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INTRODUCTION

In response to the inquiry from UNIDO, the author travelled to Saltillo,
Mexico, on April 15, 1984. He remained based there at the Centro de
Investigacion Quimica Applicada (CIQA) until Thursday, April 26, vhen he
travelled to Mexico City. He departed from Mexico City to the U.S.A. on
Sunday, April 29.

The ext section of the report will deal with activities at CIQA in
Saltilln.

REPORT

The primary activities at CIQA involved (i) lectures, (ii) consultation
on individual problems. ThLe major lectures were given on Tuesday, April 17
and Wednesday, April 18, on the manufacture and properties of film. The
first lecture emphasized the dynamics of manufacture of tubular film with
some discussion of multipie layer film. The second lecture largely dealt with
the structure and properties of fliims. Special attention was given to structure-
processing reiationships in fabricated film.

The general contents of the lectures on film extrusion followed the out-
lines of experimental studies worked out in the authors’-laboratories. The
contents of the first lecture are contained in

T. Kanai and J.L. White, "Kinematics, Dynamics and Stability of the

Tubular Film Extrusion of Various Polyethylenes"
Polym Eng Sci 24, 1185 (1984)
This is enclosed in Appendix A.

The materials in the second lecture followed the contents of two papers,

K.J. Choi, J.E. Spruieil and J.L. White, "Orientation and Morphology

of High-Density Folyethylene Film Produced by the Tubular Blowing

Method and its Relationship to Process Conditions"
J Polym Sci Polym Phys 20, 27-47, (1982)
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and
H. Ashizawa, J.E. Spruiell and J.L. White, "An Investigation of
Optical Clarity and Crystalline Orientation in Polyethylene Tubular
T
I;glr;m Eng Sci 24, 1035 (1984)
These are includcd in Appendices B and C.

Various problems related to film for agricultural purposes were
considered in individual discussions. These included (i) the light scattering
and absorbence characteristics of single and multiple layer films, (ii) the
rheological and melt processing behavior of polymer blends being fabricated
into films.

The discussions related to light penetrating through films involved
eliminating parts of the electrimagnetic spectrum of radiation by controlling
the refractive indices and absorbing characteristics of the individual polymer
layers. These could be influenced by dyes, pigments and other additives to
the polymers prior to co-extrusion. This was deemed possible and further
study was considered. Improvements in melt processability through blending
of different polymers was considered. Generally incompatible polymers would
be used and phasr morphology characteristics would be complicated. The
influence of such blending or light scattering characteristics would need
considerable study.

Other problems also received attention during this stay. These included
the characteristics and potentials of (i) guayule rubber developed in northern
Mexico, (1) Mexican hevea rubber.

The possibility of developing a rubber research development organization
in Mexico equivalent to that in Malaysia was discussed. This would treat both

hevea and guayule. The purpose would be to greatly stimulate the production




and upgrade the quality of naturally occuring cis-1, ¢ polyisoprenes produced
in Mexico. This production would first satisty the domestic market and

then become a significant export to North America.
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Kinematics, Dynamics and Stability of the Tubular
Film Extrusion of Various Polyethylenes

TOSHITAKA KANAI® and JAMES L. WHITE}

Polymer Engineering
University of Tennessee
Knoxville, TN 37996

A basic study of the kinematics, dynamics, and heat transfer
occuring during tubular film extrusion of polyethylene is out-
lined. Three rheologically characterized polyethylenes, a low-
density polyethylene (LDPE). a linear-low-density polvethyl-
ene (L-LDPE), and a high-density polyethylene {HDPE) were
used in this study. The kinematics and stability of the tubular
film process were investigated over a wide range of blow-up
ratios. drawdown ratios. and frost-line heights. Local deforma-
tion rates along the bubble have been determined. Regions of
stability and instability are described. Tensions and inflation
pressures have been measured and expressed in terms of loca!
elongational viscosities. Temperature profiles along the bubble
were determined and interpreted in terms of local heat transfer
coetficients. Positions of crystallization and temperature pro-
files have been noted and used o estimate rates of crystalliza-
tion. The characteristics of the LDPE, LLDPE, and HDPE are

contrasted.

INTRODUCTION

here is no polymer-processing operation more
fr-portant than tubular film extrusion. There
have heen hiowever. tew basic experimental studies
of this operation (1-11). Menges and Predohl (1)
and Ast 20 30 lave considered heat transfer from
the thnto the surroundings. Farber and Dealy (4),
Hon ond Pk (3 and Winter (6) have studied
Ninenndies and the latter dynamies. In a second
seties ot experiments, Han, et al. (7) studied the
occurrence of babble instabilities. Maddams and
Prevds oS and investigations in our laboratories
-1 have considered the development of ori-
eutation and crystalline morphology in tubular film
extrnsion. One obtains a very incomplete picture
froma these studies, The relative stability of different
melts over 1 range of operating conditions is not
cleac There are really no broad vertically inte-
arated experimental studies of the tubular film ex-
fhsion o nolvimer melts.
iy the present paper. we describe a comparative
sy of the kinematics, bubble stability, and dy-
namies ob aseries of polyethylenes. specifically a
i density polvethvlene (LDPE). a linear-low-
densits polvethivlene (LLDPE). and a high-density
;ml\:'t|1\|<'n<' “HDPE). The HDPE is primarily a
“near homopaolvmer, while the LLDPE is a linear
copolvmer i which small amotints of the second
sonomer beeakup some of the othviene crystallin-

