the mold was recorded by a pressure
transducer, and this led to the pressure traces reported
in the Results and Discussion section.

Description of the method

The method was implemented on a standard, multi-
purpose injection-molding machine under typical op-
erating conditions. A two-cavity mold was adopted,
each cavity being rectangular, as shown in Figure 1,
which reports the cavity length and width. The cavity
thickness was 1.6 mm. In one of the two cavities, 12
mm from the cavity edge and opposite to the gate, a
pressure sensor was installed, which allowed the pres-
sure trace in the cavity to be recorded during the
process (see Fig. 1).

TABLE I
Main Characteristics of the Materials

�rel
a Mn Glass fiber content (%)

PET low Mw 1.6 19,000 0
PET high Mw 2 33,600 0
PET � glass fiber 1.6 19,000 30
PBT 2.1 22,900 0

a Relative viscosity measured in 1% m-cresol.

TABLE II
Operating Conditions Adopted for the Materials

Tm (°C)
Indentation pressure

(bar)a
Holding pressure

(bar)b
Holding time

(s) Tw (°C)

PET low Mw 285 30 30 3.5 135
PET high Mw 285 44 60 5.5 135
PET � glass fiber 288 20, 30, 50 25, 50, 75 2 105, 135
PBT 260 44 45 2.9 90

a Pressure values set at the machine. For the equivalent, real pressure multiply by 16 (hydraulic plug to front pin surface
ratio).

b Pressure values set at the machine. For the equivalent real pressure, multiply by 13.
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In the same cavity, the device used for the indenta-
tion test was implemented, consisting of a hydrauli-
cally driven piston with a diameter of 4 mm, as
sketched in Figure 2. The position of the indentation
pin was such that its center was situated 8 mm apart
from the cavity edge (see Fig. 1) and close to the
pressure sensor.

After the packing phase was completed, the pin was
pushed toward the sample surface with a constant
pressure, and this caused the pin to penetrate within
the polymer. The hydraulic pressure of the circuit
driving the indentation pin was kept constant for 2 s
and then removed. This time was necessary so that the

cold pin would freeze an imprint on the sample. This,
after ejection, was used as a measure of the indenta-
tion depth. By the performance of the indentation at
different times during the cooling phase, a typical
indentation depth profile, that is, the residual defor-
mation as a function of the cooling time, could be
obtained, as schematically illustrated in Figure 3. The
initial point of the curve reported in Figure 3 at time
zero represents the maximum indentation depth
(�max) recorded at the end of the packing phase, dur-
ing which the polymer was predominantly in the mol-
ten state. With increasing cooling time, the amount of
the solid phase increased. This led to a gradual de-
crease in the indentation depth, which reached a final
value (�min) at which the material was completely
solidified. Note that the indentation depths reported
in Figure 3 were measured offline, that is, after the
whole cycle had been completed, with a high-preci-
sion device.

THEORETICAL BACKGROUND

Before we discuss the results in more detail, we first
describe how these curves are interpreted. Further-
more, we describe a simplified model based on clas-
sical heat-transfer theory to explain the shapes of the
curves and their dependence on both material param-
eters and processing conditions.

Interpretation of the indentation test

A typical curve recorded during an indentation test is
shown in Figure 3. After gate sealing, indentation

Figure 1 Mold used for the indentation test.

Figure 2 Scheme of the indentation test setup.
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causes a change in the volume of the polymer, which
occupies the cavity. The main assumptions proposed
here are the following:

1. The change in the volume is only determined by
the compressibility of the material inside the cav-
ity. Therefore, it is assumed that the solid shear
strength contributes only to a negligible extent to
the equilibrium end position of the indentation
pin, this assumption being supported by the ob-
servation that the shear strength is both for the
liquid and solid phases much lower than the bulk
strength.29 The indentation depth will then be
related to the compressibility of the material in-
side the cavity.

2. For simplicity, it is assumed that during solidifi-
cation, the molded sample consists of two
phases, a solid crystallized phase and a phase
that is still liquid, the total compressibility being
a volume-weighted average of the compressibil-
ity of both phases.

