JOURNAL OF MATERIALS SCIENCE 30 (1995) 5002-5012

Nucleation and anisotropic crystalline growth
of polyethylene under shear
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The crystallization of polyethylene was observed during shear experiments in isothermal
conditions. The nucleation and the crystalline growth rates were measured from

a microscopic observation of the growing morphologies. An unusual formation and
development of row nuclei was observed throughout the experiment, followed by
anisotropic growth. Three main growth rates were measured with respect to the main
directions of the process. All these growth rates are enhanced differently by the shear rate.
This result is interpreted first by an increase of the equilibrium melting temperature
emanating from an entropy loss due to the chain orientation, second the anisotropy of
growth is discussed as an effect of chain orientation with respect to the growth front of
lamellae and of a local flow different from macroscopic shear-flow. An overall kinetic
equation with shear effect has been proposed for this polyethylene and tested in

a stimulation of crystallization during injection moulding of a polyethylene disc. The shear
effect on the crystallization is necessary to predict the crystallization temperature and the
thickness of polymer crystallized during the filling stage.

1. Introduction

Thermal and mechanical conditions affect the crystal-
lization mechanisms of polymers and the resulting
kinetics. In industrial parts, such as injected parts,
a multilayer structure is usually observed including
complex morphologies as the result of thermal and
mechanical conditions applied to the polymer melt.
A large number of thermo-mechanical models seem to
be able to predict the injection moulding process for
the processing industry. Some of them describe mould
filling as part of mould design systems, others describe
structure development as a necessary link with poly-
mer properties. Most of recent models include crystal-
lization models in order to predict solidification. The
data are obtained from crystallization experiments
performed statically, with isothermal or constant cool-
ing rate conditions. However, experiments under flow
are necessary to test the validity of the crystallization
models under flow, and to enable the prediction of
crystallization in industrial processes with a com-
puter-based model.

The effect of shear on crystallization kinetics has
been described for polybutene-1 [1], polypropylene
[2], poly e-caprolactone [3], polyether-ether-ketone
[4] and for various molecular weights of polyethylene
[2, 5-10] and of polyoxyethylene [2, 3, 7, 11]. The
results mainly concern the overall kinetics under shear
of these polymers observed by dilatometry [3], viscos-
ity [2, 4, 8, 10, 12] and birefringence [2, 8] measure-
ments. Under isothermal conditions the overall kinet-
ics is strongly increased by the shear effect with respect
to static conditions [2, 3, 7, 13], which explains the
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reduction of induction time [2-4]. Shear during cool-
ing consequently increases the crystallization temper-
ature from the static condition [3]. A few experiments
have shown the morphological development during
shear flow [1, 14]. They exhibit two types of nuclei:
randomly dispersed [1] and row nuclei [14]. The
number of randomly dispersed nuclei increases with
shear rate but without any effect on the shape and on
the growth rate of spherulites [1-3]. Anisotropic mor-
phologies formed from row nuclei were shown but
without nucleation or growth rates measurements
[14]. The morphologies observed after crystallization
under shear are usually anisotropic in shape and
oriented with respect to the shear direction [4, 10,
13-15]. In spite of these anisotropic morphologies
usually observed after shear-induced crystallizations,
few experiments have been devoted to the analysis of
nucleation, growth and morphology development
during shear [1, 2].

Previously, the morphological and kinetic behav-
iours were not directly coupled. The main aim of the
present work was to measure nucleation and growth
rates from direct morphological observations of
a polyethylene under shear, These results were then
analysed according to models under flow, and trans-
formed to obtain an overall kinetics under shear. This
overall kinetics model has been applied in a computer
program of injection moulding [16] to predict the
crystallization behaviour. The predictions of the pro-
gram with and without shear effect in the overall
kinetics are compared with morphologies observed
after injection moulding experiments.
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2. Experimental procedure

