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Highlights

* New method is presented to analyze the real flow behavior in thin-wall molding.
* The flow behavior shows size effects with the thickness decrease.

* Flow rates and pressure drops decrease with the thickness, following power laws.
e The mold temperature has no influence for thicknesses > 0.4mm.

e Under a thickness yield heritica of 0.4mm, an intensified energy dissipation occurs.
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Abstract

This study is about the size effects in thin-walled injection molding: it was carried out from the
rheological analysis of a commercial copolymer measured in cavities of various thicknesses ranging
from 1 mm to 0.37 mm. A specific analysis of the in-situ cavity pressure evolution based on the
derivative of the pressure signals give valuable information about the complex mechanisms of
polymer flow in real processing conditions. The results show that a decrease of the cavity thickness
leads to antagonistic effects on the rheological behavior, with (i) an increase of the pressure losses
and (ii) a decrease of the volume flow rates according to a power law. A specific behavior was also
observed for the thinnest cavity (0.37 mm) where the pressure drops are amplified, not following the
previous power law and a temperature rise without equivalent. To understand this result, a specific
study on the influence of the mold temperature was performed, highlighting again the different
behavior of the polymer flow within the thinner cavity. It was revealed that this phenomenon of
thermal or energetic dissipation obeys an Arrhenius law, partly explaining the strong pressure drops
observed.
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Injection molding, surface effects, thin-wall molding, in-situ rheological behavior, Ethylen-Norbornen
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1 Introduction

An ongoing challenge addressed to the plastic industry is to reduce the manufacturing costs or add
new functionalities to products . The manufacturing replication process of microinjection molding
(1IM) have enabled the mass production of lighter, thinner, and smaller devices for applications
within healthcare, automotive, communication and consumer electronics sectors . The trend is to
provide new products with enhanced properties by replicating the shapes and structures of the tool
onto their surfaces directly by molding micro or nanotextures B!, It is established that the injection
molding phase involves large mechanical and thermal gradients, amplified when the dimensions of
the objects or textures are lowered >, The design and the processing conditions can also accentuate
these gradients and alter the final properties of the parts or the polymer 7, Therefore, the design
must be adapted to the dimensions of the objects, because their manufacturability depends on the
desired ratio between the flow length (L) to the smallest cavity height (h). For example, in isothermal
conditions, Yao et al. ! have shown that a linear relationship exists between the cavity aspect ratio
(L/h) and the pressure drops within flow (AP), with higher slopes for cold filling conditions (Tmer=
265°C for a polycarbonate and Tmoid = 120°C) compared to isothermal conditions (Tmeit = Tmold =265°C).
These authors also showed that the maximum achievable flow length corresponds to a ratio L/h =
240 whatever the thickness of the cavity, in these isothermal conditions.

For real injection molding conditions, where complex thermal and mechanical mechanisms occur
along the flow path, Mele and Giboz demonstrated that pressure drops in cavities lower than 1 mm
thick increase with the square of the aspect ratio L/h, regardless of the molding conditions ..
Furthermore, the non-Newtonian rheological behavior of polymers is directly related to the shear
rate, which is amplified in small cavities. Vasco et al., for example, observed a transition from a
fountain flow to a plug flow for critical shear rates above 5000 s, values measured for a
microchannel of 200 x 200 pm and about 9000 s for a microchannel of 400 x 100 pm 2%, These
results were confirmed by Deng et al., who showed by capillary rheometer (die 0.2 mm) and under
isothermal conditions that plug flow intensity increases as wall-slip appears, for three different
polymers like polyurethane, polystyrene, and polypropylene . The authors attribute the plug flow
transition to a "slip" at the mold wall due to disentanglement between macromolecular chains in the
adhesion zone and the free mass zone. Sorgato et al. also report a decrease in pressure with the
occurrence of wall slip 2, confirmed recently by Trotta et al. *3l. The authors have reported that a
viscosity reduction exists within a polymer flow 400 m thick cavity, due mostly to wall slip (at the
surface) and a possible contribution of both viscous dissipation and polymer compressibility (in the
volume). These interesting results point out that an in-depth analysis must be conducted to better
detail the different influential parameters, mainly based on the pressure signal measurements and
the data processing (difference of pressure AP). For this reason, a specific attention must be paid to
the signal processing and the variations observed, to draw solid conclusions about their meanings. ©°..
Moreover, the reduction of the size of the parts and the cavity thicknesses accentuates the physical
and chemical phenomena taking place over the surface of the parts: as the surface/volume ratio
increases, the effects arising at the interface between the mold and the polymer flow are thus
reinforced because of specific thermal and mechanical conditions. Vera et al. studied the effect of
the surface tension between the polymer and various coatings applied on a steel surface; they
concluded that the higher the works of adhesion between polymer/mold, the better the replication
rate ', results confirmed by Zhang et al. **!. Additionally, Masato et al. showed for a melted
polystyrene that the better the polymer wettability, the lower the pressure drop within the flow.
Indeed, the authors report a linear relationship between the contact angle of the polymer melt and
the surface energy, changed thanks to various coatings 1*. The surface roughness should also be
considered in this analysis, as it can influence the rheological behavior, as reported by Surace et al
(171 These authors have indeed shown that the flow length increases both with (i) the surface
roughness of the mold and (ii) the contact angle between the polymer in the melted state and the
cavity surface. Higher values of surface roughness or contact angle between the two materials
increase the amount of air trapped between the surface asperities, which leads to a significant