A schematic drawing including all the details neces-
sary for the interpretation of the test is reported in
Figure 4 [� is the indentation depth (residual defor-

mation), Pi is the indentation pressure, Ph is the hold-
ing pressure at the time of indentation, l is the half-
thickness of the cavity, and x is the thickness of the
solid layer]. If one assumes that gate freeze-off has
taken place within the holding pressure step (i.e., no
more material can flow back to the runner during
indentation), mass conservation can be assumed dur-
ing indentation. In general, the infinitesimal change in
volume [dV(T,P)] is a function of temperature and
pressure:

dV�T, P� � ��V
�T�

P

dT � ��V
�P�

T

dP (1)

The relative change in the sample volume is given by

dV�T, P�

V�T, P�
�

1
V ��V

�T�
P

dT �
1
V ��V

�P�
T

dP � �dT � �dP

(2)

where � � 1/V(�V/�T)P is the coefficient of thermal
expansion and � � �1/V(�V/�P)T is the compress-
ibility. If we further assume that the indentation pro-
cess of the pin up to its end position is very rapid (i.e.,
almost isothermal), this implies that almost no tem-
perature change will occur during the indentation,
that is, dT � 0. More precisely, although there is a
transverse temperature distribution in the mold dur-
ing the cooling phase, this hypothesis states that the
temperature distribution does not dramatically
change during the indentation time. This apparently
crude assumption is justified by the observation that
during the 2 s adopted for the application of the
indentation pressure, only a small fraction determines
the penetration depth (dependent on the compressibil-
ity of the two-phase system). Most of such a time

Figure 3 Typical shape of the indentation test profile.

Figure 4 Schematic drawing of the indentation test. Only half of the cavity is reported because of the symmetry of the
problem.
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interval is necessary for consolidating a measurable
imprint after ejection.

By integrating eq. (2) from state [V1,P1] (before in-
dentation) to state [V2,P2] (after indentation), we get

�
1

2 dV
V � ln�V2

V1
� � ��

P1

P2

��T, P� dP (3)

Equation (3) implies that the change in the sample
volume depends on the compressibility of the material
and on the applied pressure.

Because the sample may be regarded as a two-phase
system, liquid and solid, we can rewrite eq. (3) for the
solid and liquid phases:

�V2
S

V1
S� � exp���

P1

P2

�S�T, P� dP� � AS (4)

�V2
L

V1
L� � exp���

P1

P2

�L�T, P� dP� � AL (5)

where VS and VL are the volumes of the solid and
liquid phases, respectively; �S is the compressibility of
the solid; and �L is the compressibility of the liquid.
Note that both AS and AL are functions of time because
they are both functions of temperature and pressure,
which, in turn, are functions of time. Equations (4) and
(5) describe the change in the volume for each phase as
a result of the indentation. V1 and V2 can be defined as
follows:

V1 � V1S � V1L (6)

and

V2 � V2S � V2L (7)

The volumetric solid fraction (xS) is then defined as
follows:

xS � xS�t� �
V1S

V1
� 1 �

V1L

V1
(8)

From eqs. (4)–(8), we get

V2S � V1SAS � ASxSV1 (9)

V2L � V1LAL � AL�1 � xS�V1 (10)

Then, by adding eq. (9) to eq. (10), we have

V2 � AL�1 � xS�V1 � ASxSV1 (11)

The change in the volume due to indentation is pro-
portional to the indentation volume:

V2 � V1 � �S (12)

where S is the cross section of the indentation pin. By
equating the right-hand terms of eqs. (11) and (12), we
get:

AL�1 � xS�V1 � ASxSV1 � V1 � �S (13)

Therefore, it is possible to relate the solid fraction to
the measured indentation depth:

xS �
�V1 � ALV1� � �S

ASV1 � ALV1
(14)

It should be kept in mind that the solid fraction does
not vary during the indentation time, as the portion of
the indentation time determining �(t) is short in com-
parison with the thermal transient. By means of eq.
(14), it is possible to evaluate the solid fraction at time
t at which the indentation is performed. In fact, xS is a
function of �, AS, and AL, which, in turn, are functions
of time. Equation (14) can be simplified on the basis of
these further assumptions:

1. �L and �S are almost constant with T.30

2. The integration limits of both coefficients, AS and
AL, are constant. These integration limits are P1
� Ph and P2 � Pi. Pi is constant during a series of
indentation experiments performed to derive the
typical curve reported in Figure 3. As for Ph, it
obviously varies from one indentation experi-
ment to another because they are performed at
different times during the cooling phase. Never-
theless, the cavity pressure values at which the
indentation tests are performed are very low
with respect to the indentation pressure (also for
the first indentations); this will be clearer when
the pressure traces recorded during the indenta-
tion tests are shown (see the Results and Discus-

Figure 5 Typical shape of the solid-layer evolution with
time as derived from the indentation test profile (see Fig. 3).
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sion section). Therefore, one may conclude that
Ph is constant for the successive indentation tests.

On the basis of assumptions 1 and 2, we can conclude
that AS and AL are constant during a series of inden-

tation tests performed at different times in the cooling
phase. Then, we can consider that

1. For t � 0, we have � � �max (i.e., the indentation
depth is maximum) and xS � 0 (i.e., the solid

Figure 6 (a) Indentation curves recorded for two PET samples and one PBT sample (for the operating conditions, see Table
II), (b) normalized curves representing the evolution of the crystallization front (xS) according to eq. (17), and (c) the
indentation depth as a function of the square root of time. Open symbols: region of linear dependence on square root of time.
Full symbols: region of deviation from linear dependence.
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fraction is negligible at the beginning of the in-
dentation test). This condition, substituted into
eq. (13), gives

�maxS � V1 � ALV1 (15)

2. For t � �, we have � � �min (i.e., the indentation
depth is minimum) and xS � 1 (i.e., the system is
completely solid at the end of the indentation
test). This condition, substituted into eq. (13),
gives

�minS � V1 � ASV1 (16)

By combining eqs. (15) and (16) with eq. (13), we
obtain

xS �
� � �max

�min � �max
(17)

Therefore, from the curves reporting � versus time, the
typical shape of which is shown in Figure 3, the evo-
lution of xS as a function of time can be derived with
eq. (17), which represents a sort of normalization pro-
cedure for working out the solid fraction on the basis
of �max and �min (proportional to the liquid and solid
compressibility, respectively). A typical curve of the
solid front position as a function of time drawn from
indentation depth profiles is shown in Figure 5. In
other words, according to our model, the recorded
indentation depth profile actually probes the displace-
ment across the sample thickness of the solidification
front as a function of time.

Modeling the solid-layer evolution

A simple model is proposed that predicts the shape of
the solid-layer evolution as a function of time, as
qualitatively depicted in Figure 5. The model is based
on the solution of the transient heat-transfer problem
during cooling within the mold. For the sake of sim-
plicity, the heat transfer is schematized by the consid-
eration of a semi-infinite slab. The transient heat trans-
fer, if heat convection is neglected (because we assume
that the gate freeze-off has already occurred and only
the cooling stage is studied) and a monodimensional
geometry is assumed, is governed by the following
equation:

�T
�t � 	

�2T
�x2 (18)

where T is the temperature (K), x is the distance from
the cold wall (m), 	 � k/(
cp) is the thermal diffusivity
(m2/s), k is the thermal conductivity (W/mK), 
 is the
density (kg/m3), and cp is the specific heat (J/kg K).
For the case of interest, a suitable initial condition is
the following:

• For t � 0, T � Tm and @x � 0, Tm being the melting
temperature at which the injection is carried out.
This condition corresponds to a uniform temper-
ature distribution before the cooling starts. Real
conditions approach this situation if the injection
speed is high and the holding time is short, as the
heat transfer during those stages becomes negli-

Figure 6 (Continued from the previous page)
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gible. Furthermore, it is known that, in transient
heat conduction, after a short time the initial tem-
perature distribution does not significantly affect
subsequent temperature distributions.31 Finally,
viscous heating counteracts cooling, keeping the
initial average temperature of the cooling stage
closer to the injection temperature.

• Suitable boundary conditions are the following:

• For x � 0, T � Tw and @t 	 0, Tw being the wall
temperature (i.e., the mold temperature).

