No-Flow Temperature in Injection Molding Simulation
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ABSTRACT: Most injection molding simulation pack-
ages use the no-flow temperature (NFT) as a means of
determining whether the polymer flows or is solid. The
NFT is not well defined, and a standard method for meas-
uring it does not exist. A sensitivity analysis of the filling
stage has been carried out with two different packages
[VISI Flow (Vero Software Limited, Gloucestershire, UK)
and Moldflow (Autodesk, Inc., San Rafael, CA)] to esti-
mate the influence of the NFT on the main processing pa-
rameters. The NFT has a large influence on the thickness
of the frozen layer, but it does not appreciably affect the

filling pressure. Because the NFT affects the frozen layer,
an effect on the estimation of shrinkage and warpage is
expected. Software packages have also been compared,
and similar simulations have been found to produce con-
trasting results. A simple correlation for NFT estimation,
derived from the Cross-Williams-Landel-Ferry equation,
is proposed for both amorphous and semicrystalline poly-
mers. © 2010 Wiley Periodicals, Inc. ] Appl Polym Sci 119: 3382-
3392, 2011
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INTRODUCTION

Polymer solidification is a key point in the injection-
molding process because it takes place throughout
the entire process with different dynamics and
affects the final properties of the product.

During injection molding, a polymer experiences a
complex thermomechanical history that determines
the final morphology. Morphology prediction is a
challenge for injection molding simulation packages,
and to reach this objective, an accurate estimate of
solidification dynamics is needed.

At present, the development of an experimental
method to accurately and reliably measure the solid-
ification kinetics during injection molding (with a
particular emphasis on the filling stage) is still an
open task. A capacitance transducer has been pro-
posed' to measure the flow-front position and the
rate of solidification during the holding/packing
stage. Another noninvasive tool is the ultrasonic
technique,” which allows real-time process monitor-
ing. The indentation test,’> which needs an offline
measure, is a tool for monitoring solidification dur-
ing the holding stage.

A recent approach to the liquid—solid transition of
semicrystalline polymers uses the gelation concept.
Gelation is related to changes in physical and rheo-
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logical properties due to chemical (or physical)
crosslinking reactions of polymers, which increase
connectivity. During crystallization, large-scale con-
nectivity between polymer chains is established;
therefore, crystallization can be treated as a physical
gelation process. The liquid-solid transition then
occurs at the physical gel point. Stress during crystalli-
zation has a double effect. It increases the rate of crys-
tallization and thus the number of physical bonds.
However, it also breaks up physical clusters, so the
solidlike behavior at the gel point depends on the ex-
perimental times. At the gel point, the physical gel is
still a liquid if stress is applied for times longer than
the maximum relaxation time of the physical gel.

Gelation occurs during the very early stages of
crystallization, and for isotactic polypropylene, a rel-
ative crystallinity of approximately 2% or less at the
gel point was found,” although this value was cor-
rected (to 12-17%) in later publications.6

How a low level of crystallinity is related to a liquid—
solid transition is still unclear, and the microstructure
involved in gelation still needs to be explained thor-
oughly.” Progress in studies about physical gelation is
expected for both theoretical issues (e.g., gel structure
and rheology over a wide range of frequencies) and
experimental issues (e.g., accurate gel point detection
and influence of the cooling rate).

Another way of relating rheological properties to
crystallinity involves comparing differential scanning
calorimetry (DSC) and dynamic mechanical analysis
(DMA) results achieved with the same thermal his-
tory. A good correlation between the viscosity and
crystallinity was found for isotactic polypropylene, and
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Figure 1 Comparison of the model prediction and the
actual viscosity (from ref. 13).

a master-curve approach was proposed to relate the
hardening of a polymer to its crystallinity® and hence to
describe the viscosity increase with crystallization.
Acierno et al.” proposed a model to relate the induction
time of crystallization to the temperature and shear
rate, the main parameters affecting viscosity.

An enhancement factor was adopted by Titoman-
lio et al.'” to describe the effect of crystallinity on
viscosity, and from this, a crystallinity solidification
index (CSI) was derived. The crystallinity solidifica-
tion index is the crystallinity value at which the vis-
cosity increases by 1 order of magnitude at a con-
stant temperature.

Because of the aforementioned complexity, com-
mercial injection-molding simulation software pack-
ages use the oversimplified no-flow temperature
(NFT) concept to treat polymer solidification.