reduction in the cooling rate and the adhesion of the polymers to the wall, explaining then, according
to the authors, the longer flow length observed.

The study of the rheological behavior of polymers under real injection conditions has been the
subject of various studies, using high-speed cameras in different wavelength spectra (infrared or
visible) or using temperature and pressure sensors (T & P) implanted directly in the cavity 13181920 |f
high-speed cameras allow a direct visualization of the polymer flows, the use of T & P sensors allows
in-situ monitoring of the evolution of state variables ?*. The complexity of using these sensors as
probes in microinjection molding processes are increased, because of the short cycle times (the filling
phase being carried out in a few hundreds of milliseconds), the very strong variations of pressure and
the high speeds of the polymer flows, the important thermal and mechanical gradients, and most of
all, the design and realization of sensor housing, requiring tolerances in the micron range 3. To do
so, an instrumented mold, called “La Rotonde”, was developed specifically to study the polymer flow
behavior as a function of the cavity thickness and the cavity temperature .. This paper presents an
original method of reprocessing the pressure and temperature signals, making one able to define
exactly the transition from a dynamic flow during cavity filling to a static packing of the polymer, and
use the concomitant pressures values. This is based on the variation of the pressures in the cavity
and on the calculation of its temporal first derivative. The experiments address first the variation of
the polymer rheology (Pressure drop, flow speed and rate) in cavities of various thicknesses and are
completed by the analysis of its temperatures variation within the cavities.



2 Experimental section

2.1 Part design and in-situ measurements

A specific experimental device, named “La Rotonde”, was developed to produce thin-walled
parts of different thicknesses by injection molding. The dimensions of the micro-parts were 45 x5 x h
mm? of parallelepiped shape, presented in Fig. 1, a. Four cavities with various heights h were studied,
ranging from 1000 to 370 um, according to a constant step logarithmic decay, with ratios L/h
allowing a complete filling of the cavities . One mold insert includes the four cavities, placed in the
moveable half of the mold. The insert can be rotated and aligned with the sensors located in the
fixed mold half (Fig. 1, right). This allows a rapid change of the thickness configuration (not much
than 1 minute) without long or complex manipulation, and without disturbing much the local molds
and inserts temperatures.

Open mold

Sensor 1

P T
(Py, Ta) Sensor 2

(P, To)

Normal
direction (ND)

Transverse
direction (TD) Flow direction (FD)

Moveable mold half Fixed mold half
(rotation of the insertto  (with P/T sensors)
mold various thicknesses)

Figure 1 : Part design and pressure & temperature sensor’s locations (left) and “La Rotonde” mold
(right).

