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Shear-induced crystallization of polypropylenes:
effect of molecular weight
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The crystallization kinetics of three polypropylenes with different molecular weights was
studied during shear under isothermal condition with a fibre pull-out device. Nucleation
and growth under shear were observed and compared to static conditions. The crystalline
growth rate was measured both in static condition and under shear. In static condition, the
morphologies are a-phase spherulites and are formed from nuclei which are randomly
distributed. Under shear a-phase morphologies are still observed but the nucleation density
and the growth rate depend on the shear-rate. The nucleation density is strongly enhanced
by shear and acts as the main factor on the overall kinetics. The growth rate increases with
the shear-rate, but the basic growth mechanisms seem to be unmodified. 8 phase appears
after shear during the relaxation of the orientation. © 7999 Kluwer Academic Publishers

1. Introduction tion [22, 26]. Itis based on the existence of “thread-like
Flow-induced crystallization is of great interest be- precursors”resulting from molecular orientation during
cause it implies the possibility of controlling and flow.

predicting the final morphologies and properties of Two of these apparatus have been applied in our lab-
semi-crystalline polymers in current transformationoratory, a plane-plane shear [4, 5] and a fibre pull-out
processes like injection-molding or extrusion. Due todevice [5, 14, 15]. They make it possible to perform
flow, polymer chains are oriented in the melt and cansothermal crystallizations after a rapid cooling, under
crystallize with morphologies different from those en- an optical microscope. The appearance and develop-
countered under quiescent conditions (observation afent of crystalline morphologies can be observed dur-
shish-kebabs or row-nucleated structures rather thaimg crystallization. They slightly differ by their perfor-
usual spherulites). Various devices able to apply sheanances. The plane-plane device allows us to shear the
have been builtin order to study crystallization under orpolymer melt ata constant shear-rate (up te 30s™2),

after shear [1-22]: parallel-plate [1-5], coaxial cylin- but the direct observation of the morphologies in the
ders [6-11], rotational plate-plate [9,12], biconical shear plane is not possible [4]. On the contrary, the fibre
[13], fibre pull-out [14-21], die extrusion [22]. Many pull-out device allows us to observe the morphologies
studies have been concerned with the measurement of the shear plane but the shear flowup to 300 s?)

the induction time of crystallization [1, 3, 7, 8, 13] be- is localized near the fibre and not constant [14]. A lot
cause the onset of crystallization is relatively easy toof experiments have been done with these apparatus on
characterize by an increase of the force or the transmitdifferent polymers and under various conditions. The
ted torque. Some studies [8, 9, 11] have determined therystallizations have been studied under shear [4] or
fraction of transformed material versus time but few  after application of a shear [5, 14, 15]. We have mea-
situmeasurements concern the density of nuclei formedured overall kinetics [5, 15], nucleation rate and den-
under shear and the growth rate of the subsequent mosity [5], and growth rates [4, 5] on polyethylene [4] and
phologies [12]. More recent work on the crystalliza- polypropylenes [5, 14, 15]. The overall crystallization
tion of polypropylene induced by the displacement ofkinetics is enhanced by shear whenever crystallization
a fibre [14-21] deal with the conditions of appearanceappears during shear [4] or after shear [5, 15]. The main
of row-nucleated structures or cylindrites near the fi-mechanism responsible for the enhancement depends
bre, and with the type of crystalline phase encounteredon the polymer: shear mainly affects the growth rate
These shear experiments must be compared with stataf polyethylene [4], the nucleation of polypropylene
ones where the type of fibre is recognized to act orf5, 14, 15], and slightly its growth rate [5].

