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Abstract

It is quite well known that the morphology of an injection molded part made by a semicrystalline
polymer presents several layers. In particular spherulitic structures are found in the core region, a
layer characterized by highly oriented fibrillar morphology (the shear layer) usually follows and a
skin layer is often observed at the sample surface. The thickness of the fibrillar layer deeply
influences the mechanical properties of the part. In this work, a criterion to predict the thickness
of the fibrillar layer is proposed and verified. The criterion is essentially based on the amount of
viscous work done when the molecular stretch is higher than a critical value: the molecular stretch
should be above a critical value while a critical amount of viscous work is accumulated. In order to
tune the parameters, and to validate the criterion, a well characterized polypropylene was chosen
as test material, and four different injection molding conditions were analyzed. The criterion is
verified by comparing some experimental results with the prediction of the UNISA code (an
injection molding software developed at the University of Salerno), good comparison between
software predictions and experimental data confirms the suitability of the criterion.

Keywords: fibrillary morphology, shear layer, injection molding, injection molding modeling,
polypropylene



1 Introduction

The morphology distribution inside an injection molded semicrystalline part is made by several
layers moving from the surface toward the midplane: a skin layer, where due to the high cooling
rates, the material is quenched and a poorly structured material is found; a shear layer, where due
to the strong flow fields highly oriented fibrillar structures are found; a core layer, where
spherulitical structures are found, whose dimensions normally increase on increasing the distance
from the surface (Karger-Kocsis et al., 1987; Pantani et al., 2005; Balzano et al., 2008;
Steenbakkers et al., 2011; Roozemond et al., 2016)

The dependence of the spherulite dimensions upon the processing conditions and their
distribution along the thickness of the molded part made of isotactic polypropylene (iPP) have
been the object of a series of studies published by the authors in the recent years (Pantani et al.,
2016a; Pantani et al., 2017).

The specific work was often considered as the key parameter for the formation of oriented
structures in a polymer subjected to a shear field (Janeschitz-Kriegl et al., 2003, 2005). More
recently, an attempt was made to determine the criterion which induces the formation of the
fibrillar structures. In particular in a previous work on iPP shear induced fibrillar crystallization, a
series of experiments were carried out with an iPP (T30G) by a Linkam Cell (Pantani et al., 2010,
2014) within a narrow temperature range around 140°C. It was verified that the material has a
limiting shear rate above or below which the crystallization takes place with fibrillar or spherulitic
character, respectively. Furthermore, it was found that the shearing time to reach fibrillar
crystallization was a decreasing function of the shear rate and, furthermore, the shear stress and
the shearing time were found to combine in such a way to give rise to essentially the same viscous
work at the start of the fibrillar crystallization. It was also verified that there is a limiting value of
shear rate below which the crystallization is spherulitic, whatever amount of viscous work is spent.
Those results were taken as further confirmation of the criterion based on a critical work to
achieve fibrillar crystallization, as long as the shear rate is larger than a limiting value (Mykhaylyk
et al., 2008, 2010; Vega et al., 2009; Fang et al., 2013; Pantani et al., 2014).

In this work, the model for fibrillar crystallization mentioned above is adopted with the following
additional simultaneity criterion: the whole amount of work has to be done while the molecular
stretch is above a critical value; furthermore, if the molecular stretch is let to relax below that
critical value, all previous work has to be cancelled in the accounting for the critical work.

This criterion is consistent with the results of the experiments reported in (Pantani et al., 2010)
since the shearing times to achieve fibrillar crystallization were orders of magnitude longer than
the resin relaxation time, which implies that most of the viscous work was actually performed
when the steady molecular stretch was already achieved.

The injection molding process seems specifically designed to verify the simultaneity criterion
clarified above, since soon after filling the polymer not yet solidified relaxes considerable part of
its stretch and after a short (but relevant) time it undergoes further stretching with lower shear
rate but under higher viscosity due to the temperature decrease and eventually pressure increase.
The identification of the thicknesses and the position, within the molded samples cross sections,
of the shear layers is the main objective of this work.