The NFT'"'* was originally proposed by Moldflow
simulation code developers. It is not a well-defined
property because it was introduced to simplify calcu-
lations of mold filling."® Injection molding processing
conditions are so far from the conditions of conven-
tional analytical techniques that a different way of fig-
uring out the solidification phenomenon is needed to
improve software package predictions. In Figure 1,
typical actual and predicted viscosity values are com-
pared. Viscosity measurements are usually performed
at high temperatures, and extrapolation dramatically
sacrifices accuracy at temperatures close to solidifica-
tion. For semicrystalline materials, deviations are
large because of crystallization, and this greatly modi-
fies the rheological properties of flowing polymers.
For amorphous materials, deviations are generally
lower; nevertheless, in this case as well, the use of the
NFT concept can enhance the accuracy level.

A schematic of the NFT use in injection molding
simulations refers to the polymer velocity (v):

0 T<NET
ol y,2) = {v T > NFT M

where T is the temperature. The NFT is in some
ways an empirical rheological solidification tempera-
ture for which viscosity models at present do not
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account. There are several possibilities for defining
the NFT:

1. First and simply, the NFT is the temperature
below which a polymer will not flow."* There-
fore, the NFT somehow provides a measure of
the solidification temperature of the melt,"> and
it is frequently different from the melting tem-
perature (T,,), crystallization temperature (T,),
and glass-transition temperature (T,). These
characteristic temperatures depend on the heat-
ing/cooling rate'® and pressure.'” Under stand-
ard conditions (cooling rate, T = —10-20°C/
min, DSC), T, — T, is approximately 50-60°C.
The NFT is usually higher than T,. For practi-
cal purposes, in many simulation examples, it
has been assumed to be T, + 30°C."® A typical
range of NFT values for amorphous polymers
is 20-70°C above T,, whereas, because of super-
cooling, ranges of NFT values for semicrystal-
line plastics are usually 10-80°C below T,
(depending on the crystallization behavior).'?

2. A more physically grounded definition of the
NFT focuses on the observation that at the
NFT, the melt reaches a viscosity so high that it
cannot proceed further, but it has not yet fully
solidified as a result of vitrification or
crystallization.?*?!

3. For semicrystalline polymers, it is more difficult
to relate the NFT to physical phenomena
because of the complexity of the crystallization
kinetics, the influence of the formation of crys-
tals and their size distribution on the fluid dy-
namics, and the mutual influence of flow and
crystallization.” In this respect, for a given poly-
mer, different levels of shear at different shear
rates will generate a vast range of crystalline
morphologies that can locally lead to different
NEFTs. Although a more appropriate definition is
still desirable, the NFT concept is applicable
even to semicrystalline materials. Furthermore,
to fully incorporate the crystallization, the ther-
momechanical history has to be taken into
account (e.g., as described by Kennedy™).

This variety of definitions shows the lack of theo-
retical studies on the NFT.

With the aforementioned empirical concept of the
NFT, a fluid is subdivided into a frozen layer and a
fluid layer. Thus, semicrystalline and amorphous
polymers can be treated similarly.** Moreover, with
an empirical estimate of melt stopping, the use of
the NFT can improve predictions of short shots.

Although the NFT overcomes some simulation
problems, the addition of this new variable introdu-
ces errors into calculations because of its unclear
definition, unfocused phenomenology, and scarcely
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unified measure. A rigid distinction between the
solid and melt states becomes critical in thin-wall
simulations, in which small errors in frozen layer
estimation strongly influence pressure-drop predic-
tions because the frozen-layer fraction in thin-walled
parts is much larger. Moreover, for semicrystalline
polymers, a viscosity cutoff is not sufficient to obtain
good predictions because the influence of crystalliza-
tion on viscosity is not explained by the models so far
used in software packages. Because different NFT
values are used for the same material in different soft-
ware packages, the NFI can become an adjustable
parameter to fit simulations to experimental data.

All things considered, the NFT concept reflects in
some way the basic phenomenology occurring dur-
ing mold filling, and although it does not configure
as a fundamental physical property of a material, it
is incorporated into a number of common injection-
molding flow analysis software packages."> To
improve the predictive quality of simulations, a
more appropriate definition and measure of the
NFT, possibly coupled with more accurate and reli-
able viscosity models, is required.

This study stems from our interest in the injection
molding simulation of thin-walled parts. The use of
a three-dimensional approach does not allow easy
tracking of the solid/fluid interface, which is possi-
ble with the 2.5D approach (into which the NFT is
incorporated). According to this approach, three
dimensions are considered for temperature, whilst
only two dimensions for pressure (i.e pressure is
assumed to be constant along mold thickness).
Because the latter approach also allows a lot of com-
putation time to be saved, an accurate estimation of
the parameters (e.g., the NFT) can greatly improve
the performance of thin-wall injection molding simu-
lations. The first part of our work is a sensitivity
analysis of various parameters of the filling stage via
simulations of short shot. The second part is aimed
at proposing a simple correlation for NFT estimates
for amorphous and semicrystalline polymers.