surface nucleation and leads to a transcrystalline zone Up to now our crystallization experiments with the
[23, 24]. The origin of crystallization under shear is dis- fibre pull-out device have been performed after shear,
cussed: strain-rate, shear-strain, shear-stress or residwéth three different polypropylenes [5, 14, 15]. The
stresses [3, 16, 18, 21, 25]. From shear experiments iscope of the present paper is to measure the crystalliza-
a parallelepipedic duct [22], Janeschitz-Kriegl has retion kinetics of polypropylenes with various molecu-
cently proposed a model for shear-induced crystallizalar weights during shear experiments. The nucleation
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and the growth rate of the subsequent morphologiegABLE | Rheological parameters of the three polymers at°1®0

will be studied as a function of molecular Weight and according to a power law with an Arrhenius thermal dependence of
K. Eais the activation energy

shear-rate.
Polymer A Polymer B Polymer C
2. Experimental K (Pa &) 2224 4311 12247
. . . . . 1
The effect of shearing on crystallization was studied=s© ™™ 306300 355200 554200

on three polypropylenes which mainly differ by their
molecular weights. The morphologies and crystalliza-

tion kinetics were characterized during shear. More pre-

cise analyses of morphologies and crystalline phase:Temperature

around the fibre were made from thin slices cut out of 210°C beginning of shear  end of shear
samples after crystallization. A new sample, with an l l

F

identical preparation, was used for each crystallization
experiment. Te |- - — - =

2.1. Materials ! ! >

Three isotactic polypropylene homopolymers sup- t=0 t time

plied by Borealis were used under the references A shear period : 50 s or 4 min

(Mp=58900 g/molM,, =208 000 g/moIM,/M, =

3.5, atactic %-=4.5), B (My=53600 g/mol, My = @

268000 g/mol,M,,/M, =5, atactic%=3.8) and C

(Mp=77400 g/molM,, =377 000 g/molM,/M, = Temperature

4.8, atactic %= 2.3). These polymers mainly differ by ~ 210°C 1

their My, molecular weights. Each individual glass fibre

coated with an unsaturated polyester (diameter i/

length 20 cm) was pulled out of a mesh of 100 identical Te |- - = )

fibres. | |

The viscosityn of the three polymers as a function [ [
| |

pre-shearing beginning end of
| of shear shear

t=0 t, time

of the frequencyw (0.05 rad s* < w < 200 rad s?t)
was measured by Borealis with a Rheometrics RD-II e e &
rheometer at 190, 220 and 280 (Fig. 1). Above a 5s, 155 delay )
critical shear-rate (20$ for A, 10 s forB and 8 st or30s 1 min 208 o0r4 min
for C at 190°C), the polymer melt exhibits a shear- (b)

thinning behaviour, which can be described by a power
law: Figure 2 Experimental procedure for crystallization under shear:
(a) standard procedure and (b) procedure with a pre-shearing applied
- n—1 on polymer A.
n=Ky 1) pov

wherey is the shear-ratay is assumed to be constant,

which is licit in the investigated shear-rate range, an2.2. Shear apparatus and experimental

K is temperature dependent. Its variation with temper- method

ature can be correctly fitted by an Arrhenius law, whichThese experiments consist in pulling a glass fibre in

gives access to an activation energy. The rheolo- a molten polymer at the crystallization temperature

gical parameterX (190°C), E; andn depend on the after a heat treatment performed under static condi-

polymer (Table 1) and will be used for the mechanicaltion (Fig. 2). According to a method described pre-

analysis of crystallization under shear (see Section 4)viously [14], a two-step sample preparation was used
to incorporate the fibre inside the polymer melt. Solid
polypropylene films (20@&m thick) were prepared and

n (Pas) the long glass fibre was partially sandwiched between
10° 3 C two of these 3 cm-long films. This sample was then
F melted in the Mettler FP 52 hot stage at 2@0be-
- B tween two glass slides and put under an optical micro-
10 i A scope Reichert Zetopan-Pol with transmitted polarized

light (Fig. 3). The spacing between the slides was con-
trolled and was equal to 330m; the sample width was
about 5 mm. This procedure ensures that the fibre is
102 i located in the middle of the polymer melt all along the
il L1l Ll yo gl SRR H H H
0.01 o1 | n 1000 (rad o1) sampl_e. A thick specimen is necessary to a_pproac_h the
condition of a polymer flow around a fibre in a cylin-

Figure 1 Viscosity of the three polypropylenes measured at'me  drical medium, which is assumed in the model (see
dynamic experiments. Section 4). The heat treatment at 2@during 5 min is
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Microscope vious mechanical treatment, three pre-shearing times
Hot st . .
”* age\ LEJ (5, 15 and 30 s) were chosen (with eithge= 350 um