2.1, Shear apparatus

Under static conditions, the isotropic growth rate of
spherulites is strongly dependent on crystallization
temperature. Its measurement is usually performed by
optical microscopy in a hot stage under isothermal
conditions. A hot stage with low thermal lag is neces-
sary to reach isothermal conditions quickly and avoid
crystallization during the cooling period. A high pre-
cision of temperature control is necessary to maintain
a constant temperature throughout the crystallization
process. Several commercial devices are available for
this application. These thermal characteristics are also
required for crystallization experiments under shear
and isothermal conditions. The shear is applied to the
polymer melt by the relative movement of two parallel
plates separated by a constant distance, e. A special
device was designed to observe morphologies during
isothermal crystallizations under shear conditions
(Fig. 1). The apparatus was designed to impose a con-
stant longitudinal speed, V,, from which the mean
shear rate, 7, is calculated from

dVy(z)

dz

- L (1)

e

The second equality of Equation 1 assumes that the
shear rate is constant through the thickness. The poly-
mer is observed by optical microscopy with light
transmission through two parallel glass plates. The
molten polymer is maintained by these plates,
e=70um apart. They are shaped as glass rails
oriented in the longitudinal direction. The width of the
rails is I = 2 mm and their thickness 300 pum, in order
to locate the shear only between the rails. The length
of the rails allows a 40 mm translation. This geometry
controls the contact between the glass plates and the
polymer, and allows the observation of the crystalline
morphologies over the width of the glass rails. Each of
them is heated by an aluminium hot plate. The hot
plates are parts of a Mettler FP 52 hot stage with
a platinum 100 Q temperature gauge inserted. The
upper glass rail and aluminium hot plate are fixed in
position. The position and the longitudinal displace-
ment of the lower glass rail are controlled by two
guide rails. A constant speed along this direction is
induced by a d.c. motor through a screw—thread sys-
tem. Then a rectangular hole was machined in the
lower aluminium plate in order to observe the poly-
mer throughout the experiment (Fig. 1). A stress gauge
measures the shear stress during the experiment.
A higher thermal stability was obtained by a constant
nitrogen flux which regulates the heat loss from the
hot stage and reduces polymer oxidation. This appar-
atus is able to heat the polymer from room tem-
perature to T = 300°C with a 0.1°C accuracy. The
cooling can be controlled with a 8°C min~ ' maximal
cooling rate down to T = 100°C.

The temperature of this hot stage is controlled by
a Mettler FP 5 controller module. The temperature in
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Figure 1 Shear apparatus; G, guide rails; R, glass rails; H, hot
plates; FT, force transducer.

the sheared zone was calibrated under static condi-
tions with standards of thermometry (benzoic acid
T, = 122.35°C; anisic acid T, = 183°C). This calib-
ration leads to an 0.1°C temperature accuracy. With
this geometry, the shear rate, v, is only defined by the
longitudinal speed of the lower plate. The maximum
speed, Vy max = 300 ums ™! leads to a maximum shear
rate y = 4.2s ', The thickness of the sheared films
was checked after crystallization.

2.2. Material and experimental procedure
A linear medium density polyethylene was supplied by
Norsolor under reference MG 2210. Its density
(p = 940.4 kgm ™ ?) results from a copolymerization of
ethylene (molar content by 1000 carbons: 482.6) with
butene-1 (7.3 mol%,/C) and isobutene (1.4 mol %,/C)
which leads to 7.3%, C,Hs/carbon and 10.1%,
CHs/carbon. The molecular weight was measured by
GPC: M, = 17000; M,, = 64 000; M, = 170 000.
Polymer films (thickness 150-200 pm, width 2 cm,
length 5 cm) were prepared by melting pellets between
two glass slides and then solidifying them by air cool-
ing down to room temperaturc. Polymer sections,
5 cm long and 5 mm wide, were cut from these films
and inserted between the spaced glass rails at room
temperature. Then the sample was slightly pressed
during the closing of the apparatus at room temper-
ature. The polymer film was melted by the glass rails
to T =150°C and pressed to its final thickness
(e = 70 pm). The film thickness was fixed by the space-
rs. This procedure reduced the initial deformation of
the polymer film and fixed a sample reference state
before shear experiments. The apparatus was set un-
der the microscope and cooled without shearing down
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Figure 2 Successive morphologies observed during a shear experiment (T, = 117°C, ¥ = 2.6 s~ !) along the direction of movement; the

arrows indicate a particular morphology. (Scale = 40 pm)