SENSITIVITY ANALYSIS

The use of injection molding simulation software
packages is a way of systematically investigating the
effects of the NFT on the filling process. Two differ-
ent packages were used: Moldflow and VISI Flow (a
package distributed by Vero Software). Although the
aims of these software packages are similar (i.e.,
supplying numerical predictions about injection-
molding stages and final properties of products),
there are many differences between them (e.g., the
NFT databases).

Details on calculation methods are not known
because commercial codes are protected; therefore, it
is possible only to visualize general differences
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related to parameters and models used to simulate
injection molding. A rough parameter for quantify-
ing moldability is the mold length, i.e. the length
that can be filled by a molten polymer under a given
pressure. This parameter, although it depends on
molding conditions, may provide useful information,
especially when different materials are being com-
pared. As the NFT is related to the flow-front stop,
it is reasonable to try to relate the NFT to the filled
length in a short shot. When the calculated tempera-
ture distribution in a section falls below the NFT,
the simulation result is a short shot.

Another parameter related to moldability is the
injection pressure. In an injection molding machine,
it is possible to set a maximum filling pressure
(Pmax) to avoid flash formation. Flash is any excess
material formed with and attached to the component
along a seam or mold parting line. In an injection-
molding simulation, as in practice, when P,y is
reached, the injection velocity cannot be maintained.
The effect of NFT variation on the maximum injec-
tion pressure cannot be studied directly because
Prhax is reached in all simulations. Nevertheless, the
filled length at Pp,,x can be considered a measure of
the sensitivity of the injection pressure. If the NFT
influences the pressure distribution during filling,
the length at which Py, is reached will change. In
our simulations, P, was set to 2000 bar, which is
in line with typical injection molding equipment.

The NFT has a direct influence on the frozen-layer
fraction, that is, the region in which the temperature
is below the NFT. Because the frozen-layer domain
is two-dimensional (so it is not easy to compare dif-
ferent distributions), a simpler way of quantifying
changes in the frozen-layer fraction is needed to eval-
uate the sensitivity. In this respect, the length with a
frozen-layer fraction between 0 and 10% (Lyg9,) is the
zone close to the injection point and represents the
region in which only a small amount of the polymer
has reached the NFT (see Fig. 2). The use of Ly de-
spite the two-dimensional distribution allows easier
sensitivity analysis without a lack of physical meaning.

This parameter is suitable for this analysis because
the frozen-layer fraction increases along the flow
direction (with reference to the zone close to the
injection point). Therefore, effects of the NFT on the
frozen-layer distribution can be related to the length
of the first zone.

Methods

To simulate a short shot, a long, rectangular cavity
was chosen as the mold. Its length and width were
set to 900 and 120 mm, respectively; two different
thicknesses (1.2 and 1.5 mm) were investigated
because the mold thickness strongly influences
energy transport, that is, temperature distributions.
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Frozen layer fraction, %

Figure 2 Frozen-layer fraction versus the mold length in
a short shot (top) and mold cross section (bottom). Ly is
the length filled in the short shot.

The melt temperature (Tpner) and the mold tempera-
ture (Thoq) were taken from the databases of the
software packages, which also reported recom-
mended process conditions.

Four different materials were selected to compare
the behaviors of materials with very different physi-
cal properties (T,, and T,): two amorphous [polycar-
bonate (PC) and polystyrene (PS)] and two semicrys-
talline [poly(butylene terephthalate) (PBT) and
polyamide 6 (PA6)]. For semicrystalline polymers,
only the 1.2-mm-thick mold was used because the
1.5-mm-thick mold resulted in complete filling
under all conditions.

Mold-filling simulations were performed at four dif-
ferent flow-front velocities (0.1, 0.15, 0.2, and 0.3 m/s)
to account for different energy dissipation values and
energy convective transport contributions. Ty and
Tmola Were selected from the recommended processing
conditions reported in the software package databases.
The values of T and Tpgg used in the simulations,
together with the Cross-Williams-Landel-Ferry (WLF)
parameters of the polymers (discussed later), are
reported in Table L

Analyses were performed with VISI Flow software.
A set of PA6 filling simulations was performed with
Moldflow so that we could compare results.
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The input distribution was chosen around the
database value of the no-flow temperature (NFTj;
Table II). The investigated range was NFT, — 20°C
< NFT < NFT, + 40°C. This interval is not symmet-
ric with respect to NFT, because for low NFTs, nu-
merical problems affect simulations, calculations
stop, and results are not reliable. For PS analysis, the
lower boundary was chosen to be NFT, — 10°C.