• For x � �, T � Tm and @t 	 0. This condition
corresponds to the fact that very far from the cold
wall, the perturbation due to the change of Tw is
not sensed; that is, very far from the surface, the
temperature is always equal to the initial temper-
ature.

The solution of this problem has the following form:

Tm � T
Tm � Tw

� erfc� x

2�	t� (19)

erfc is the complementary function of the Gaussian
error function:

erfc�y� � 1 � erf�y� � 1 �
2

�
 �
0

y

exp��y2� dy (20)

It may be assumed that solidification or crystallization
occurs abruptly at a given crystallization temperature
(Tc) with no other requirement from knowledge of
crystallization kinetics, since experimental evidence
shows that at high cooling rates crystallization occurs
in a narrow range of temperatures, this being charac-
teristic of a given polymer.4–6 This statement finds
further support in that a small crystalline fraction is
sufficient to give rise to the onset of solidlike behavior,
that is, gelation.32,33 Therefore, we can write

Tm � Tc

Tm � Tw
� erfc� x

2�	t� � K (21)

where K is a constant value. Then, the relationship
between the position at which the solidification front
is located and the time at which the solidification
occurs is governed by the following equation:

� x

2�	t� � K1 (22)

where K1 is a constant value (different from K). Equa-
tion (22) can be rewritten in the following form:

x � �K1 � 2 � �	� � �t (23)

According to eq. (23), a dependence of the position of
the solidification front on the square root of time
should be expected, and this is at least in qualitative
agreement with the first part of the curve shown in
Figure 5, as derived from the indentation test profile.
In the next section, we show that the dependence on
time predicted by eq. (23) is also quantitatively con-
firmed by our experimental results. Nevertheless, it is
obvious that the theory of heat penetration, drawn
from the physical hypothesis of the semi-infinite slab,
is valid for a finite slab only for short times, during
which the center of the slab maintains the initial tem-
perature, not being reached by the temperature per-
turbation.

In summary, on the basis of eqs. (19)–(23), it is
possible to calculate the profile of the solid front prop-
agation as a function of time, the physical parameters
influencing that profile being Tc and 	. The operating
parameters affecting this profile are Tm and Tw. If we
remember that

xS �
x
l (24)

where l is the half-thickness of the injection-molded
part, by combining eqs. (23), (24), and (17), we can
draw the time dependence of the indentation depth
profile as follows:

��t� � �max � ��min � �max�xS�t� (25)

��t� � �max � ��min � �max��K12�a
l � �t (26)

Equation (26) predicts a square-root dependence fo
the indentation depth as a function of time. If one plots
�(t) as a function of the square root of time, one can
determine the intercept giving the initial indentation
value (�max) and the slope, which indicate the kinetics

TABLE III
Material Parameters and Crystallization Conditions of PET and PBT

	 (from literature)
(W/mK)

Tm
(°C)

Tw
(°C)

Tc (calculated)
(°C)

PET low Mw 1.6 
 10�7 285 135 185
PET high Mw 1.6 
 10�7 285 135 175
PBT 3.4 
 10�7 260 90 155
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of the solidification front propagation. It also should
be mentioned that our simplified heat-transfer model
gives reasonable results because the convective heat
flux can be considered negligible, the first indentation
(t � 0) being performed during the cooling phase after
the gate freeze-off. On the contrary, it was clearly
shown by Titomanlio and coworkers33–35 that the con-
tribution of the heat flux due to convention is highly
relevant in the packing phase, in which extra molten
polymer is squeezed into the cavity by a high pressure

to compensate for shrinkage taking place with solidi-
fication.

RESULTS AND DISCUSSION

Influence of the polymer type and molecular
weight

The indentation test profiles [�(t)] for two PET resins
characterized by different molecular weights and for

Figure 7 (a) Indentation curves recorded for PET at different indentation pressures and (b) normalized curves representing
the evolution of the crystallization front (xS) together with a theoretical curve based on the heat-transfer model.
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one PBT are reported in Figure 6(a). The operating
conditions are reported in Table II, and the solid-layer
evolution as a function of time, as derived from the
indentation tests according to eq. (17), is reported in
Figure 6(b).