2 Injection molding data and process simulation

In the following, the criterion for fibrillar crystallization as outlined above, with the new
simultaneity criterion, will be applied to the analysis of viscous work and molecular stretch
evolutions of four injection molding tests already reported in the literature (Pantani et al., 2005;



Pantani et al., 2007a) carried out by using an iPP (T30G supplied by Basell). The evolutions will be
evaluated by the injection molding process model outlined in (Pantani et al., 2016a). The material
was injected into a line gated rectangular cavity of 120mm length, 30mm width and 2 mm
thickness. Five piezoelectric transducers were placed in the mold along the flow direction: one in
the injection chamber, one just before the gate and three in the cavity (at 15, 60 and 105mm
downstream from the gate); in the following, the five positions where pressure acquisitions were
taken will be referred to as PO, P1, P2, P3 and P4, respectively. Further details on geometry and
adopted experimental procedure are available in (Pantani et al., 2005; Pantani et al., 2007a;
Speranza et al., 2011).

Those four tests were selected as reference for the fibrillar morphology criterion because they
cover injection molding conditions very different one from the other, as specified in Table 1:

Standard Slow High T High P
Flow rate [cms/s] 15 5 15 15
Mold temperature [K] 303 303 343 303
Holding pressure [bar] 400 400 400 700

Tab. 1. Processing conditions for the tests analyzed in this work. The holding time was kept always larger than gate
sealing time

In particular, starting from the standard test, all main processing conditions were changed one by
one for the other three tests. The effect of molding conditions on the multilayer morphology of
injection molded part is evidenced in Fig. 1, where pictures of the samples taken in crossed
polarized light are shown. The pictures refer to slices taken in pos P3 (central in cavity), and report
just one half of the sample width, with the sample surface at the top, and the midplane at the
bottom of the images. In all cases, the flow is parallel to the plane of the slices. In order to clearly
identify the position of the layers, beside each optical micrograph a bar reporting the thickness of
the skin layer in black, the shear layer in grey and the spherulitic layer in white is shown. The skin
layer is clearly evident in all cases except for the High T condition. It is worth mentioning that,
according to a detailed characterization of the samples (Pantani et al., 2005), when present, the
skin layer is significantly crystalline with a predominance of alpha phase with few percent of
mesomorphic phase. The shear layer appears as the darkest part of the pictures; the core layer,
that is formed by spherulitic structures with different dimensions, is instead the lightest one. At
the midplane, a darker layer is shown in the optical micrograph of all samples considered in this
work. Recently (Pantani et al., 2017) a detailed morphological analysis of this layer revealed the
presence of spherulites smaller with respect to the adjacent layers. It is evident that the chosen
conditions represent a good testing ground for the simulation, since the effect of relevant
processing condition on the relative thickness of all the layers is quite clear.
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Fig. 1. Optical images, in cross polarized light, of the half thickness of the sample in position P3 for all the conditions
reported in table 1. The sample surface at the top, and the midplane at the bottom of the images. The bar beside each

micrograph reports thickness and position of each layer: skin in black, shear in grey and core in white.

The thicknesses of the shear layers and of the skin layer in position P3 of those moldings are
reported in Table 2.

Standard Slow High T High P
Skin layer thickness [um] 50 80 Not detectable 50
Shear layer thickness [um] 290 430 250 290
Tab. 2. Thickness of skin and of shear layer for all the conditions considered as measured from optical images reported
in fig. 1.

The morphology developed along the sample thickness is due to the balancing between two
phenomena: the molecular stretch which takes place mainly during the filling stage and the
cooling rate that determines the solidification. Since the structuring is a kinetic process, when the
cooling rate through solidification is very high, the material does not have time to achieve a
complete structuring. This happens close to the sample surface and determines the skin layer
formation. The thickness of the skin layer is expected to decrease as surface cooling rate
decreases, as shown in Fig. 1, this happens in the sample sequence conditions Slow, Standard —
High P, Hhigh T. The surface cooling rate is expected to be the highest for the slow condition
because in that case the convection and viscous generation, being smaller, is less effective to delay
the cooling rate through solidification. The sequence of cooling rate among the other conditions is
determined by the surface temperature.