to the crystallization temperature T, = 117°C. A con-
stant shear was applied when isothermal conditions,
were reached. Under these thermal conditions, no
crystallization was observed before the beginning of
shear. The effective observation of morphologies and
the measurement of the shear force then began. The
experiment was performed until the sample broke
after about the half-transformed volume fraction
(o0 = 0.5). Micrographs of the morphologies were
taken at constant time intervals through a Reichert
Zetopan-Pol microscope under polarized light. Dur-
ing shear experiments the morphologies pass through
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the observation window fixed by the microscope dur-
ing a period shorter than the crystallization time. In
order to increase the precision of the growth rate
measurement, the radius versus time curve was recon-
structed from successive morphologies observed at
different periods. An overlapping of at least two suc-
cessive morphologies on a micrograph was considered
during each experiment (Fig. 2). Consequently, each
kinetics data is a composite result obtained from
an overlapping of data from various morphologies.
By this way it is possible to extend the period for
the analysis of crystal growth and to obtain some



Figure 3 Spherulites observed under static conditions (T, = 117°C).

indication on activated nuclei. The size difference of
morphologies at the same time indicates a difference in
the activation time, assuming a constant growth rate
in time as discussed below.

Throughout the analysis of experimental results,
three main directions were considered according to
the geometry of the machine (Fig. 1): longitudinal, i.c.
parallel, to the movement (X), through the sample
thickness (Z) , and the direction perpendicular to the
previous ones (Y). Thin sections, 5 um thick, were cut
out of solid sheared samples with an ultramicrotome
LKB Ultrotome II equipped with a glass knife. These
thin sections cut in the shear plane (XZ) and perpen-
dicular to the shear direction (Y Z) were observed by
optical microscopy between glass plates in an immer-
sion oil to detect any possible three-dimensional an-
1sotropy.

3. Results

The experiments were performed at 117°C under five
shear rates (y = 1.15,2.2,2.6,3.05 and 4.2s™ 1), and
statically. At least two experiments were performed for
each condition.

3.1. Nucleation under shear

A static experiment without any shear was performed
as a reference. The activated nuclei seem to be ran-
domly distributed in the plane of observation (XY)
(Fig. 3). The spherulites growing from these nuclei are

ringed and isotropic in shape. The spherulite growth
can be defined by one growth rate which is constant
throughout the experiments: G = 0.22 ums 1.
Nucleation and growth rate are significantly differ-
ent when a shear is applied during crystallization.
During the first stage of crystallization the morpholo-
gies appear aligned along the Y direction (Fig. 4a).
This row nucleation appears in the transverse direc-
tion with respect to the plate movement (X), i.e. per-
pendicular to the direction usually observed after crys-
tallization [1]. The relative position of these nuclei as
revealed by the subsequent morphologies changes
during shear experiments (Fig. 4b—d). A cell organiza-
tion appears from the initial row nuclei. Some of these
initial nuclei turn from the Y direction to the X direc-
tion, other nuclei seeming unchanged in orientation
(Fig. 4b—d). This process of row nucleation and of
change in orientation appeared during all shear ex-
periments but not in the static test. Consequently, this
nucleation process is specific to shear experiments.
The possibility of an artefact arising from the prepara-
tion of the sample must be rejected, because the same
procedure was used for all the experiments, including
the static experiment which exhibits a random nuclea-
tion. A previous shear can act on subsequent nuclea-
tion [17] and may appear during the pressing of
molten polyethylene to the final thickness. This hy-
pothesis could explain the transverse nucleation (Y
direction), but must be rejected in view of the usual
random nucleation during static experiments. This
row nucleation and the cell formation have not been
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Figure 4 Transverse row nucleation and cellular organization observed during a shear experiment (T, = 117°C, ¥ = 425" !), the arrow

indicates the direction of movement. (Scale = 150 pm)

previously described and are not explained at the
moment.