S 5 v, 1| Fibre st or V=78 um s1) and after a fixed waiting time
S r 2 M (1 min) a shearing was re-applietl& 78 um s3).
Furthermore, as a reference, a static experiment was
done without any fibre displacement for the three poly-
mers afl. = 130°C (following the sample preparation
Microscope described above). The basic morphologies (shape, inner
structure and crystalline phase), the nucleation behavior
and the growth rate usually obtained in static condition
/g ______ i S ‘ were deduced from these experiments. The growth rate
""""""""""""""""""""" Glass fibre of the spherulites obtained in static condition and of the
olymer melt cylindritic structure developed around the fibre during
% Glass slide shearing were deduced from the measurement versus
time of the spherulite radius and of the thickness of the
cylindritic structure, respectively. By this method it is
) ) possible to check if the growth rate is constant or not as
necessary to erase any previous thermo-mechanical hig-function of time, (i.e., a linear increase of the radius
tory inside the sample. Then, the specimen was coolegith time or not).
at 10°C min~! down to the isothermal crystallization 8 um-thick slices were cut out of the samples crystal-
temperaturel.. These thermal treatments were donejizeq under shear. The cut was done in the plane perpen-
without any movement of the fibre and with a micro- gicylar to the glass fibre using a ultramicrotome with
scopical observation in order to ensure that the crystaly glass knife (LKB Ultrotome 4800A). The knife was
lization did not appear before the application of sheapften changed as the glass fibre damaged it at each cut.
under isothermal condition. When the crystallizationTpis sample preparation technique allows us to observe

temperature was reached, the fibre was displaced atie morphologies crystallized around the fibre and to
constant speed;. The morphologies growing from or easure their thickness.

in the vicinity of the glass fibre surface were observed
and photographed during the fibre displacement, at cons Results

Sta”“'me'mer"a's- quemsg,asqreferenc_:e,|sotherm .1. Crystallization under static condition
crystallization experiments in static condition were per-g/

Glass slide

(4

Figure 3 Scheme of the fibre pull-out device.

; ; o or the three polypropylenes, the experiments done
formed in the same hot stage with the fibre in place buf, .., + any fibre displacement (i.e., in static condi-

without any displacement. . . .
The Mettler FP 52 hot stage was calibrated in tem_tlon) showed that no specific nucleation occurred at the

perature with benzoic acid (melting temperatiige= fibre surface nor in its vicinity compared to the whole
122.35°C) under isothermal condition. The calibration sample (Fig. 4). This demonstrates that the glass fibre

and the experiments in the hot stage were done und arndthe sample preparation are inefficient on the nucle-
. perm 9 1€ UNA&iion compared to volume nucleation. On the opposite,
a nitrogen flow in order to reduce polymer oxidation

. Folkes and Hardwick [24] have observed an increase
andto Obtf""n a better thermal control. The temperaturgs ybe nucleation density around a PET fibre when the
accuracy is better than 0L for the crystallization

and the heat treatment temperatures. Two fibre speeﬁgﬁﬁga&\g’sﬁgr o?;fi gsogr%rzgﬂgrnu?itiicif?;:ns c.):(\)ll_the

l . .
(350 and 78:m s™) were applied by an electric motor clinic phase. Thex-phase is the thermodynamically

up Ito _thel maximal @s_placement (18 mhm).hThl_s MaxXl- most stable phase and is characteristic of crystallization
mal displacement is f'Xe.d to ensure that the flb_re ‘f.’m%f polypropylene under static condition [27]. The nucle-
polymer obsgerved were in contact from the beglnnlngation density per unit volume is almost the same for the
qf the experiment (.F'g' 3). For Ionlger distances, the‘three polymers: 450@ 1000 activated nuclei per min
f|pre zone arriving in the Qbs'ervanon Z0ne was O.Ut'atTc= 130°C. The growth rates of the three polymers
side the polymer at the beginning of experiment, Wh'c.hin static condition slightly differ af. = 125 and 130C,
|mpll|es possible artefacts. Entrance effects of the fl'as an effect of tacticity and molecular weight (Table II).
bre into the polymer melt are not well known and are

not in the scope of the mechanical model used here ..
Consequently, the shearing time directly depends og'z' Crystallization und_er shear .