Figure 6(a,b) shows that these three materials have
different solidification behaviors. PBT exhibits faster

solidification than the two PET samples, and this is
consistent with the general knowledge that PBT is a
faster crystallizing polymer than PET.29 Furthermore,
the high-molecular-weight PET exhibits slower solid-
ification than the low-molecular-weight grade, in
agreement with the common knowledge that an in-
crease in the molecular weight depresses the crystal-

Figure 8 (a) Indentation curves recorded for 30% glass-fiber-reinforced PET at different mold temperatures and (b)
normalized curves representing the evolution of the crystallization front (xS) together with a theoretical curve based on the
heat-transfer model.
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lization kinetics.36 These results show that the inden-
tation test can discriminate between different materi-
als. Such observations are confirmed by the heat-
transfer prediction according to eqs. (19)–(26). If one
plots the indentation depth as a function of the square
root of time, the curves reported in Figure 6(c) are
obtained, showing a good agreement (at least for short
times) between theoretical expectations (lines) and ex-
perimental results (open and full symbols). Several
remarks can be stated with reference to the results
reported in Figure 6(c). First, the intercept (�max) cor-
responds very accurately to the first point of the in-
dentation test profile (at t � 0), confirming the reli-
ability of the two-phase model according to which xS

� 0 for t � 0. Second, the slopes of Figure 6(c) indicate
the kinetics of the solidification process, showing that
PBT solidifies faster than the low-weight-average-mo-
lecular-weight (Mw) PET, which, in turn, solidifies
faster than the high-Mw PET. Third, the deviation of
the experimental points from the square-root depen-
dence on time (full symbols) starts at a very long time
for the slowly crystallizing high-Mw PET, at a very
short time for the fast crystallizing PBT, and at an
intermediate time for the low-Mw PET. This result
shows that the simplified heat-transfer model based
on the heat penetration theory (semi-infinite geome-
try) can predict the solid front propagation more reli-
ably when the solidification process is relatively slow,
that is, the more slowly crystallizing the polymer is.

For every indentation test profile, the normalized
decrease of the indentation depth for each time step
increment �t can be defined as follows:

�norm�t� �
�t � �t��t

�max � �t��t
(27)

�norm(t) is a monotonously decreasing function of
time. We define for our purposes �min as the value of
�(t) for time t at which �norm(t) is less than 2%; that is:
when �norm(t) � 0.02, �(t) � �min. When �norm�t�
� 0.02, then ��t� � �min. In this way, the values of
�max and �min are univocally determined and, from eq.
(26), the value of the parameter K1 can be determined
with the typical literature data of 	 reported in many
specialized textbooks of polymers.29 From the K1
value, a typical figure of Tc for the polymers studied in
this work can be calculated back from eq. (22), the
results being reported in Table III. Most interestingly,
the calculated values of Tc lie in the typical range of
Tc’s for PET and PBT, confirming the reliability of the
model. Furthermore, the indentation test is able to
discriminate between the two PET grades character-
ized by different molecular weights because they ex-
hibit different crystallization behaviors, which are
taken into account for the different Tc values.

Influence of the indentation pressure

Figure 7(a) shows the indentation profiles of a 30%
glass-fiber-reinforced PET sample for different values
of the indentation pressure, ranging from 20 to 50 bar
(see Table II). It appears that the shape of the curve is
almost independent of the indentation pressure

Figure 9 Indentation profiles for different holding pressures for 30% glass-fiber-reinforced PET [indentation pressure (set at
the machine) � 30 bar].
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Figure 10 Pressure profiles in the cavity for 30% glass-fiber-reinforced PET at indentation times of (a) 0, (b) 1, and (c) 2 s
(indentation pressure � 30 bar, holding pressure � 25 bar).