Results and discussion

To effectively compare simulations with respect to
the filled length, a relative scaling factor was used.
A plot of the filled length (L) scaled with the filled
length at NFT, (L) was used to analyze the results.

Curves at different velocities for PC (Fig. 3) appre-
ciably overlap, so changes in the filled length are
related only to the NFT. From NFT = 160°C to NFT
= 220°C, the filled length reduction is approximately
20% for both mold thicknesses tested (results for the
1.5-mm-thick mold are not shown here for the sake
of brevity).

For all materials tested, the velocity does not
appreciably influence the filled length. Conversely,
the main influence is exerted by the NFT (Fig. 4). In
a general way, L/L, decreases with an NFT increase.

For PS, a 50°C increase in the NFT (i.e., from 120
to 170°C) leads to a decrease in the filled length of
approximately 38% (mold thickness & = 1.2 mm) or
33% (h = 1.5 mm, not reported here).

For PA6, a 60°C increase in the NFT (i.e., from 165
to 225°C) produces a 36% reduction in the filled
length.

For PBT, unlike the other cases, at low NFTs,
minor changes in the filled length are observed. An
increase in the NFT from 160 to 200°C reflects a
reduction of the filled length of approximately 15%.

The dependence of the filled length on the NFT is
fairly influenced by the mold thickness for amor-
phous materials because the thickness affects only
the absolute value of the filled length.

Semicrystalline materials show different behaviors
with changes in the NFT. This can be related to the
phenomenology occurring with cooling from the
melt (e.g., crystallization), but it is not known how
these issues are taken into account by the software
packages.

TABLE I

Tmety Tmota, and Cross—WLF Parameters Used in the Simulations
Polymer Tmett (°C) Tmota (°C) n ™ (Pa) D, (Pas) D, (K) Ay A (K)
PC 300 90 0.1143 8.48 x 10° 517 x 101 417.15 28.039 51.6
PS 200 45 0.3359 3.26 x 10° 3.32 x 102 373.15 24.27 51.6
PA6 260 65 0.2933 2.19 x 10° 45 x 10 323.15 35.88 51.6
PBT 255 90 0.319 211 x 10° 1.06 x 10*? 323.15 55.838 51.6

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE 1I
NFT, Values of Various Polymers (from VISI Flow)
Polymer NFT, (°C)
PC 180
PS 130
PA6 185
PBT 160

A typical plot of the filled length at P is
reported in Figure 5. Except for PS, this parameter is
appreciably insensitive to NFT. This general result
can be explained as follows: at higher NFTs, the
open-section reduction is compensated by the vis-
cous and convective heating contributions.

The results for PS (Fig. 6) show a dependence on
the NFT. The filled length reduces its value with
increasing NFT. The influence is higher at a low
flow-front velocity, whereas at a high velocity, a con-
stant flow rate can be longer sustained. At v = 0.3 m/
s, a 50°C increase in the NFT (i.e., from 120 to 170°C)
produces a reduction of the filled length at Py, of
13% (h = 1.2 mm) or 20% (h = 1.5 mm). At v = 0.1
m/s, the reduction is 40% for both mold thicknesses.

The previously defined L, parameter was adopted
to estimate the sensitivity of the frozen-layer fraction.

PC results for a 1.2-mm-thick mold (Fig. 7) are
similar to the results for the other tested mold thick-
nesses. All the curves exhibit a constant slope at low
NFTs of approximately —4 mm/°C for a 1.2-mm
thickness. For a 1.5-mm-thick mold, this slope is
approximately —5 mm/°C. At a critical value of the
NFT, the slope changes (first increasing and then
decreasing), and the length values rapidly approach
zero. The velocity influences the position of the criti-
cal point (a low velocity shifts it toward a low NFT).

Figure 8 shows results for all materials normalized
to the filled length (Ly) at v = 0.2 m/s. The PS results
can be explained as follows: the explored tempera-
ture range lies above the critical temperature
because the length falls abruptly to zero. The same
consideration is valid for PA6.
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Figure 3 Plot of L/L, versus NFT (PC, i = 1.2 mm).
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The PBT results are similar to the PC results and
show a constant-slope region at low NFTs and a crit-
ical temperature at which the Ilength rapidly
approaches zero. The slope at low NFTs is approxi-
mately —4 mm/°C, that is, the same value for PC
with the same mold thickness.