the fibre speed. These times were 4 min and 50 s fo or egch polymer, there is an experlmental tempera-
Vi=78 um st and Vs = 350 um s°1, respectively. ture window where the polymer crystallizes under shear
For each polypropylene (A, B and C) isothermal crys-

tallizations under shear flow (at both fibre speeds) wer@ABLE 11 Growth rate of polypropylenes A, B, C in static condition
tried at temperatures between 125 and ®@0When  aTe=125and 130C

the polymer had a crystallization kinetics poorly sen- Growth rate fum s-1) Growth rate fum s-1)
sitive to shear (especially A), a special procedure wagolymer T.=125°C T.=130°C
applied (Fig. 2b): a pre-shearing was appliedadur-
ing a given time and after a waiting period, shearing? N 0.1

. . B 0.28 0.098
was re-applied to study the crystallization. In order - 0.29 0.09

to assess the sensitivity of surface nucleation to pre-

2091



Figure 4 Crystallization of polymers A (a), B (b), C (c) @ = 130°C under static condition with the motionless glass fibre.

during the experimental time. The lower temperaturecise analysis of the crystalline phases around the glass
boundary results from the necessity to avoid static crysfibre is done after crystallization on thin cuts perpendi-
tallization during the cooling prior to the shear experi- cularto the fibre direction (see below). Far from the fibre
ment and the upper limit is the temperature where crysenly «-phase spherulites are growing. They are identi-
tallization cannot occur during shear. Consequently, theal to those formed with the same polymer at the same
shear-rate and the crystallization temperature have begamperature in static condition. The main differences
adapted in order to induce crystallization under sheabetween all the experiments are the nucleation density
forthe three polymers. The appearance and the developt the contact with the fibre and the growth rate.

ment of crystalline morphologies were observed during The crystallization of polypropylene C under shear
shear experiments and showed a similar behavior. Alwas possible only for crystallization temperatures be-
the three polymers crystallize under shear with a cylintween 125 and 13%C at both fibre speeds. A high num-
drical morphology around the fibre. The growth rateber of nuclei appear in the volume surrounding the fibre
of this morphology is constant during the shear experi{Fig. 5). This is specific of polymer C under shear and
ment but its value depends on the polymer, temperaturis not observed for other polymers in the same condi-
and fibre speed. It is very difficult to know which is the tion. The main phenomenon is the appearance of a high
crystalline phase growing around the fibre. A more prenumber of nuclei on the fibre surface during the fibre
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Figure 4 (Continued.

@)

Figure 5 Crystallization under shear of polymer C & =130°C observed at different timesA¢ =20 s between two micrographsy; =
350ums L.

displacement (Fig. 5). The resulting crystalline growthexperiment, which is necessary to reduce the bound-
appears as a columnar growth of crystalline lamellaary effect of the glass plates. The growth rate depends
perpendicular to the fibre surface. This is due to a geen the velocity of the glass fibre and is much higher
ometric effect because of the humerous neighboringhan the one determined in static condition at the same
nuclei on the fibre surface, which block any lateralcrystallization temperature (Fig. 7). The inductiontime,
growth. This radial growth is characterized by a cons.e., the beginning of crystalline growth, is obtained by
tant rate during the whole shear experiment (Fig. 6)the onset time in Fig. 6. It is positive as expected (the
The maximum radius increase in these experiments isrystallization begins after the isothermal condition is
45 um (Fig. 6). The gap between the solid layer andreached) and almost constant for polymer C (Table III).
the glass plate is reduced at the most from ca. /1556 The nucleation and the growth rate of spherulites in
(165um — 8.5um), atthe beginning of the experiment, the volume of polymer B around the fibre are the same
toca.11Qum (165um— (45um+ 8.5um)) atthe end under shear and in static condition. Shearing also acts
of the experiment. So, a large gap is kept all along theon the B material but compared to C the nucleation
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(b)

Figure 5 (Continued.

of the crystalline entities at the fibre surface occurredradius
after a longer shearing time (Table Ill). Numerous (um)
spherulites grow from the fibre, there is a competition
between the lateral growth and the nucleation of new en
tities. Then, for a given thermo-mechanical condition,
a columnar morphology develops but with a lower final

T.=125°C; V(=350 pms !