The in-situ pressure and temperature measurements are done thanks to two coupled sensors
measuring pressure & temperature ((J4mm, Kistler’ 6190CA). These are connected to a signal
conditioner Kistler® 2859 including charge and thermocouple amplifiers (Type 5727 and 2207
respectively, 4-channels). An additional voltage amplifier has been also used to follow the 0-10V
signals of the machine and mold variables (injection molding pressure, temperatures of the mold
halves). Dataflow software (V2.5) was the interface used to set up the data collection, the different
sensors and board characteristics, the frequency, the variable followed and the data processing. The
two sensors are located along the flow path respectively at 12.5mm (sensor 1, measuring P; and T,)
and 32.5mm (sensor 2, measuring P, and T,) from the injection gate (Figure 1, left). During the
molding phase, the data acquisition system simultaneously recorded the pressures and temperatures
given by the two sensors (P1, T4, P, T2) synchronously with the injection pressure of the machine (Pinj)
during the molding cycles. An inductive proximity sensor detects the mold closing, which was used to
trigger the data measurement at a sampling frequency of 500Hz. The reported data are averaged
values over 10 cycles and were recorded once the pressure and temperature signals were stable for
each condition, i.e. after more than 10 molding cycles to reach stable processing conditions.

2.2 Polymer and molding conditions
The polymer chosen in this study is a thermoplastic Cyclo-Olefin Copolymer (COC), i.e. a
Ethylen-Norbornen block copolymer, provided by Topas, grade 5013. The ratio of the constitutive



Ethylen-Norbornen units by weight is 23/77. The average molecular weights are M,, = 31.10° g.mol?
and M,, = 76.10° g.mol™, and the glass transition temperature T, = 134°C. This copolymer was chosen
for its low viscosity (Melt Volume Rate = 48 cm3/10min), favoring the filling of thin wall cavities 122\,
The molded parts were produced with an electric injection molding machine (Engel Victory ECV
80/50) equipped with a 22 mm diameter screw. The molding conditions were defined to mold
complete parts for all studied thicknesses.

e Afirst set of experiments has been conducted with the molding conditions given in Table 1,
at a mold temperature of Tmois = 120°C, to analyze the flow behavior in cavities of various
thicknesses.

e Then, a second set of experiments has been conducted in the same way, but with various
mold temperatures, in the range of 30°C < Tmoig < 120°C. The molding parameters are shown
in Table 1.

Different packing steps had to be used for process stability issues and to limit mechanical stresses
within injection molding machine components. Indeed, the high speeds and pressures set can lead to
unprecise screw movements control, especially at the V/P switchover. For this reason, three packing
steps were used for the thickness 0,72mm, 0,52 and 0,37mm (Table 1). For the 1mm thick parts,
these packing conditions involved too high internal stresses, involving part defects during demolding.
The problem has been solved by reducing the packing pressures, without varying the packing time.

Table 1 : Process conditions used for the parts molding.

Melt temperature (°C) Tiy 280
Mold temperature (°C) Tmoid 120, 90, 60, 30
Injection rate (cm3/s) 70
Max injection pressure (MPa) Py 125
Packing steps | Cavity 1mm | 0.37,0.52,0.72 mm

Ppacking-l (MPa) 40 100

Tpacking-1 (s) 45 4

Ppacking-z (MPa) 10 60

tpacking-z (S) 2.5 0.5

Ppacking—3 (MPa) 50

Tpacking-3 (s) 2.5




3 Results and discussion

3.1 New method for analyzing the dynamic behavior of the polymer flow, based on
the first order derivative of in-situ pressure over time.
3.1.1 Ex-situ and in-situ pressure evolution with time

The Figure 2 shows the time evolution of the machine injection pressure during the dynamic filling
step (t < 0.25s); the following step being the packing phase, not reported here, as the pressures were
almost constants from 0.25s to 14s. The figure shows an example of the variations of the ex-situ
injection pressure (Pirj) and the cavity pressures, called “in-situ” (P1, T1 & P, T,), for a mold
temperature of 120°C, in the case of the 0.37mm thick cavity.
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Figure 2: Typical pressure signals recorded for the 0.37 mm with a mold temperature of 120°C, with
injection pressure Piy;, and local pressure measured with sensor 1 named (P1) and sensor 2 named
(P2), during the filling phase.