3 Injection molding simulation

In the attempt to simulate rheology, crystallinity and molecular stretch evolutions during the
injection molding process, all the constitutive equations had to be extrapolated well beyond the
experimental ranges, within which each equation had been identified. Details of the constitutive
equation adopted (including the values of the constants) are reported in (Pantani et al., 2015a). All
the constitutive equations of that iPP resin (T30G) were recently revised (Pantani et al., 2017) on
the basis of data published after the publication of the paper which analyzed those injection
molding tests for the first time (Pantani et al., 2005; Pantani et al., 2007a).

Numerical simulations of the molding tests were conducted adopting the UNISA code that
considers the one—dimension laminar flow of a viscous non—Newtonian fluid in non—isothermal
conditions. The wall slip phenomena is not taken into account. The process is considered
symmetric with respect to the midplane. In the energy balance, the convective term along the
flow direction, the conductive term along the sample thickness, the crystallization latent heat and
the viscous generation are considered. A surface heat transfer coefficient is assigned. The
geometry is schematized as a series of rectangular or cylindrical elements.



The process is simulated into two stages: filling and packing/cooling. During the filling stage the
material is considered incompressible and the flow rate is imposed. The fountain flow is not
implemented but the variables at the flow front are averaged on the basis of velocity (i.e. cup-
mixing variables are considered at the front). During the packing stage, the material is considered
compressible and the flow rate, at each position, is determined by the downstream densification.
During the cooling stage the velocity field is annulled and pressure evolution is evaluated on the
basis of the PVT behavior of the material accounting of crystallization kinetics.

The effect of flow on crystallization kinetics is accounted through a stretching parameter, as
specified elsewhere (Pantani et al., 2017); the equations for the evolution of the stretch
parameter are summarized in the section Definition of the molecular stretch parameter, reported
below. The effects of crystallinity on viscosity and density are taken into account. Consistently, the
UNISA code adopts a solidification criterion based on the crystallinity. At last, effect of pressure on
viscosity, density and crystallinity are considered. The effect of mold deformation can be
accounted for.

The field equations adopted for the numerical simulation are reported in (Titomanlio et al.,
1997)(Pantani et al., 2007b) and the capability of the overall model of reproducing main trends of
experimental results for both pressure evolutions and of spherulite dimension distribution on the
cross section was already verified in a previous paper for the Standard and Slow tests of Table 1
(Pantani et al., 2017). Similar comparison will be considered in this section also for the other two
tests.

Afterwards, the thicknesses and the positions of the shear layers, as obtained applying the
criterion for the formation of fibrillary morphology (with the simultaneity criterion) to the process
numerical simulation, will be discussed and compared with the experimental layer thicknesses
reported in (Pantani et al., 2005; Pantani et al., 2007a).

Results of the numerical simulation for the tests reported in the previous papers (Pantani et al.,
2005; Pantani et al., 2007a) and listed in Table 1 were evaluated with the updated rheology
dependencies upon crystallization and with crystallization kinetics including Flow Induced
Crystallization (FIC) effects as reported in (Pantani et al., 2015b; Pantani et al., 2016b). Also the
effect of mold deformation was accounted for in the simulation, as reported in (Pantani et al.,
2007b).

As mentioned above, a comparison between numerical simulation code and experimental results
for the pressure evolutions of the Standard and Slow tests was already performed in a previous
paper and it was found very good. The comparison for pressure evolutions in the five positions
specified above for all the four tests listed in Table 1 is shown in figs. 2a-2d. The comparison
indicates that, apart from some discrepancies, which can be surely considered as minor, for the
aims of the present work, the simulation well describes the pressure evolutions in all the four
molding tests considered.
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Fig. 2. Comparison of pressure evolutions, acquired in the five positions along the flow path during the process
(symbols), with the predicted ones (lines) for all the four conditions reported in table 1. In particular, comparison in (a)
is for the “Standard”, in (b) is for the “High P”, in (c) is for “High T” and in (d) is for “Slow”.