40 | Te=125°C; V=78 pm 5!

T, = 130°C; V=350 pm s !

TABLE 11l Induction times of polymers B and C crystallized under 20 T.= 130°C; V=78 pm 5!

shear flow

Polymer Fibre speed Te=125°C Te=130°C Fibre

B Vi =78 um st 14s 60s 0 ' . . —
Vi=350umst  12s 195 0 30 100 150 200 time (s)

C Vi=78umst 7s 4s
Vi =350um st 4s 2s Figure 6 Evolution of the solid layer of polymer C versus time at 125

and 130°C for both fibre speeds.
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Growth rate

= em— V=78 ums”!

T —V;=350um s

1

(um sl
I | e.
0.1 L
0.01 I
125

130

135

T, (°C)

thickness than for polymer C (Fig. 8a). A negligible dif-
ference of growth rates, measuredat 130°C, is ob-
served between crystallization under shear and crystal-
lization under static conditiorGspea= 0.101um st
(Vs =78 um s1) andGgtatic= 0.098um s1. This dif-
ference is within the experimental error. Hence, for this
polymer and these experimental conditions shearing
acts on nucleation but has no effect on the growth rate.
For polymer A, the shear efficiency on nucleation is
very weak (Fig. 8b). Shearing has almost no nucleation
effect except afl; =128 and 130C. For these two
conditions, in the same way as for polymer B, we ob-

Figure 7 Growth rate measurements for polymer C as a function of served the formation of a cylindrical structure around
crystallization temperature and fibre velocity.

(b)

the fibre. The number of crystalline entities stuck on

Figure 8 Crystallization under shear of polymers A and B: (a) polymef8+£ 125°C, Vs = 78 um s 1), (b) polymer A o = 128°C, Vy = 78 um s 1)
and (c) polymer AT, =130°C, V; = 78 um s1), with pre-shearing.
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Figure 8 (Continued.

the fibre increased until the fibre was totally covered. Apolypropylene crystallizes im-phase under shear. The
rotation of spherulites was also observed near the fibrgrowth rates ott-phase under shear and in static con-
due to the shear gradient. Shear has a very low effect odition can validly be compared.
nucleation of polymer A and none on its growth rate. A ring of highly negatively birefringent3-phase
Hence, to study nucleation under shear and the subsés blocked between this first layer and the matrix
quent growth, we used the special procedure describeaf «-phase spherulites far from the fibre (Fig. 9).
above. Six experiments were carried out at 1B@vith  This g-phase was crystallized after shear under static
a pre-shearing (Fig. 8c). The major parameter of theeondition. This condition seems to be sufficient to
pre-shearing is the velocity of the fibre combined withform B-phase. No B-phase spherulites were ob-
the shearing time, which act on the nucleation densityserved in purely static condition. Furthermore, poly-
at the fibre surface. For the higher speed 30 s are necesier C presents two specific morphologies¥pe= 350
sary to produce a very high number of nuclei leading toum st (T;=125 and 130C): numerousa-phase
a columnar morphology, when only few nuclei appearspherulites are formed near the fibre and twphase
after a 5 spre-shearing leading to spherulites nucleatedranscrystalline zones, 400m wide, grow from the
on the fibre surface. The growth rate measured undeaglass slides justin front of the glass fibre (Fig. 9c and d),
shear remains equal to the static value. one of these layers containing soghase (Fig. 9d).
During the shear experiment, it is possible to ob-The numerous spherulites result from the strong nucle-
serve the nucleation and crystalline growth and to meaation observed during shear on polymer C (Fig. 5).
sure the crystalline growth rate. It is also possible to Consequently, shear is highly efficient on both nu-
define the crystalline phase of spherulites in the bulkgcleation and growth of polymer C, whereas it acts on
but not that of the cylindrical structure around the fi- nucleation and not on growth of polymer B, and nei-
bre. The crystalline phase (or 8) of the cylindrical ther on nucleation nor on growth of polymer A. The
structure nucleated and growing under shear must bguantitative analysis will be focused on the growth rate
known to allow a comparison between the growth ratesinder shear and then specifically on polymer C, which
under shear and in static condition. The observatiomas the highest molecular weight.
of the thin cuts systematically showedphase with
a weak positive birefringence at the contact with the ) )
fibre (Fig. 9). Thisx-phase ring shows a higher exten- 4- Discussion _ _
sion (aspect ratio about 1.5) along the thickness direc! N€ €xperiments were described up to now as a function
tion than in the median plane. The thickness of the ringf the fibre velocity. The axial movement of the fibre
depends on the polymer, temperature and fibre spedgduces a velocity field in the polymer melt and then a
(Fig. 9). This thickness along the median plane, the>hear-ratg . Assuming a cylindrical geometry, a sticky
plane of observation during shear experiment, is comcontactofthe polymer with the fibre and the glass_slldes,
pared with the thickness formed during crystallization2nd & power law for the polymer rheology (Equation 1),