3.2. Anisotropic morphologies under shear
Nucleation is revealed by the subsequent crystalline
morphologies which grow separately from each of
these activated nuclei. The morphologies are observed
in the XY plane during static and shear experiments.
The shape of each of these morphologies can be ana-
lysed independently of the others during shear experi-
ments. At any stage of the growth, the morphologies
are always elliptical in shape during shear whereas
spherulites appear only as circles during static crystal-
lization. All these ellipses have the same orientation
which is maintained throughout the experiment. The
long axis of the ellipses (2r,) is along the transverse
direction (Y) and the short axis (2r,) along the transla-
tion direction (X). These main directions seem un-
modified during the shear experiment. The shape ra-
tio, r,/r, does not change during a shear experiment.
The shear rate, 7, scems to be the only factor which
alters the shape ratio r,/r, (Fig. 5). Increasing shear
rate increases the shape ratio. This anisotropy in
shape persists up to the junction with neighbouring
morphologies.

In these experiments the shear plane is XZ and not
the observed XY plane. In order to observe mor-
phologies along the shear plane, microtomed sections,
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Figure 5 Shape ratio of the radii r,/r, and r./r, as a function of
shear rate.

5 pwm thick, were cut off in the X Z plane after crystalli-
zation (Fig. 6). The morphologies have a higher extent
along the sample thickness (Z direction). Concentric
rings with elliptical shape are always observed inside
the morphologies. These rings are a clear indicator of
the shape of each morphology. During isothermal
crystallizations under static conditions this ring spac-
ing is constant along the radius and the rings are
concentric up to the limit of the growing spherulites
[3]. They are usually interpreted as a cooperative
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Figure 6 Ringed morphologies observed in the shear plane
XZ(T,=117°C,y = 42571,

twisting of polyethylene lamellae [4]. The non-con-
stant spacings observed in our experiments are arte-
facts arising from a random intersection of a plane
with a sphere. This spacing is constant along a direc-
tion when the thin polymer slice includes the centre of
the morphology, i.e. its nucleus. Measurements are
restricted to those morphologies with a constant spac-
ing along a radius exhibiting the lowest spacing value.
This is the reason why we associate the ring spacing
anisotropy with the shape of the growing morpholo-
gies. So, the ring anisotropy of the final morphologies
is used to calculate the size anisotropy, r,/r,, which
cannot be observed during crystallization, because
Z is the direction of observation under shear. The two
shape ratios, r,/r, and r,/r, systematically increase
with the shear rate (Fig. 5). The highest morphological
extension is along the Z direction. Analysis of growth
rates is now the key point for the understanding of this
morphological anisotropy.

3.3. Anisotropy of crystalline growth
under shear

Under static conditions, whatever the direction, the
radial growth of this polyethylene is isotropic:
G =022ums ! at T, =117°C. This value is usual
for a medium density polyethylene [5] and results
from an isotropic growth of radial lamellae at the
same speed. The growth rates were measured under
shear with the procedure described in Section 2.2. The
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Figure 7 Growth rate measurements, G, and G, deduced from the
radius measurements r, and r, as a function of time, respectively
(T, =117°C, =425 1.

Figure 8§ Growth rate measurements of G,, G, and G, as a function
of shear rate.

growth along the direction of observation (Z direc-
tion} is not observed. In the XY plane, the morpholo-
gies exhibit no change of the shape ratio during their
growth. The morphological anisotropy results from
the anisotropy of the growth kinetics and the growth
rate measurements can be reduced to the knowledge
of the growth rate along the two main directions of the
apparatus (Fig. 4).

In the XY plane, the two main growth rates are
constant with time, as observed under static condi-
tions (Fig. 7). This effect reveals that the crystal
growth rates are controlled by an interfacial process.
Basically in this range of shear rate this interfacial
process is assumed to be identical under static and
under shear conditions; only the rate constants change
(Fig. 8). The growth rates, G, and G,, increase with the
shear rate from the static condition. The main effect of
shear rate is to increase the growth rate and to pro-
duce an anisotropy of crystalline growth. The growth
rate anisotropy can be reduced to the main growth
rate directions. The main directions of growth co-
incide with the main-shape directions and with the
apparatus main directions. The growth rate aniso-
tropy, G,/G,, and the morphological anisotropy, r,/r,,
are found to be equal in all experiments (Figs 5 and 8).
A possible antsotropy of initial morphologies does not
affect the adequacy of anisotropies of growth rate and
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of growing morphologies, as observed under static
conditions. Consequently, the anisotropies of growth
rate and of morphology will be superimposed and
used indiscriminately. This conclusion, obtained for
the anisotropy analysis in the plane XY, has been
applied to the anisotropy in the plane XZ measured
on thin cuts after crystallization (Fig. 8).