Thickness does not exert a strong influence on all
the investigated parameters. The filled length shows a
linear dependence on the NFT, except for some low-
velocity cases. The filled length at Pp,,x does not show
an appreciable dependence on the NFT, except for PS.
Conversely, a general dependence of Lo, on the NFT
has been individuated. At relatively low NFTs, Ljg,
decays linearly, and at high NFTs, it is equal to zero.
The onset of rapid decay in the middle-range zone
depends on the velocity. Therefore, the major influence
of the NFT is on the frozen-layer thickness.

NFT RESULTS FOR TWO DIFFERENT
SOFTWARE PACKAGES

To appreciate differences between VISI Flow and
Moldflow, simulations with PA6 were also carried
out in a Moldflow environment. The filled length
and the filled length at P,,x were used to compare
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Figure 5 Plot of the filled length at Pn.« (PC, h = 1.2
mm).
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Figure 6 Plot of the filled length at P, (PS, h = 1.2 mm).

results. Moldflow predicts Ljgy, = 0 in all cases;
therefore, a comparison of packages is not possible
with this variable. It is worth noticing that Lipe, = 0
corresponds to a frozen-layer fraction higher than
10% in the whole mold, even in the zone close to the
injection point.

The filled length (Fig. 9) of Moldflow predictions
is less than that predicted by VISI Flow, particularly
at low NFTs and high velocities. At NFT = 175°C
and v = 0.3 m/s, the Moldflow filled length is
200 mm less than that predicted by VISI Flow. At
high NFTs, differences diminish because of a differ-
ent dependence on the NFI. Moldflow results do
not show appreciable differences with changes in
the NFT; conversely, VISI Flow predicts lower val-
ues with increasing NFTs.

The filled length at P, is not sensitive to the
NFT for the Moldflow or VISI Flow results. The
influences on the length and velocity, as predicted
by the two packages, are different:

1. VISI Flow: Increasing the injection speed
reduces the filled length at Ppax.

2. Moldflow: Increasing the injection
increases the filled length at Ppax.

speed
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Figure 7 Plot of the length with a frozen layer of 0-10%
versus NFT (PC, h = 1.2 mm).
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Figure 8 Plot of the length with a frozen layer of 0-10%
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Although the numerical results are dissimilar, the
filled length at Py,.x does not depend on the NFT.
By extension, this is a confirmation of the insensitiv-
ity of the filling pressure to the NFT."> This state-
ment can be physically based on the observation
that material properties (e.g., the viscosity), which
depend on the temperature and shear rate, and heat-
transfer contributions (viscous heating and convec-
tion) tend to compensate for the modifications of
local conditions induced by changes in the NFT
(e.g., the frozen-layer fraction).

VISCOSITY INCREASE AT THE NFT

In the first stage, a correlation between the NFT and
viscosity was sought and investigated. A common
critical viscosity value was not detectable; neverthe-
less, the viscosity calculated on the basis of the VISI
Flow database exhibited the same order of magni-
tude within each polymer class. On the other hand,
results based on the Moldflow database fell in a
wider range covering about 7 orders of magnitude.
Therefore, the NFT appears not to be related to an
absolute critical value of the apparent viscosity.
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Figure 9 Filled length versus NFT: VISI Flow and Mold-
flow results.
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TABLE III
Cross—-WLF Parameters for the Amorphous Polymers Used for the Calculation of
(d log np)/dT from the VISI Flow Database