under shear. The latter is the product of the growth ratd/onasse has shown [14] that the shear-rate around the

under shear by the crystallization time under shear, i.e/iPre is equal to:

the shear time minus the induction time. Systemati- 1-n 1 1
cally, the observed and predicted thicknesses are found y=—" o | TToon 1o on Vi (2)
almost equal. Consequently, it can be concluded that nr s —Te

2096



(b)

Figure 9 Morphologies around the glass fibre after crystallization under shear: (a) polym&r=A128°C, V; =350 um s1), (b) polymer B
(Te=125°C, Vf =350um s71), (c) polymer C T = 125°C, V; = 350um s~ 1) and (d) polymer CTc = 130°C, V; = 350um s 1).

wheren is the exponent of the power lawjs the radius s then equal to

of the fibre r. is the half-thickness of the polymer melt n
(re=165um) andr is the distance from the fibre axis LS N el y 1 @)
at whichy is calculated. The values nfwere deduced r n rfl— Yn_yl=1/n

from the rheological measurements (Table I).

The shear stress where K was extrapolated to the crystallization tem-

T=ny (3) perature from the rheological measurements (Table I)
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(d)

Figure 9 (Continued.

using an Arrhenius law. Fig. 10 shows, for the threefibre and strongly decrease along the radius be-
polymers at the beginning of shear, typical variationscome very low atr =20-30m (about 20% of the
of the shear rater and of the shear stressalong the  maximum value) (Fig. 10). If shear influences nucle-
radiusr from the fibre axis. Equations 2 and 4 can beation, the model predicts that the polymer crystallizes
used at the beginning of the experiment and specifiunder shear in-phase near the fibre (or the solid layer),
cally to study the nucleation process. The shear ratat a distance up to 10-20m from the fibre surface,
and the shear stress are maximum at the surface of ttend that far from the fibre the crystallization occurs
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shear rat Fes
(s 60
50
40 V=350 pm.s!
30 |
20
10 +
0 .
0 50 60 r(um)
0 10 20 30 thickness of the
solid layer (um)
shear stress
a
(Pa) (@
1 (Pa)
8.10¢
5
210° T, = 125°C, V;= 350 pm s™!
6.10% |- T, = 130°C, V; = 350 pm s°!
10° |
4104 |
et ew——T, = 125°C, V= 78 um s
0 0 2100 \rc=130°c,vf=78 d;;;-l-_"""“'-'-':-.-
(b)
0 1 1 1
Figure 10 Evolution of the shear rate (a) and the shear stress &t@30 0 10 20 30 thickness (um)
(b) along the radius from the fibre axig = 350.m s™1. (b)

] ) . ] ] Figure 11 Evolution of the shear rate (a) and of the shear stress (b)
in static condition. This was experimentally checkedat the crystalline growth front during the crystallization under shear.