All the three main growth rates strongly increase
with shear rate from the static condition (index Q):
Goaz2s 1> 606G, and Gy 25y > 3Gyo. The growth
rates seem to increase linearly with the shear rate. The
slope depends on the direction: dG,/dy = 0.32 pm,
dG,/dy = 0225 ym, dG,/dy = 0.16 pm. It is neces-
sary to analyse these results with existing theories of
crystallization under flow. No theory seems able
to explain, at the same time, the increase of all three
main growth rates and the resulting anisotropies of
growth.

3.4. Analysis of enhancement of crystalline
growth

The increase of the three growth rates results from the
shear flow effect. The shear flow deforms the polymer
chain from the random coil, reduces the number of
possible conformations of the chains and the entropy
S, of the polymer melt. The equilibrium melting tem-
perature, TS, is defined by

AG(TrOn) e AH—T&AS

- 0 )

where AG is the free energy, AH and AS the enthalpy
and entropy of crystallization (or fusion), respectively.
If we consider that AH is not affected by the polymer
flow, the equilibrium melting temperature, T2, must
increase as a result of entropy reduction [18-22]

i) = (3)

Under static conditions the crystalline growth rate of
a polymer depends only on undercooling AT =

Te, — T, where T, is the crystallization temperature.
The growth rates under shear and static conditions
are time constant. This result implies that the growth
rate is controlled by an interfacial process under sta-
tionary conditions. If a transient period exists it must
appear within the first seconds under shear as well as
during static conditions. This possible transient period
is not revealed by the present experiments. The inter-
facial process concerns the deposit of polymer seg-
ments from the melt on the growth front of the crystal-
line lamellae. This deposition process basically ap-
pears unmodified by the shear flow in the present
range of shear rates. The entropy loss seems to be the
main parameter which controls the increase of growth
rates by an increase of the equilibrium melting temper-
ature. If we assume that only undercooling, AT, acts
on the growth rate it is possible to calculate the
increase of T2 under shear. Then we consider the
equality of growth rate under static conditions,
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G,(T.), with the mean growth rate, G(T';), observed
under shear for the same undercooling

GAT.) = G(T.)
= [GUT)Gy(T) G(T )1 (4)

It is necessary to know the effect of crystallization
temperature on growth rate under static conditions to
deduce T2 =f(y). A lincar function, Tofy) =

AV + T2, seems able to describe our results, with
A =0.6°Cs. The derivation from v of Equation 3,
including this relationship, implies that d(AS)
/dy =2.79%x 1072 Js mol 'K ™%, with AS =

194Tmol 'K~ (AH =290 g™ ' T2 = 418 K) [23].
This increase of T'2, can be compared with a similar
prediction deduced from the analysis of induction
time performed on a polyethylene [24]. This variation
is attributed to a change in the nucleation rate and not
in the growth rate. Nevertheless, in the same range of
shear rate (up to 9 s~ !) the slopes are almost the same
(A=03-07°Cs) as the value we found (4=

0.6° Cs). As an effect of this variation of T, the same
order of magnitude is found for entropy variation with
shear rate d(AS) /dy = 3.29 x 1072 Jsmol 'K ™1,