n T* (Pa) Dy (Pa S) D, (K) Al A2 (K)
PC-1 0.2313 5.985 x 10° 2.65 x 10" 417.15 36.789 51.6
PC-2 0.2563 578 x 10° 1.31 x 10%° 417.15 50.082 51.6
PC-3 0.2126 419 x 10° 2.98 x 10° 417.15 21.113 51.6
PC-4 0.5903 406 x 10° 1.90 x 10 417.15 32.134 51.6
PC-5 0.09 8.97 x 10° 7.54 x 10%° 417.15 25.929 51.6
PC-6 0.1143 8.48 x 10° 5.17 x 10" 417.15 28.039 51.6
PC-7 0.17 6.69 x 10° 6.03 x 10%° 417.15 25.835 51.6
PMMA-1 0.3747 2.25 x 10* 476 x 10** 390.15 65.83 51.6
PMMA-2 0.3524 5.67 x 10* 2.87 x 10™ 377.15 34.387 51.6
PMMA-3 0.3192 1.02 x 10° 1.43 x 10 377.15 40.301 51.6
PMMA-4 0.2664 1.19 x 10° 9.39 x 10% 377.15 43.03 51.6
PMMA-5 0.3474 529 x 10* 1.19 x 10'2 377.15 27.893 51.6
PMMA-6 0.2368 1.23 x 10° 2.33 x 107 377.15 44.038 51.6
PMMA-7 0.2808 1.83 x 10* 253 x 10¥ 377.15 69.836 51.6
PS-1 0.2985 2.34 x 10* 7.29 x 10*? 373 30.71 51.6
PS-2 0.3188 1.88 x 10* 9.94 x 108 373.15 18.22 51.6
PS-3 0.3082 2.33 x 10* 2.55 x 10*° 373.15 19.458 51.6
PS-4 0.2435 435 x 10* 1.42 x 10'° 373.15 19.282 51.6
PS-5 0.334 6.71 x 10° 5.55 x 10'® 323.15 41.667 51.6
PS-6 0.3779 429 x 10* 3.28 x 108 373.15 23.379 51.6
PS-7 0.3011 1.44 x 10* 341 x 10" 373.15 29.596 51.6
PS-8 0.2233 3.70 x 10* 1.56 x 10'° 323.15 35.383 51.6
PS-9 0.3359 3.26 x 10° 3.32 x 10%? 373.15 24.27 51.6
PS-10 0.2577 3.08 x 10* 5.03 x 10° 373.15 21.532 51.6
From a dynamic perspective, the NFT can be con- D AL(T — D») 3
PR . . . . . . — X e —
nected to a critical variation in the viscosity, which Mo(T) =Dre p{ Ay + (T — Dz)} 3)

causes the set-in of no-flow conditions. Because a
critical viscosity value cannot be related to the NFT,
critical melt hardening can better characterize the
flow stopping during filling. This means that flow
stopping is related to the dependence of the viscos-
ity on temperature, and below the NFT, the viscosity
increase is so high that the flow rate becomes
negligible.

With reference to the zero-shear viscosity, values
of dny/dT can provide an estimate of the increase in
the viscosity caused by temperature lowering. This
parameter is related to absolute changes and there-
fore can be different for different classes of poly-
mers. Normalization of dno/dT with ng leads to (d
log Mo)/dT, a parameter with the dimension K
suitable for quantifying the relative increase in the
viscosity caused by temperature lowering.

The rheological model most widely adopted by
commercial software packages is the Cross-WLF
model:*®

No(T)

T](T’Y) = . (@)1,;1

)

where T is the temperature, 7 is the shear rate, i.e.
the velocity gradient dv/dx, and t* is the critical
shear stress value. ny(T) the zero-shear-viscosity, is
calculated as follows:
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where Ay, Ay, D1, D;, and n are material parameters.
From eq. (3), we can work out the following
expression:

A1A;
= 2 (4)
T—NFT [A2 + (NFT — D,)]

dlogng
dT

This represents the relative increase in the viscos-
ity at T = NFT. With the material parameters (4,
Ay, Dy, and D,) reported in the package databases
(Table III), values of (d log mg)/dT were calculated
and compared.

Results and discussion

For various amorphous polymers, such as PCs, PSs,
and poly(methyl methacrylate)s (PMMAs), the val-
ues obtained from the VISI Flow database are quite
comparable (Fig. 10), except for a few cases. T, was
introduced as a shift factor so that we could com-
pare the results of different types of materials on a
common basis. Values are reported in Table IV.
These values were obtained via extrapolation
because T, depends on the actual cooling rate.
Therefore, values of (d log ng)/dT were averaged
for each material type, and the NFT for each
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Figure 10 (d log mo)/dT versus T,/NFT calculated from
the VISI Flow database for amorphous materials.

material was then recalculated via eq. (4) with the
averaged value. The calculation results are displayed
in Tables V-VIL

The conclusions that can be drawn from these
simple computations are as follows:

» The differences between NFTs reported in the
software package databases and those estimated
via (d log Mo)/dT are not significant for PC.

* PMMA and PS show greater differences but
large ANFT values (30-40°C) in only a few
cases.

* The evaluation of (d log n)/dT can be success-
fully used for a first estimate of the NFTs of
amorphous polymers.