since we observed that far from the fibre the spherulite§olymer C.
were not perturbed by the shear flow and were grow-
ing like in static condition. The shear-rate curves of theterface decrease according to Equations 2 and 4, re-
three polymers are approximately the same for a giveispectively, whereinterface=I't + I'solid layer’€places;. A
experimental condition (Fig. 10a). It is certainly not the non-explicit equation is available as an effect of the ki-
parameter explaining the differences of nucleation unnetic law which must appear in Equations 2 and 4. The
der shear observed in the three polymers. The naturealculation is done in the median plane used for the
of the polymer is dominant on shear stress: polymergbservation under sheare& 2.5 mm), and can also
A, B and C can be easily distinguished by increasingoe done along the thickness directiog=£ 165 um).
stress values in the shear-rate range (Fig. 10b). This eFig. 11 shows the evolution of the shear flow at the
fect results from the increase of viscosity with molecu-growth front during crystallization of polymer C at 125
lar weight (see Table 1). This model obviously predictsand 130°C for Vs =78 and 350um s %. The values
a negligible effect of shearing at the surface of glasof y and tr at the interface strongly decrease during
slides (.= 165 um), as observed for polymers A and the crystallization. However, the measurement of the
B. However, it must be noticed that C presents a strongolid layer thickness (polymers B and C) at different
nucleation at the slide surfaces, which induces transtime intervals showed that the variation of the thick-
crystalline zones. This effect is really not explained byness with the shearing time was linear, leading to a
the model. It only proves that a very low shear-rat&(" constant growth rate. One would have expected a non-
0.5s1)is efficient on crystallization for the polypropy- linear variation, as the shear rate and the shear stress at
lene with the highest molecular weight. the interface decrease during the experiment (Fig. 11).
The above calculation is done foat=V; atr =r¢,  Thus, the shear rate and the shear stress are too simple
i.e., it assumes that there is no crystalline growth. Thigparameters to predict the crystallization under shear.
analysis is exact at the beginning of crystallization,The role of another important mechanical parameter,
but when the solid polymer layer expands, the conthe shear strain, will be examined below.
dition V =Vt must be applied at the boundary be- Two main assumptions are made to build our me-
tween solid and molten polymer (i.e., at the crystallinechanical model: a power-law rheology around the glass
growth front), and no more at the fibre surface. Thenfibre and a cylindrical symmetry. These assumptions are
the shear rate and the shear stress at the solid/melt ibased on the strong localization of the shear-rate very
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near the glass fibre or at the boundary between solid Y=t
and liquid polymer. Fig. 10a shows that the shear-rate ¢, [
around the fibre is larger than 35'sat the beginning of g .
the experiment. Fig. 1 proves that a power law is a good 10pm ¢ 20pm /30 um . 40um
approximation for the three polymers in this range of ¢gg |- ) / / /
shear-rate. The shear-rate strongly decreases alongth |3 m !
radius and at a distance of about At the rheology ! ! d
is no more compatible with a power law. Nevertheless, 400 [ : K
this does not really affect the value of the shear-rate at
the solid/liquid interface, as demonstrated by numeri-
cal calculations using Carreau’s law [28], which bet- 200
ter describes the rheological behaviour. It is the reason
why this assumption, which allows analytical develop- e . . .
ments, is kept. Concerning the cylindrical geometry, the 0 0 50 100 150 time (s)
presence of glass plates questions this second assump-
tion. The high value of the shear-rate at the boundar{igure 12 Evolution of the she_ar _strain at differer_n distances from the
ofthe solid layer is qite insensiive to the ocation of L1 &= ket e egrning o e ecermen e be ot
the outside boundary as soon as the distance betwegf growth front. Polymer Cr, = 130°C, Vi = 350 um s-L.
them is sufficientrc — rinterface™> 50 wm). An analysis
of parameters sensitivity of Equation 2 shows that the
shear-rate slowly decreases when the radiusacein-  larger than expected. It can also be noticed that the tran-
creases in a short range. If the radiysacetends to  sition time up to the asymptote is very close to the in-
the external radius,, Equation 2 now predicts a strong duction time given in Table Ill. A similar treatment was
increase of the shear-rate. Consequently, it is necessapyoposed by Janeschitz-Kriegl and co-workers to model
to limit the variation ofrierfaceWith respect tae. That  the overall kinetics after a short-term shearing inside a
is why a thick medium is used & 330 um) in order  ductinisothermal condition[22, 26]. The model mainly
to maintain a large gap all along the experiment andconsiders the length of thread-like precursors of crystal-
to avoid a too large perturbation of the shear-rate byization, which is found proportional tp*2 = y2y2,
the glass plates. In that condition, we observe that th#vherets, y andy are the shearing time, the critical
shear-rate at the solid-liquid interface remains almosshear-rate and shear, respectively. During our experi-
constant around the interface and the cylindrical symiments the analysis of crystalline growth rate was privi-
metry, from a mechanical aspect, is fairly respectedleged and we found a large effect of shear on the growth
According to Campbell and White [25] the hypothesisrate.
of residual stresses must be rejected, the crystalliza- Only the e-phase crystallizes under shear in these
tion being highly localized around the fibre in a thick experimental conditions. The growth rates of the
sample. phase under she&s, and in static conditiorGg; can