3.1 Definition of the molecular stretch parameter
The evolution of molecular stretch was analyzed through the evolution of the molecular
conformation tensor 4 (Pantani et al., 2012) defined as

(RR)— (RR)
4=3 (_<R§>_ : (1)

where R is the end-to-end vector of a molecular sub chain, (Eﬁ) is the second order
conformation tensor, (R R), is the value of the second order conformation tensor under quiescent

conditions, when the end-to-end distance of the molecular chain is (R2) = tr (R R),. The
evolution of the conformation tensor was described by a Maxwell-type equation with a single
dominant relaxation time:
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The dominant relaxation time, A, decreases when the intensity of the flow field increases
according to a Cross-WLF type equation

Ao a(T,P,x)
1+(aa)b

AT, P, x,8) = (3)

where A, and A are the rest relaxation time and the difference between the two main eigenvalues
of the tensor 4. A shift factor, a, due to temperature, pressure and crystallinity, ¥, is also

considered; it is expressed by the modified WLF relationship:
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a(T,P,x) =10 C2+T-To - §(x) (4)
where, according to (Pantani et al., 2015a), for the material considered in this work the factor & is

§Q) = e’ (5)

The values of the material parameters of eq. 3 + 5 were identified in (Pantani et al., 2012; Pantani
et al., 2015a) and are reported in Table 3.

Parameter Value Parameter Value
o [s] 14 C, [K] 301.4
Ty [K] 503. C; [K/bar] 0.18
Ci [-] 2.5 h [-] 180
al-] 3.8 b [-] 2.2

Tab. 3. Material parameters adopted in equations 3 + 5 that describe the dependence of relaxation time upon
temperature, pressure, crystallinity and molecular stretch.

In this work, the difference, A, between the two main eigenvalues of él is taken as an appropriate
measure of the molecular stretch.

Under simple shear the parameter A is:

A=A + 442, (6)
Where 1 and 2 are the directions of the gradient of velocity and of the flow.

3.2 Final distributions of stretch and work and their evolutions

Numerical calculations for the integral of the viscous work and for the final stretch distributions of
the Standard sample both up to the end of the filling steps (lines) and at the end of the injection
molding process (symbols) are plotted in fig. 3 versus the distance from the surface.
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Fig. 3. Integral of the viscous work density (right axis) and molecular stretch parameter A (left axis) in position P3, as
function of the distance from the surface as calculated for the “Standard” condition. The distribution of both
variables at the end of the filling stage (lines) and at the end of the process (symbols) are reported. The thicknesses of
the skin and shear layer are indicated as a vertical grey and black line respectively.



The two viscous work curves have regular shapes: the work at surface is very small, it increases
toward a maximum (which is at a distance from the surface close to 0.30mm) and then it
decreases toward zero, which is reached at the sample mid-plane. The maximum viscous work is
between one and two orders of magnitude larger than the value at the surface. The viscous work
dissipated up to any instant is the time integral of the viscous work dissipation rate which
obviously is positive, thus, due to the packing flow, the viscous work at the end of the process is
everywhere (except inside the small layer at the surface, where solidification had taken place
during filling) larger than the viscous work at the end of filling. However, because the packing flow
is very slow, the difference between the two viscous work curves is quite small except in a narrow
zone close to the maxima, although, due to larger pressure and lower temperatures, it takes place
under larger viscosity.

The results reported in fig. 3 allow to determine the thickness of the shear layer on the basis of
criteria founded on a critical (shear rate) stretch value, A, and on a critical work value, W, as
proposed in (Mykhaylyk et al., 2008, 2010): once the critical values of the two parameters are
identified, the thickness of the layer is given by all the points presenting both values higher than
the chosen thresholds (critical values). This method obviously ignores the simultaneity criterion. It
can be noticed that, whatever realistic choice would be done for the two critical values, it would
not sort a reasonable comparison with the thicknesses and the positions of the shear layers
observed in the position P3 of the four injection molding tests, as reported in Tab. 2.

The main objectives of this work is to point out the relevance of the simultaneity criterion to the
fibrillar crystallization criterion and to compare the experimental and the numerical simulation
results for the thicknesses and positions of the fibrillar morphology (shear) layers on the cross
sections of the moldings reported in (Pantani et al., 2005; Pantani et al., 2007a).