Different results were obtained when the parame-
ters of the Moldflow database were chosen (Fig. 11).
It has to be underlined that the NFT values are dif-
ferent in the two databases: for example, the NFT of
PC MK2600 is 180°C in the VISI Flow database and
150°C in the Moldflow database. This large differ-
ence is due to the different typologies of the experi-
mental setups used to determine the NFTs. Presum-
ably, the VISI Flow measurements were carried out
under shear, whereas the Moldflow measurements
were performed under static conditions, e.g. via
DSC. Moreover, the parameters of the Cross-WLF
equation for the same material are slightly different
in the two databases.

TABLE IV
T, Values of the Amorphous Materials
Material T, (°O)
PC 150
PS 100
PMMA 110
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TABLE V
NFTs, (d log 10)/dT Values, NFTs Recalculated from
Average (d log 1¢)/dT Values, and Corresponding
ANFTs for Different PCs

NFT  [(d log mo)/ NFT ANFT

°C) AT r—~FT recalculated (°C) (@)
PC-1 205 —0.150 200 5
PC-2 217 —0.167 218 -1
PC-3 172 -0.173 174 -2
PC-4 206 —0.129 193 13
PC-5 180 —0.175 183 -3
PC-6 180 —0.189 186 —6
PC-7 180 —0.174 182 -2
Average —-0.165

To check values of (d log ng)/dT, the values from
the VISI Flow database were used as reference val-
ues, and the NFTs of the Moldflow database were
increased by 30°C (according to the rule of thumb
reported in the introduction'®). Figure 11 summa-
rizes the result of this manipulation with a constant
T, value used as a shift factor (Table II): the Mold-
flow (Moldflow Plastics Insight, MPI) values practi-
cally superimpose to the VISI Flow values.

The assumption of a constant T, value for each
type of polymer is merely qualitative because it
depends on various parameters (e.g., the molecular
weight). The choice of a constant T, value was due
to the lack of T, values in the VISI Flow and Mold-
flow databases. This approximation leads to a cloud
of points with T/NFT > 1, that is, NFT < T,. It is
worth noticing that this is physically incorrect
because the NFT has to be at least equal to T.

A qualitative inspection of Figure 11 shows a nar-
row range of —(d log ng)/dT values for T,/NFT <
0.95 and a wide range for To/NFT > 0.95. This sug-
gests that for NFTs higher than T,, the assumption
of a constant (d log mg)/dT value can consistently
depict the NFT phenomenology.

Similar calculations were performed for five
classes of semicrystalline materials: polypropylene,
poly(ethylene terephthalate) (PET), PBT, PA6, and

TABLE VI
NFTs, (d log no)/dT Values, NFTs Recalculated from
Average (d log 10)/dT Values, and Corresponding
ANFTs for Different PMMAs

NFT  [(d log mo)/ NFT ANFT

°O) AT]r—~rFT recalculated (°C) °O)
PMMA-1 135 —0.704 176 —41
PMMA-2 150 —0.187 132 18
PMMA-3 151 —0.215 139 12
PMMA-4 177 —0.143 142 35
PMMA-5 143 -0.176 124 19
PMMA-6 145 —0.266 143 2
PMMA-7 170 —0.261 166 4
Average —0.279
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TABLE VII
NFTs, (d log 10)/dT Values, NFTs Recalculated from
Average (d log 19)/dT Values, and Corresponding ANFTs
for Different PSs

NFT  [(d log mo)/ NFT ANFT

°C) AT r—~FT recalculated (°C) ({®)
PS-1 135 —0.211 154 -19
PS-2 136 —0.123 130 6
PS-3 155 —0.089 133 22
PS-4 145 —0.107 133 12
PS-5 145 —0.100 122 23
PS-6 124 —0.212 141 -17
PS-7 158 —0.128 153 5
PS-8 145 —0.085 112 33
PS-9 130 —0.189 143 -13
PS-10 130 —0.168 137 -7
Average —-0.141

polyamide 46 (PA46). Results are reported in Figures
12 and 13. Surprisingly, even in this case, a narrow
range of (d log mg)/dT values was found with both
the VISI Flow and Moldflow databases for all the
materials considered, except for a few cases (espe-
cially PET and PBT). This similarity of results for
semicrystalline polymers is due to the low differen-
ces in the NFT values reported by the VISI Flow and
Moldflow databases (ca. 10°C) and to the very close
(or equal in many cases) viscosity parameters. Most
of the points lie within the range of 0.05 < (d log
No)/dT < 0.1; this range is lower than that for amor-
phous materials and thus indicates that in semicrys-
talline polymers, the NFT is associated with a
smaller change in the relative viscosity versus amor-
phous polymers.