3724 LA CARRUBBA ET AL.



adopted for performing the test. This result is at least
in qualitative agreement with the volumetric model
here proposed because a variation of the indentation
pressure must determine only a shift of the curve
along the y axis. Consequently, the solid-layer evo-
lution profiles, as shown in Figure 7(b), are only
barely affected by the indentation pressure. This
demonstrates that the indentation depth is propor-
tional to the indentation pressure, the compressibil-
ity of the system being almost independent of the
applied pressure.30 In any case, the indentation
pressure must be at least equal to the pressure of the
cavity during the indentation to make the pin indent
the molded part [see eqs. (3)–(5)]. As a matter of
fact, eqs. (12)–(14) also show that the indentation
depth depends on the difference between the inden-
tation pressure and the cavity pressure at the time at
which the indentation is performed. The smaller the
difference is, the lower the indentation depth is, as
experimentally observed [Fig. 7(a)]. From eq. (14), it
is also evident that if the indentation pressure
equals the cavity pressure, the indentation depth
must be small.

In summary, the results of Figure 7 are consistent
with our interpretation of the indentation test. Fur-
thermore, the curve calculated according to the
heat-transfer model accurately fits the experimental
data.

Influence of the mold temperature

Figure 8(a) shows the indentation profile for a 30%
glass-fiber-reinforced PET grade at two different mold
temperatures: 105 and 135°C. For this sample, a lower
mold temperature leads to faster solidification. This
result is in agreement with the well-known effect of
the mold temperature on heat transfer within a poly-
mer. In general, a decrease in the mold temperature
leads to a faster heat transfer, which will finally result
in a shorter cooling time. The same effect is observed
in the normalized curves [Fig. 8 (b)], which show a
faster evolution of the solidified layer as a function of
time at a lower mold temperature. Again, a good
agreement is found between the experimental data
and the calculated curves. This illustrates that this
simplified heat-transfer model is able to predict the
kinetics of the solid-layer evolution only on the basis
of the different mold temperatures [see eqs. (19)–(23)].

However, there is a significant difference in the end
level (�min) at long cooling times for the different mold
temperatures. The final level of the indentation depth
at 105°C is significantly larger than the one achieved at
135°C. This result could lead to the conclusion that the
final properties of the part molded at different tem-
peratures are significantly different. According to our
simplified model, this different final level must be
attributed to a different compressibility of the solid,
which may depend, in turn, on the crystalline content

Figure 10 (Continued from previous page)
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developed in the sample. Specifically, the lower the
mold temperature is, the lower the expected final crys-
tallinity is. This experimental evidence suggests that
the indentation test is sensitive not only to the kinetics
of the evolution of the solid layer (especially at short
cooling times) but also somehow to the final proper-
ties of the material (the final level of the indentation
depth).

Effect of the holding pressure: pressure profiles in
the cavity

Figure 9 shows the indentation profiles for PET sam-
ples under different holding pressures. Obviously, the
experimental curves differ only for short times,
whereas after 2 s, the curves tend to fall together. This
observed behavior might easily be justified by the
pressure traces recorded in the cavity during the in-
jection-molding cycle. A typical pressure trace re-
corded for the aforementioned PET grade at an inden-
tation time equal to zero (i.e., at the end of the packing
phase) is reported in Figure 10(a). The solid curve
represents the pressure trace in the cavity. In this case,
the maximum recorded holding pressure is about 280
bar, corresponding to a holding pressure value set at
the machine equal to 25 bar (see Table II). The dotted
curve represents the indentation pressure set at the
hydraulic circuit driving the indentation pin, which is
set equal to 30 bar in this case. In the solid curve, a
pressure spike is recorded as soon as the indentation
pin penetrates into the polymer mold, confirming the
hypothesis of our simplified model, which accounts
for volumetric changes during the indentation. The
recorded pressure in the cavity when the indentation
is performed is very small, around 50 bar. This value
corresponds to the value of P1 of eqs. (4) and (5). If we
look at the pressure traces for the next indentation at
t � 1 s, reported in Figure 10(b), we may notice that
the pressure profile is very similar, but the value of Ph

is nearly zero. If the holding pressure is varied, obvi-
ously the shape of the curve will slightly change.
Nevertheless, it is easy to conclude that after a few
seconds the pressure in the cavity will be zero and
then, according to eq. (13), the value of the indentation
depth, depending only on the indentation pressure
(which is the same for all the experiments reported in
Fig. 9), must be the same for the curves. This result is
clearly visible in Figure 9, in which the curves collapse
on one another after the first 2 s.