3.5. Anisotropy of crystalline growth

The anisotropy of crystalline growth is not explained
by this thermodynamic model which is basically iso-
tropic. Nevertheless, a crude model predicts an in-
crease of the mean extension of the chain along the
directions X > Y > Z and a more and more favour-
able parallel orientation of the chain with respect to
the nucleation surface (NS) along NS, < NS, < NS,.
Consequently, the growth rate must be enhanced for
the transverse orientation of lamellae with respect to
oriented chains, G,, rather than in the chain orienta-
tion, G,.G, is in an intermediate situation. Effectively
we observe for any shear rate, G, > G, > G, (Fig. 8).
This crude description is not able to predict the appar-
ent linear increase of the growth rates with the shear
rate in the range 0s™! <y <4.2s~'. The develop-
ment of this growth rate anisotropy explains the mor-
phological anisotropy as observed after crystallization
under shear. This effect seems to be connected with the
nucleation event: the row nuclei link the growing
morphologies and prevent the rotational contribution
of shear flow for individual morphologies. The fixing
of the orientation of the morphology is necessary to
maintain the growth rate anisotropy. A macroscopic
shear-flow is applied in the experiment but a local
extensional flow must appear in the neighbourhood of
growing morphologies as an effect of blocking the
rotational contribution. Consequently, the morpho-
logy could develop from the local flow and not from
the macroscopic experiment. This analysis implies
a strong connection between row nucleation and the
growth anisotropy associated with a strong increase of
the growth rate. This result is consistent with our
observations on events of row nucleation and of
growth rate anisotropy. Previous analyses exhibit nei-
ther specific row nucleation nor anisotropic growth of
increase of growth rate under shear [1, 2].



TABLE 1 Experimental conditions for injection moulding

Sample Injection rate  Injection Mould
(cm3s™1) temperature (°C)  temperature (°C)

Low rate 50 220 25

High rate 200 220 25

Figure 9 Layers observed in the thickness of a disc, 2mm thick.
Thickness of the cut = 10 pm. Radius = 100 mm from the central
gate; V =50 cm3s™!. (Scale = 100 um)

3.6. Prediction of the overall kinetics

under shear
The overall kinetics including the effects of shear rate
is deduced from thesc and static experiments. The
results were analysed according to Ozawa’s model
under constant cooling rate [25], here defined as (St)

T, T) = 1 —e BTD Q)
Br, 1) = L ©

where o is the conversion of a semi-crystalline polymer
from the melt, y(T) 1s the rate constant and » is the
Avrami exponent. Under static conditions, y(7 ) de-
pends on nucleation rate, growth rate and growth
geometry of crystalline morphologies (only a function
of crystallization temperature). ¥(7') and n are de-
duced from polyethylene data under static conditions
analysed according to Equation 7

In{ ~In[1 —o(T,T)]} = —nlnT +Iny(T) (7)
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Figure 10 Calculated thickness of the layer crystallized during the
filling stage along the radius under two different flow rates;
(@) V=50cm®s™ !, (b) ¥ =200cm3s™ 1.
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Figure 11 Thickness of the layer crystallized during the filling stage
compared with the predictions of the thermo-mechanical models,
including the crystallization kinetics with (Sh) and without (St)
shear effect; V = 50 cm3s™ L.

The Avrami exponent n = 3 is analysed as an initial
nucleation followed by spherulitic growth. This result
is deduced from microscopic observations of static
crystallization under isothermal conditions (Fig. 3).
Consequently, x(T') can be expressed as

AT) = SrN,GUT) ®
Papers indicate an increase of the Avrami exponent
well above n = 4 for crystallization under shear [6,
13], while some experiments describe a decrease of
ndown ton = 2 [26]. These values were deduced from
overall experiments without direct observation during
crystallization. From the present observations we pre-
fer to consider the anisotropy of growth rather than
the nucleation effect. From this point of view an in-
crease of shear rate enhances the growth anisotropy
and leads to a two-dimensional growth. We have
shown that the growth is still controlled by an inter-
facial process. Therefore, this reduction of growth
dimension promotes at the most a one-unity decrease
of the Avrami exponent, from 3 to 2. The shear rate
mainly modifies the growth rates of this polyethylene
and therefore the overall kinetics. Ozawa’s model is
considered to be still valid with an extension coming
from the shear effect, here defined as (Sh)

— e~ E(TT.% 9)
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with the mathematical expectancy E(T, T, ¥)

4nN,(1+3.075 7)? G2

ET, T,y = 3 T(Zﬂio.zﬁ

(10)