In principle, if the (d log 1o)/dT criterion has gen-
eral validity, with the addition of the contribution of
the viscosity enhancement due to crystallization to
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Figure 11 (d log mo)/dT versus T,/NFT calculated from

the VISI Flow database, Moldflow database, and a modifi-
cation of the Moldflow database for amorphous materials.
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Figure 12 (d log mg)/dT versus NFT calculated from the
VISI Flow database for semicrystalline materials.

(d log mp)/dT, values closer to those of amorphous
materials should be achieved.

The NFT is a parameter independent of processing
conditions. Conversely, the proposed one represents
a hardening velocity. In addition to gelation, for
which solidlike behavior depends on the time of ob-
servation, (d log no)/dT coupled with dT/dt can pro-
duce a typical hardening time and thus highlights
how thermal history affects the solidification
dynamics.

CONCLUSIONS

The NFT, despite its simple definitions and use in
injection molding simulations, remains an open issue
for improving the performance and the prediction
capabilities of computer-aided engineering packages.

The NFT is a useful parameter for speeding up
the computational time and overcoming the lack of
accuracy of viscosity models in low-temperature
regions. It certainly plays a key role in the prediction
of frozen-layer evolution and set-in and therefore in
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Figure 13 (d log mo)/dT versus NFT calculated from the
Moldflow database for semicrystalline materials.



NO-FLOW TEMPERATURE IN INJECTION-MOLDING

estimating the performance, long-term stability, and
failure of injection-molded parts, as demonstrated
by the effect of the NFT on the mold-filling length
(short shots). The use of the NFT is extended further
as a way of determining whether residual stresses*
will accumulate or relax at a particular node; this is
the starting point for the subsequent estimation of
shrinkage and warpage.”” Moreover, models for the
prediction of shrinkage and warpage need further
improvement, and to accomplish this result, a more
precise definition and a deeper characterization of
the NFT will play a fundamental role.

The complexity of studies concerning the NFT
stems also from the patented technology of software
packages, which limits the global understanding of
the mechanisms influencing NFT-related phenom-
ena. Further difficulties are related to the variety of
methods for estimating the NFT in different software
packages; for example, Moldflow uses different
ways to measure NFT, and even DSC characteriza-
tions are normally carried out at three different cool-
ing rates much lower than the actual cooling rates in
injection molding.

The physical phenomena that determine where
(across the melt thickness) the transition between the
flowing melt and the stagnant melt occurs are still
unclear, and surely they are different for amorphous
and semicrystalline polymers. For semicrystalline
polymers, a relationship between the NFT and phys-
ical gelation is reasonable, but studies on gelation
are still in progress. Improvements of software pre-
dictions are also related to viscosity models; these so
far have not taken into account crystallization
effects, which are highly relevant for semicrystalline
materials. Therefore, an improvement of NFT char-
acterization must be coupled with developments in
viscosity models to reach better agreement between
simulations and experiments.

First, definitions of the NFT must be better speci-
fied. A correlation with (d log mg)/dT shows good
agreement for both amorphous and semicrystalline
polymers, so this way should be deeply investigated
for thorough validation. For amorphous materials,
the value of (d log no)/dT is approximately 0.2 K™,
whereas for semicrystalline materials, it is approxi-
mately 0.05 K™'. These different values can be
related to the different phenomena occurring in the
two cases, although viscosity models do not take
into account this issue. Moreover, alternative correla-
tions and modeling of the NFT have been checked
without fulfilling results.*®

A sensitivity analysis has shown many interesting
aspects. First, running similar simulation in different
software environments leads to very different
results. Moreover, with changes in software pack-
ages, the NFT exhibits different sensitivities to the
same parameters.
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A general result is that the main influence of the
NFT is on the frozen layer. All things considered,
the NFT is expected to show a larger influence on
the holding stage than on the filling stage. Therefore,
a study about the influence of the NFT on the hold-
ing stage is needed to properly understand its role
in shrinkage and warpage prediction. Moreover,
models for shrinkage (and especially warpage) pre-
diction must be improved because they fail with
respect to accuracy many times.

The NFT shows a slight influence on the filled
length in a short shot and a negligible influence on
the filled length at Pp,.x. As a result, the NFT does
not appreciably influence pressure predictions.

To improve the accuracy of injection molding sim-
ulations, a more accurate characterization of the
NFT is mandatory. Because many aspects of injec-
tion molding simulations are still improving, (e.g.,
the influence of crystallization® and the prediction
of warpage®), such aspects being directly related to
the NFT, the progress in the accuracy of injection-
molding simulations is connected in some way to
the phenomena concerning NFT.
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