A final remark can be made on the basis of the
recorded pressure traces. By observing the pressure
trace at t � 0 s, reported in Figure 10(a), one may
observe that the value of the pressure spike is small
(ca. 175 bar) with respect to the indentation pressure
adopted (equivalent to ca. 500 bar). This leads to the
conclusion that the recorded pressure spike can be
used as a qualitative proof of the volumetric mecha-
nism here proposed for the indentation. From a quan-

titative viewpoint, the pressure value recorded by the
sensor depends also on the thickness of the already
formed solid layer, which is in contact with the sensor
itself. This is clearer in Figure 10(b) for an indentation
time of 1 s; only a small pressure spike (ca. 50 bar) is
visible, despite the same indentation pressure (equiv-
alent to ca. 500 bar). The same conclusion can be stated
on the basis of Figure 10(c) for an indentation time
equal to 2 s; the pressure spike is not visible anymore
because of the large thickness of the solid layer. Going
back to the calculated solid-layer thickness according
to eq. (23), one may indeed calculate from Figure 10(c)
under these conditions (indentation pressure � 30 bar,
holding pressure � 25 bar, mold temperature
� 135°C, and indentation time � 2 s) the normalized
dimensionless thickness of the solid layer, which is
around 0.5. If one recalls that the half-width of the
cavity is 0.8 mm, one can conclude that the thickness
of the solid layer under these conditions is around 0.4
mm. This solid-layer thickness does not allow the
pressure wave propagating within the sample after
the indentation to be properly sensed and recorded by
the pressure transducer.

These results can, however, be regarded as an indi-
rect qualitative proof of the agreement between the
experimental data and the model interpretation and
simulation.

CONCLUSIONS

A special device for performing indentation experi-
ments during the cooling stage of the injection-mold-
ing process has been designed and implemented into
a standard, multipurpose injection-molding machine.
From the shape of an indentation–time plot, the evo-
lution of the solidification front as a function of time
can be determined, solidification being assumed to
take place abruptly as soon as Tc is reached.5,6 A good
agreement between the experimental data and predic-
tions of the evolution of the solid-layer thickness
based on the classical theory of heat penetration has
been obtained. The method has been applied success-
fully to various PET and PBT samples and appears to
be sensitive to the type of material (PET vs PBT), the
molecular weight, and the operating conditions (the
melting temperature, holding pressure, and indenta-
tion pressure). Therefore, this method can be regarded
as a powerful tool for optimizing the operating con-
ditions and material characteristics for injection mold-
ing and may represent a first step toward a reliable
prediction of the injection-molding cycle time.

The authors kindly acknowledge Jos Kersemakers (DSM
Research) for his valuable discussions and for his contribu-
tion in setting up this experimental method and Jo Smeets
(DSM Research) for his technical support.
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NOMENCLATURE

	 thermal diffusivity (m2 s�1)
� compressibility (bar�1)
�L compressibility of the liquid (bar�1)
�S compressibility of the solid (bar�1)
� indentation depth (mm)
�max maximum indentation depth (mm)
�min minimum indentation depth (mm)
�norm normalized decrease of the indentation

depth (dimensionless)
� thermal expansion coefficient (K�1)

 density (kg m�3)
cp specific heat (J kg�1 K�1)
dV(T,P) infinitesimal change in the volume
erfc complementary function of the Gaussian er-

ror function
k thermal conductivity (W m�1 K�1)
K constant
K1 constant
l half-thickness (m)
Mn number-average molecular weight
P pressure (bar)
Pi indentation pressure (bar)
Ph holding pressure at the time of indentation

(bar)
S cross section of the indentation pin (mm2)
t indentation time (s)
T temperature (K)
Tc crystallization temperature (K)
Tm melting temperature (K)
Tw wall temperature (K)
V volume (mm3)
VS volume of the solid phase (mm3)
VL volume of the liquid phase (mm3)
x thickness of the solid layer (m)
xS volumetric solid fraction (dimensionless)
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