The shear strain can be calculated during the crystabe compared at the same temperature. We define the
lization. Itis the cumulated shear strain at a point, fromshear factor for the growth rate &= Gg/Gst. The
the beginning of shear up to the moment the growthgrowth rates in static conditions a®:(125°C)=0.29
front passes over this point. The calculation can be donem s and G (130°C)=0.09 um s™1. The analysis
at various radii in the median plane by integration ofof the shear factor as a function of the shear strain is
the shear-rate during all the time the polymer remainsy way to compare experiments under shear (Fig. 13).
molten. This parameter may be pertinent to analyze thé low fibre speed ¥ =78 um s1) induces a weak
growth rate dependence on shear for polymer C. It can
be noticed that the polymer which first crystallized un-
der shear was located near the fibre and was subjected; %
to a high shear-rate but for a short time. On the con-
trary, the polymer crystallizing under shear far from
the fibre experienced at the beginning a low shear-rate * [ :
but this quantity gradually increased when the growth

/Gg

V =350 um 57!

front moved. Finally, the shear strain remains almost 3
constant except for the shortest times (Fig. 12). This !
analysis can be extended to other experimental condi- , L
tions: the shear strain increases up to an asymptotical !
value which depends on temperature and fibre speed.
The calculation can also be done in the thickness di- !
rection. An asymptotical value 10% higher than in the
median plane is predicted. In the same way, a larger , . | | ~
extension of thex-phase layer in the thickness than 0 200 400 600 800 Y=Yt

In_the median plane (ak_)OUt SQ% hlghel’) was SyStemI_:igure 13 Effect of the shear strain on the enhancement of crystalline
atically observed on thin sections (Fig. 9). The gen-growth under shear, as characterized by the ratio of the growth rates
eral trend is exact but the amplitude of the effect isunder sheaGg, and in static conditioGs;, Polymer C.

- V=78 ums! T, = 130°C
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increase of the growth rate for both temperatures. Aigh molecular weight and a significant shear are nec-
higher fibre speed leads to a strong increase of thessary to observe an increase of the growth rate, which
growth rate, higher at 12% than at 130C. A slower  may be more than three times the static vagsphase
shear strain is necessary at 25to induce the crys- develops after shear in a region previously subjected
talline growth, which explains the efficiency of shearto a noticeable sheaz-phase grows at a constant rate
at the lower temperature. The thickness oféhphase under a non-constant shear-rate. Therefore, the shear
layer results only from the product of the growth raterate and the shear stress are too simple parameters to
by the effective shearing time, i.e., the shearing timedescribe the crystalline growth under shear. The shear
minus the induction time. Thg-phase appears just af- strain is able to explain the crystalline growth under
ter the end of shearing, which corresponds to a limitedshear in an isothermal condition.

area, the rest of the sample containinggaphase at all

except for a small amount in some transcrystalline re-

gions (Fig. 9). This result must be emphasized, becau?cknowledgements

previous papers have drawn attention to the promotin he European Community must be acknowledged

effect of shear stress on the formatiorBemodification for the financial support of this work as a part of

[16, 19, 29]. Some investigations, mainly by the flbrethe Brite-Euram cooperative program (Prospero) no.

pulling technique, have defined the thermal and me-
chanical conditions of formation ¢f-phase more ex-
actly[16, 18, 20, 30]. It seems that thephase observed
in our experiments results fromwato-g transformation
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