The criterion that the work performed before the stretch reaches its critical value is not relevant
to the purpose of achieving fibrillar crystallization appears physically grounded. In many
processing conditions, the polymer melt is oriented first and then has the time to (partially) relax
before being oriented again. If the relaxation were complete, it is obvious that the whole previous
history does not have any effect of what happens next. This would mean that the time integral of
the work alone is not a suitable criterion for describing the phenomenon in complex flow
conditions. Considering that, as mentioned above, the criterion without the simultaneity criterion
is not consistent with the experimental results reported in Table 2, the integral of the viscous work
and the final stretch distributions together can be considered a necessary criterion for fibrillar
morphology of the polymer, a sufficient criterion needs also the simultaneity criterion.

On the other hand in the experiments conducted in (Mykhaylyk et al., 2008, 2010), that consider
an isothermal constant rotating parallel-plate flow, under steady shear rate conditions, if transient
flow is negligible, the simultaneity criterion is automatically assured.

If both the final viscous work integral and the final stretch are above their critical values, the
simultaneity criterion deny the possibility to have fibrillar morphology if, after the stretch reached
its critical value A, only a quantity of work smaller than the critical one is spent. Similar situations
take place very far from the wall, where the stretch undergoes a relevant increase by effect of the
packing flow whereas the viscous work, already grown during the filling step, does not undergo
enough additional increase after the stretch reached its critical value. With reference to the
Standard test, considered in Fig 3, the evolutions of the work and of the stretch at the two
distances from the surface d=0.12mm and 0.52 mm are very different as far as simultaneity
although they reach essentially the same value of the final stretch and very similar values of final
viscous work. Indeed, the simulation results at 0.12mm from the surface show that the viscous
work and the stretch increase simultaneously up to values rather high (those at the end of filling



shown in fig.2), afterwards the stretch undergoes the same relaxation, of about 20% (maintaining
a value sufficiently large), and then it undergoes a small stretch recovery to the final value which is
reached at about 2 s; at 0.52 mm from the surface most of the viscous work is accumulated during
the filling step when the stretch undergoes a moderate increase (because of the high values of the
local temperature), vice versa during the packing step there the stretch undergoes a relevant
increase and the viscous work increases only marginally, not sufficiently to verify the simultaneity
criterion if the critical work is larger than about 4MPa .

4 Application of the simultaneity criterion

If the simultaneity criterion is applied, the fibrillar crystalline structures can form when the time
integral of the viscous work, calculated when the molecular stretch is constantly larger than A,
reaches a threshold value W.. If the stretch relaxes below the A, the work is set to zero again.

The criterion requires thus two critical values (or thresholds): one for the molecular stretch, A. and
one for the time integral of the work, W..

In fig. 4a — 4d, for the four molding conditions, we report the final distribution along the sample
thickness of the work effective, according to the simultaneity criterion, calculated for four
different choices of the critical stretch: A.=5, 7.5, 8.5 and 10, respectively. The experimentally
evaluated thicknesses of the shear layers for each condition are also reported as vertical lines.

It can be noticed that, in the range of the chosen values, the effects of A. can be found only far
from the skin. This happens because the molecular stretch at the wall is always very high, and thus
all the work done on the melt is useful for the time integral. Closer to the midplane, the molecular
stretch is low, and thus a different choice of A. can substantially affect the time integral of the
work.

Fig. 4 can be adopted to identify suitable values for A. and W.. Whatever the value of A. is, the
value of W, should be low, in order to keep the thickness of the skin layer (namely the layer close
to the surface in which no fibrillar structures are detected) low. However, if W is low, and A is
also low, the predicted thickness of the shear layer would be excessively high for all conditions.

In order to consider both experimental features, it was found that a combination of a A, of about 7
and a W, of about 10 MPa would provide a good estimation of the layers
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Fig. 4. Final distribution along the sample thickness of the work calculated adopting the simultaneity criterion for
different choices of the critical stretch A.: in particular A.=5 (a), A.=7.5 (b), A.=8.5 (c) and A.=10 (d). The thicknesses of
the shear layers for each condition are also reported as vertical lines.