The injection pressure Py first shows a clear increase during phase I, which corresponds to the
pressure needed to fill the sprue (36 mm long) and the first part of the cavity located before sensor
1. Then, the injection pressure increases continuously to reach the maximum pressure set to 125
MPa in 0.17s. During this time, the pressure signals highlight several phases. The phase Il shows a rise
of the pressure signals P, due to flow front progression until sensor 2. When the flow reaches the P,
sensor location, marking the beginning of phase lll, P; increases with an almost similar time
dependance than P;. Finally, P, reaches a maximum during phase 1V; this maximum value appearing
almost simultaneously with the highest values of the signals of P1 and Piy;.

These concomitant highest values indicate that cavity filling is fully completed, with corresponding
pressures called hereinafter P, ___and P, _ . At that time, the polymer does not flow anymore. For
this reason, the maximum pressures are reached for “static” conditions. In the literature, these
values are considered as the pressures to be used for calculating the pressure drops under real
processing conditions!*%32%9 but seems to be the signature of the packed polymer more than the
pressure inside the moving polymer flow, in a “dynamic state”. In the following part, a thorough
study considering the temporal variations of these intra-cavity signals give issues about their
significance, and the link with the “dynamic” state of the polymer flow during filling and the “static”
state reached once the cavity is filled.



3.1.2 Analysis of cavity filling kinetics from time-related variations of pressure signals

The new method proposed to deeper analyze the flow behavior is based on the calculation of the
first derivative of the pressure signals as a function of time, dP1/dt and dP,/dt, plotted in Figure 3a
(identified by P’1 and P’; respectively). The numerical calculation of the signals’ derivatives has been
done for each time step j, as follows:

= and =
dt +1—f dt 1t

(1)

The Figure 3a presents the calculated derivatives and the corresponding pressure signals, with a
common time scale. Both were considered to analyze the flow dynamic, which is not reported
elsewhere in the literature. With this representation, several mechanisms can be detected during the
filling phase, with the presence of several peaks, characteristics of the flow front behavior, schemed
in Figure 3b, with:

e the beginning of the pressure rise, the flow front reaches the sensor 1, as schematized in Figure
3b;

e the arrival of the flow front at sensor 2 leading to the presence of a new shoulder or an
additional peak whose intensity can vary, also schemed in Figure 3b;

e asimultaneous increase of the two pressure signals, which reach their maximum values, equal to
respectively Pl’max = 1200 MPa/s and PZ’max = 1700 MPa/s. The coincidence of these two
maximum values at the same time can only be related to the presence of an obstacle in front of
the flow, thus explaining these synchronous rises, which can be attributed to the arrival of the
flow at the end of the cavity.
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Figure 3 : a) Pressure signal against time during the filling phase, given by the P; and P, sensors, and their derivatives P’; and
P’; respectively (example given for 0.37mm and Tmoq = 120°C) with the definition of the different parameters for the study:
P1,(p2)maxs P2,(P2)max, Dt1-2, Atdynamic. b) Scheme of the flow front gradually filling the cavity, and definition of the different
times and flow considered.



This analysis shows that the polymer flow is in a dynamic state until the simultaneous appearance of
the maximum of the derivatives, for a time called Ataynamic

Thus, the values of pressures P1 dp, and P2 dp, (called Py, pr2)max and P pr2jmax in the text,
Cimax 2@ man

respectively), can be determined and used to calculate the pressure drop APgynamic according to
equation (2).

(2)

APdynamic = Pl’(dditz)max - Pz' (%)max

¢ The time Ati.; corresponds to the time required for the polymer flow to travel the 20mm
length between the two sensors and are calculated from equation (3). The contact of the
polymer flow with the sensor is defined when the pressure variation reaches 0.4 MPa in 2ms
(corresponding to dP,/dt = dP1/dt= 200 MPa/s, the sensor background being +/- 0.1 MPa).
The flow time At;., is then obtained using:

At{_5 = toap —tar (3)
(d_tz):zoo (d_tl):zoo
* The second time Atgynamic is the time required for the polymer flow to reach the end of the
cavity from sensor P1; it is obtained using (4):