A reduction of the Avrami exponent from 3 to 2 is
described from static conditions to high shear rate
¥ >20s"! [26]. This effect can be explained by an
increase of row nucleation which here allows only
a two-dimensional growth (n = 2). The growth rate
increase is only considered in this equation and the
nucleation is assumed to be unmodified. The large
increase of the growth rate is quantified while the
change in the density of nuclei seems to be lower. For
example, with ¥=42s""', the factor G,G,G,=
140 G3 (G, is the static growth rate) while N, does not
increase so much. The parameter G,(y) G,(¥) G.(Y)
takes the place of Gj as the form G,y Gy Guy =
(1 +3.0757)* Gj. The mathematical expectancy can
be expressed in a form compatible with the conversion
rate deduced from isothermal experiments. The shear
rate acts both on (T, ¥) and on the Avrami exponent
n(y} . Consequently, this model is able to predict
a morphological change.

3.7. Prediction of crystallization during
the filling stage of injection
moulding of a disc

This overall crystallization kinetics law, Equations
9 and 10, is now implemented into a thermo-mechan-
ical model of injection moulding [16, 27, 28]. This
model here must describe the thermal and mechanical
conditions during the filling stage inside a disc injected
from a central gate [16, 27, 28]. The thermal, mechan-
ical and crystallization effects are strongly coupled.
The first link comes from the crystallization. It is
a cumulative phenomenon which must take into ac-
count the thermal (temperature and cooling rate) and
mechanical past history which acts on each particle.
The second link comes from the change of boundary
condition (velocity = 0) which moves from the sur-
face of the mould to the interface between the solid
and still molten polymer. This interface is defined by
the polymer crystallization, then the velocity field and
therefore the shear rate are enhanced inside the still
molten polymer. The third link comes from the heat of
crystallization which must be taken into account in
the energy equation. These links are implemented in
the computer program.

The predictions of the model are specifically tested
for the filling stage of the injection moulding process
with conditions defined in Table 1. The thickness of
the polymer layer and the crystallization temperature
of the inner morphology, solidified during this period,
are measured to test the predictions of the model.
These experimental results are compared with the
corresponding thicknesses of the solid layer at the end
of the filling stage, and the crystallization temperatu-
res calculated with two forms of the crystallization
kinetics: a thermal and shear dependent kinetics (Sh)
(Equations 9 and 10), and a purely temperature depen-
dent kinetics (St) (Equations 5 and 6). This compari-
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son must demonstrate the importance of the shear
effect on the crystallization behaviour and the ability
of such a model to predict polymer solidification dur-
ing the injection moulding process.

The polymer crystallizes under a high cooling rate
and under rapid flow, mainly shear effect, during the
filling stage. On the contrary, during the packing—
cooling stage, a lower flow is applied to the crystalliz-
ing polymer. The oriented morphologies crystallized
under flow, mainly under shear flow, are clearly differ-
ent from the spherulites formed under quasi-static
conditions. This fact is applied to define the limit of
the layers which are crystallized during the filling
stage from each surface of the mould device. This limit
is measured along the radius on a thin section, 10 um
thick, cut out in the thickness of the discs by polishing
(Fig. 9). The thickness of the solid layers formed dur-
ing the filling stage can be measured with a + 10 um
accuracy along the radius of the injected part (Fig. 9).
Except near the central gate, the layers are identical on
both sides whatever the location along the radius or
the injection condition. Consequently, half of the
thickness will be considered for the morphological
description and the stimulation. The thickness of this
layer is strongly enhanced by a decrease of the injec-
tion rate (Fig. 10). This thickness can be calculated by
the thermo-mechanical model using a crystallization
model with (Sh) and without (St) shear effect (Fig. 11).
The crystallization model (Sh) predicts correctly the
shape and the thickness of the solid layer, whereas this
thickness is underestimated by the model (St). This
underestimate 1s very large, about 50% of the thick-
ness, for the higher injection rate. The shear rate and
its effect are more important in this condition than for
the lower injection rate.

This change in the thickness must result from an
increase of the crystallization kinetics and therefore of
the crystallization temperature. The morphologies
were analysed in order to measure the local crystalli-
zation temperature through the thickness of the injec-
ted parts. Under static conditions, the ring spacing of
these spherulites depends on the crystallization tem-
perature. For each crystallization temperature, this
spacing is measured during isothermal experiments
(Fig. 12). The thin cuts of the injected parts are now

Ring spacing {um)

100 110 120
Temperature (°C)

Figure 12 Ring spacing of the spherulites crystallized under isother-
mal conditions.