In fig. 5 we report the results of a simulation conducted by using A. = 7 and W, = 10 MPa. The
images of the samples are reported for a visual comparison of the results. It can be noticed that
the thicknesses of the skin and of the shear layers are correctly described for all the samples
molded with a pressure of 40MPa (namely the standard, high T and slow conditions). An
overestimation of the thickness of the shear layer for the sample molded with a pressure of
70MPa (High P) is found. The reasons of this discrepancy can be found in the effect of pressure on
viscosity (and on relaxation time) which obviously becomes extremely significant when the
pressure levels increase. A deeper analysis of the pressure profiles predicted for this condition (fig.
2b) reveal that the simulated packing phase is longer than what shown by the experiments. This is
surely an additional cause of a thicker shear layer for this case.
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Fig. 5. Comparison between experiments and the results of a simulation conducted by using A. = 7 and Wc = 10 MPa.

5 Conclusions

In this work, a novel criterion is adopted to simulate the occurrence of oriented, fibrillar
morphology crystals in semicrystalline polymers. The criterion is based on critical values of the
viscous work and of molecular stretch provided the simultaneity of the two occurrences is
satisfied: the critical viscous work W, should be accumulated while the critical molecular stretch A,
is already reached.

The criterion is applied to identify the thickness and the position within the cross section of
injection molded samples of the fibrillary layer. Four samples obtained with different molding
conditions of a well characterized polypropylene have been considered.

In order to predict the shear layer thickness, the injection molding tests were simulated by a
software developed at the University of Salerno which is able to considering all the modelling and
constitutive aspects needed to describe the phenomena involved: the molecular stretch and the
crystallinity evolution, and the mutual effects between crystallinity and flow-fields.

On analyzing the results of the evolution of molecular stretch and viscous work, it was clearly
shown that none of the two variable is able alone to describe the thickness of the shear layer. The
simultaneity criterion is instead suitable, if appropriate values of A, and W, are selected. In
particular, for the adopted material, by choosing A. = 7 and W.=10 MPa a satisfactory description
of both the skin and the shear layer thickness for all the conditions in which the holding pressure is
40MPa was reached. It is expected that a different material could require different values for A.
and W..

On comparing the results of the simulation with the experimental data, some discrepancy in the
thickness of the shear layer was found for the sample molded with a higher holding pressure
(70MPa). In this case, the shear layer was predicted to be larger than the real one. Rather than to



an incorrect criterion for the occurrence of oriented crystals, the discrepancy was ascribed to a
non-perfect description of the effect of pressure on viscosity and in general to the fact that the
predicted duration of the packing phase in this condition was overestimated. These are aspects to
be improved for the simulation of this specific condition.
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Captions for the Figures

Fig. 1. Optical images, in cross polarized light, of the half thickness of the sample in position
P3 for all the conditions reported in table 1. The sample surface at the top, and the midplane
at the bottom of the images. The bar beside each micrograph reports thickness and position of
each layer: skin in black, shear in grey and core in white.

Fig. 2. Comparison of pressure evolutions, acquired in the five positions along the flow path
during the process (symbols), with the predicted ones (lines) for all the four conditions
reported in table 1. In particular, comparison in (a) is for the “Standard”, in (b) is for the
“High P”, in (c) is for “High T” and in (d) is for “Slow”.

Fig. 3. Integral of the viscous work density (right axis) and molecular stretch parameter A
(left axis) in position P3, as function of the distance from the surface as calculated for the

“Standard” condition. The distribution of both variables at the end of the filling stage (lines)



and at the end of the process (symbols) are reported. The thicknesses of the skin and shear
layer are indicated as a vertical grey and black line respectively.

Fig. 4. Final distribution along the sample thickness of the work calculated adopting the
simultaneity criterion for different choices of the critical stretch A.: in particular A=5 (a),
A=17.5 (b), A=8.5 (¢) and A=10 (d). The thicknesses of the shear layers for each condition are
also reported as vertical lines.

Fig. 5. Comparison between experiments and the results of a simulation conducted by using

A =7 and W, =10 MPa.
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