Atdynamic = t(dﬁ) - t(sz (4)
max

dt W)>200
From these two flow times and knowing the two lengths in the cavities, two flow velocities can be

calculated using equations (5 and 6) and allow to estimate the two flow rates, Q;, according to
equations (7 and 8):

All—Z All—End
= v P ——t L 6
Vi-2 Aty_, (3) dynamic Atdynamic( )
And
_ SAlL_, - _ SAli_gnd 8
Q1—2 = Aty (7) Qdynamlc Atdynamic( )

With S: the cross-sectional area, Al; =20 mm, the distance between the two sensors centers, Alieng
= 32.5 mm, the distance between the sensor 1 center and the end of the cavity (Figure 3b).

3.2 Evolution of the rheological behavior of polymers as a function of cavity
thickness

The Figure 4a shows the evolution of the different maximum pressure values during the dynamic
filling of the cavity vs. the different thicknesses. Here, Piy; is the highest compared to P1,p2)max, due to
pressure loss within the feeding channels. No variation of this first parameter can be observed with
the decrease in thickness. On the contrary, a gradual pressure loss with the reduction of thickness is
revealed on the sensor 2 position. This decrease is accentuated for the 0.37mm cavity, where a very
strong decrease of P, p2)max OCcurs. Figure 4b shows the evolution of APgynamic as a function of the
thickness of the cavity. As previously noted ), the decrease of the cavity thickness leads to a strong
increase of the dynamic pressure drops, following the power law:



— -b
Adenamic =ah (9)

With a = pre-factor, h = thickness and b = exponent expressing the slope of the pressure variation
with the thickness. The value given are calculated for 10 cycles.
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Figure 4: Evolution of (a) pressure maximum values and b) APgynamic With cavities thickness for 120°C mold temperature.
(Dotted lines = guidelines).

The analysis of the flow rates (Figure 5a) confirms the specific behavior of the 0.37mm cavity. The
reduction of the thickness of the cavities leads to the decrease of the flow rates between the two
sensors, Qi-2, and between sensor 1 and the end of the cavity, Qaynamic, according to power laws.
Absolute values of Qi-; are higher than Qaynamic, but the decrease with thickness is of higher intensity.
These values are consistent with the flow rate reductions reported by Zhang et al. [**.. In addition, the
corresponding average injection speeds vi., over 20 mm decrease with the thickness (Figure 5b),
whereas Vgynamic are constant over the 32.5 mm once h ranges between 1 > h > 0.52 mm and shows
then an additional decrease for h =0.37 mm.

Thus, the flow behavior changes with the cavity thickness, probably due to surface effects of higher
intensity over the volume effects.

A particular point appears on Figure 5a relative to the intersection of the two trends, corresponding
to the fact that Qi is equal to Quynamic Or that vi2 = Vaynamic. Knowing that Qgaynamic Cannot be greater
than Qu.,, this assumption allows us to define a critical point, called heiticalin the rest of this article, for
which surface effects becomes stronger and not anymore neglectable compared to the volume
effects. The role of the mold/polymer interface requires thus a special attention to fill thin-wall
cavities, by promoting the sliding of macromolecular chains in contact with the mold. Such a
phenomenon can be generated by surface coatings on the tools 23! or by the addition of slip agents in
the polymer formulation ?%. In the next paragraph, we will then modify the interface conditions by
changing the mold temperature and study the flow behavior of the copolymer.

10
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Figure 5: a) Evolution of the flow rates Qi-2 & Qgynamic With the cavity thickness for Tmois = 120°C and b)
Evolution of the velocities Vi & Vaynamic With the cavity thickness for Tmoig = 120°C.

3.3 Analysis of cavity filling kinetics from time variations of intra-cavity temperature
signals

The Figure 6 shows the temporal evolution of the temperature differential ATi(t), calculated
according to equation (10) for the two positions studied (1 and 2) as a function of the thickness of
the cavity and for a mold temperature of 120°C:

AT;(H) = Ti(H- T; (10)

end

T;(t) = the temperature signal and T;, 4 the real cavity temperature at the end of the cycle.