Figure 13 Ringed morphologies: (a) tear-drop and shear zones
near the surface; (b) spherulites in the mid-core.

more precisely analysed to show the morphologies
and to measure their inner ring spacing. The mor-
phologies in the main part of the shear zone are
difficult to analyse. Rings are observed in tear-drop
shaped morphologies, very near the surface (Fig. 13a),
and in the spherulites crystallized in the central core
(Fig. 13b), during the packing—cooling stage. As pre-
viously described, the ring spacing is measured only
on cut morphologies which include their nuclei. The
spacing is larger in tear-drop shaped morphologies
than in spherulites. In each position the spacing is

[ R4 L | ¥ 1 1
\
(al~ (b)
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Figure 14 Crystallization temperature inside the thickness of the
disc (@) from morphological measurements: (a) prediction of the
model without shear effect on the crystallization kinetics (St)
(=——-), (b) prediction of the mode] with a shear effect on the
crystallization kinetics (Sh) ( ).

measured and the local crystallization temperature is
then deduced from Fig. 12 (see Fig. 14).

In the zone crystallized under flow, the crystalliza-
tion temperature, deduced from ring spacing, strongly
increases with the distance from the mould surface. In
some locations this temperature is higher than the
crystallization temperature in the core zone (Fig. 14).
The same figure can be used to compare the crystalli-
zation temperature observed in the thickness to those
predicted by the thermomechanical model including
crystallization models (Sh) and (St). The crystalliza-
tion temperatures observed and calculated by the
thermo-mechanical model, with the two crystalliza-
tion models, are the same in the core zone. The results
are almost identical as an effect of a quasi-static crys-
tallization in this region of the material, which vali-
dates the prediction of the model under static condi-
tions. The crystallization temperatures in the shear
zone, crystallized during the filling stage, are different.
In the zone crystallized under flow, the crystallization
model (St) predicts a monotonic increase of the crys-
tallization temperature from the surface to the centre
of the core, because the cooling rate, inducing the
crystallization, must decrease from the surface to the
central part of the thickness. In this zone, the crystalli-
zation model with shear effect (Sh) predicts the strong
increase of the crystallization temperature with the
thickness, observed near the surface in the shear zone.
Consequently, the shear flow increases crystallization
kinetics, and therefore the thickness of the solid layer
and the crystallization temperature up to 25° C. This
model also predicts the high crystallization temper-
ature deduced from ring spacing in the shear zone.
This temperature is higher than in the core zone,
crystallized under quasi-static conditions.

4. Conclusion

Crystallization under shear of a polyethylene was
studied, firstly, in order to analyse nucleation and
growth mechanisms and, secondly, to check the im-
portance of this kinetics change on polymer solidifi-
cation during the injection moulding process.
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Shear applied during crystallization in isothermal
conditions induces row nucleation, increases the
growth rate and promotes growth anisotropy of poly-
ethylene. Row nucleation with an unusual direction is
observed at the beginning of crystallization under
shear and changes in orientation during the experi-
ment. Anisotropic growth is defined by three main
growth rates with respect to the main directions of
shear experiment. The anisotropy of growth can be
explained by an effect of chain orientation with respect
to the growth front of lamellae, taking into account
the local flow. On the other hand the increase of
growth is interpreted by an increase of the equilibrium
melting temperature coming from an entropy loss
resulting from the chain orientation. These new results
mainly come from the direct observation of morpho-
logy under a microscope while most of the previous
experiments only gave the overall kinetics.

From these data, an overall kinetics equation, with
shear effect under constant cooling rate, is proposed as
a perturbation of Ozawa’s kinetic model. An overall
kinetics law was included in a thermo-mechanical
model of injection moulding in order to predict poly-
cthylene crystallization. Two thermal kinetics were
tested, with and without a shear component. The
comparison with experiments shows that a kinetic law
with a shear effect is necessary to predict the crystalli-
zation temperature and the polymer thickness solidi-
fied during the filling stage of the injection moulding
process.
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