It can be observed for sensor T, (Figure 6a), a maximum temperature differential AT, between 16
and 18 °C, a value increasing with the reduction of the cavity thickness. A local phenomenon seems
to occur, accentuating the exothermicity or shear-heating effects related to the filling of the cavity.

At the second sensor level, the maximum temperature differential ATZmaX are close, with a singular
behavior of the 0.37mm exotherm, showing a decrease compared to AT; _ . This result can be
related to the singular pressure drop noted at the sensor 2 for this thickness (see Figure 4b) and the
additional exothermic effect noted and illustrated in Figure 7, representing the evolution of AT as a
function of the cavity thickness, according to the following expression :

ATrel = ATlmaX - AszaX (11)

11



(a) (b)

Figure 6: Temperature variations recorded on the two sensors positions T; (a) and T (b), for the
different thicknesses with a mold temperature of 120°C.

For cavities thicker than 0.37 mm, the temperature decrease follows a power law with a strong
increase of this parameter with the thickness reduction (power = 2.4). Note that the amplitude of
this parameter remains contained, less than 1°C. For the 0.37 mm thick cavity, an increase of AT, of
more than 3°C is observed, with a point located above the trend plotted. To better understand this
phenomenon, a study on the influence of the mold temperature on the rheological behavior of the
polymer was carried out and the results developed in the next paragraph.

AT (°C)

0.1 T T T
0.3 0.4 0.5 0.6 0.7 08 09 1

Thickness {mm)

Figure 7: Variations of AT, as function of cavity thickness for Tmois = 120°C. The error bars represent
the temperature variation over 15 cycles.
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3.4 Analysis of the influence of mold temperature on the kinetics of polymer melt
filling in cavities of varying sizes
3.4.1 Evolution of APgynamic and ATrel as a function of cavity thickness for different mold
temperature

This part is devoted to the study of the influence of the mold temperature on the rheological
behavior of polymers in cavities of reduced size. Figure 8 shows the evolution of the calculated
pressure drop APgynamic as a function of the thickness of the cavities for different mold temperatures
ranging from 30 to 120°C.
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Figure 8: Variations of APgynamic as function of cavity thickness for different mold temperatures.

We can again observe that this parameter follows a power law, described by equation (9). The values
of the parameters a and b and their associated errors (Aa and Ab) have been collected in Table 2, as
well as the correlation coefficient R? for the different mold temperatures studied.

Table 2 : Values of the parameters a and b and their associated errors (Aa and Ab) from the power
law modeling, inspired from equation (9), as a function of the mold temperature. The correlation
coefficient R? is also given.

Mold Parameter [Standard Error Parameter standard

error )
temperature R
° b
(°C) E] Aa b
30 6,9 0,6 -1,7 0,2 0,99
60 7,6 0,7 -1,5 0,2 0,98
90 5,1 1,0 -1,8 0,2 0,95
120 5,7 0,3 -1,4 0,1 0,99

13



Examination of Figure 8 and the a and b parameter values (Table 2) confirm the power law between
the dynamic pressure drop with the increase of cavity thickness, except for the 0.37 mm cavity.

To complete this analysis, we have plotted the evolution of the flow rates Qgynamic and Qi-; as a
function of cavity thicknesses for all mold temperatures studied (Figure 9). We can observe that the
mold temperature does not affect the values of Qqyn or Qi-2. The previous power laws highlighted in
Figure 5 remain valid, with a power equal to 2.8 for Qi-; and about 1.0 for Qaynamic.

The mold temperature would thus have a negligible effect on the dynamic filling of the cavity in the
case of this copolymer; this result is remarkable because it was not predictable.

As observed previously, we can again note the singular behavior of the 0.37 mm thick cavity, with
flow values below the prediction given by the fits, highlighting an additional phenomenon occurring
in the case of the thinner cavity. The intersection between the two trends allows one more time to
define the critical thickness heitical Where the surface and interface phenomena exceed the volume
phenomena. More generally, we can conclude that this arises once flow length is higher than 77
times the thickness. This value is confirmed for the different mold temperatures and can be related
to the change of flow type in micro-cavities, giving an average value of L/hitical = 77 £ 7, from the
results reported in Table 3.
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Figure 9: Evolution of the flow rates Qi-» & Qgynamic as a function of cavity thickness h for different
mold temperatures (colors for 30, 60, 90 and 120°C).

Table 3 : Values of critical thicknesses heritical and critical aspect ratio, L/heritical @s a function of mold
temperatures.

T(DC) Reritical L/hcritical
30 0,42 77
60 0,40 81
90 0,48 68
120 0,40 81
Average 0.425 77

The last part of this study will consist in verifying the influence of the mold temperature on the
intracavity thermal behavior, measured with the temperature probes T; and T.. Figure 10 presents
the evolution of AT, as a function of the mold temperature for the different thicknesses studied.
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Regarding the evolution of the local temperature with the mold temperature (Figure 10) the
temperature variations between the two sensors are almost identical and not much that 1°C,
considering that error bars. This means that the thermal conditions within the polymer flow is
equilibrated and that the mold surface temperature has a negligible impact on the overall
temperature conditions within the flow. This is clearly not the case for the 0.37 mm cavity thickness,
where the temperature variation in the cavity decreases linearly with the increase of mold
temperature, confirming additional heat loss. For that specific thickness, the mold temperature
affects the temperature within the polymer volume, and lead to an additional energy loss.
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Figure 10: Variation of AT, with mold temperatures for different cavities thickness.

To go further in the understanding of this dissipative phenomena, we compared the evolution of the
pressures P1,p2jmax and P2 p2)max fOr the cavities of 1 and 0.37 mm as a function of the inverse of the
mold temperature Tmoi (Figure 11).
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Figure 11: Evolution of the logarithm of maximum pressures Py __and P, __for the cavities of 1 and 0.37mm as a function
of 1000/Tmold-

For the 1 mm thick cavity, no dependence between pressure and temperature is found, in agreement
with the previous results. On the contrary, for the 0.37mm thick cavity, a behavior following an
Arrhenius law is observed at the sensor 1 with an activation energy close to 5 £ 1 kJ/mol. A higher
activation energy of 20 + 3klJ/mol is measured from the sensor 2, confirming the additional
dissipative phenomenon occurring at the mold/polymer interface and leading to the stronger
pressure drops observed for this cavity. The volume effects leading the rheological behavior within
the copolymer flow in the cavity is then countered by the surface effects taking the ascendancy over
the first ones. The in-situ measurements of pressure and temperature in the cavities during the
injection of polymers are excellent markers of the rheological phenomena occurring during the
dynamic phase.

4 Conclusions

The rheological behavior of an Ethylen-Norbornen copolymer injected in cavities of thickness ranging
from 1 to 0.37mm has been studied, thanks to the use of “la Rotonde”, a tool integrating pressure
and temperature sensors. It has focused on a time scale characteristic of the dynamic filling phase of
injection. Based on the data acquisition, a specific methodology has been proposed, based on the
time derivative of the pressure signals, measured at two positions along the flow.

The in-situ measurements show that pressure drops increase with decreasing thickness according to
a power law, which goes along with a decrease of the flow rates. A specific behavior was observed
for the smallest cavity (0.37mm), explaining the impossibility to fill completely cavities of lower
thickness (including 0.27mm), whatever the injection conditions used. A critical thickness has been
identified around hcritical = 0.42 £ 0,04 mm and being independent of the mold temperature. This is
characteristic of additional dissipation phenomena occurring below this value and appearing once
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L/h is higher than the critical ratio L/heitica = 77 £ 7 for any temperature. Therefore, the dissipative
and thermally activated phenomena are observed for this critical thickness with an increasing
activation energy along the flow path.

Such results are certainly essential data to optimize the dimensions and shapes of the objects to be
molded and to avoid local phenomena leading to defects on the injected objects or process-induced
modifications of the polymers properties. Therefore, in the aim of shifting this critical value to lower
ones and thus allow the molding of parts of smaller dimensions or better controlled quality, different
strategies could be followed. One of them could rely on the synthesis of sliding agents blended with
polymers or else by using surface coatings on tools promoting the sliding of macromolecular chains
at its interface, subjects under study.
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