s BlemvarPereachermieai Co | Lid. 1650 Kamiizurm Sodegaura-
G e S by Tagan
™ RS Fonvmer Fagnernag Center Umveraty of Akron. Akron. Ohin
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ity. The LDPE is a long-chain branched pelymer,
with the branching being introduced by the free
radical mechanism of the polymerization.

BACKGROUND
Kinematics

The kinematics of tubalar tilm extrusion first re-
ceived attention by Pearson (12) and later in more
detail in a series of papers by Pearson and Petrie
(13-13). If we take "1~ as the machine direction.
“2" as the circumferential direction and “3" as the
thickness direction in a local cartesian coordinate
frame, we may write for the deformation rate ten-
sor:

dyy = — = 2 — — ther

where Q is the extrusion rate. R is the bubble radins
at any elevation z, and 4 is the angle betwern the
axis of the bubble and a tangent to the surtaee ol
the bubble. The derivative of Eq la involves o
assumpiion of constant density which is not (it
fully satistied because of cooling and cryvstalli, ation

We may represent special kinematic cases
For uniaxial extension this leads to
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Kinematics, Dynamics and Stability of the Tubular Film Extrusion of Various Polysthylenes

dunecter = 16035 cm) was used in this study. Films
were prepared with a range of drawdown ratios,
.+ blowup ratios. B, and frost-line heights z.
i < anables investivated are summarized in Table

\n Smim motion picture projector was used to
determme velocity profiles in the machine direc-
tiom as well as bubble shape. The tension in the
nachime direction was obtained with a Tensitron
Webh Tensiometer. The pressure inside of the bub-
Lle was determined with a manometer.

The temperature profiles along the surface of the
Lubble were measured with an infrared pyrometer
Tieon CH 5 0. which involves no surface contact.

Ducing tubular film extrusion. air is blown along
e mntside of the bubble to control the heat trans-
fer rates with the surroundings (Fig. 1). This air
Celooty was measured with an air velocity meter

[hermo Svstems, Ine. Model 1630 hot wire con-
Jdanl temperature anemometer).

RHEOLOGICAL MEASUREMENTS

H.

Fig. 1. Tubular film extrusion.
Besults

The shear viscosity function ny) of the three 10
qnelt e 150°C are shown in Fig. 2. The HDPE has ;
e hiches viscosity and the L-LDPE, the lowest. !
Yee oer . asihies “ ari : 8 nore !
l'_,.’ ; ‘ ’m'[?lln 'lr-?f“.(vhv”,“'b‘ v‘o.' are ‘summarlze({ in \-\.\& " ]
Cabde § The viscositien n(y; are constant at low ~-__ i

Lo rate and decrense withi inereasing . '\‘\\ b !
The principal normal stress difference, Ny, of the

thieee melts is plotted as a function of shear stress, 3 o‘L
<o bz 3 The data order with HDPE the largest 3 ————a . :
aod LEDPE the lowest. - -—o o :\.\\::‘ i
The tiansient elongational viscosity, x, of the b e :
Chanents s plotted as a function of time for various !
conedion rates in Fig. 4 ab.c. The LDPE and i :
U LDPE awhieve steady states but the HDPE does L ;
notapparently failing by ductile necking at low :
total clongations. In Fig. 5 we plot steady-state > i
10" 10" 0°

lonedional viscosity, x, as a function of E for the .
Fig. 2. Shear viscosity n-shear rate, v, data for LDPL. LLDrE.

and HDPE melts.
Table 2. Range of Kinematic Conditicns investigated for
0 =075 ks'/ar:l’wu?:::a‘;‘eo ation LDPE and LLDPE aud the maximion achicveld
g per ) value xma: for the HDPE. The LLDPE data is con-
Film Bubbile Frost-line stant with a value near 3ny. The LDPE results e
Polymers  vi/v, Thickness Diameter B Heightz constant at low stretch rates (at a value about 3.
LOPE (=) ) cm (=) (em) and then increase at higher elongation rates. The
. : ggg ggg gg 5-2 xmas of HDPE is a decreasing function of stretch
: 93 e 3(5 4 rate, generally greater than 37
4 , .
;e 33 33 12 Discussion
8 187 525 35 12 In a study of tubular filim extrusion, the elonea-
LLOPE : ggg ggg gg g tional flow behavior should be of most interest. The
4 393 575 15 9 slongational flow results described above are wen-
4 39.3 525 35 12 vcrally quite similar to those obtained by earlier
2 786 525 35 12 i westigators, most notably Ide and White 1211 As
noPE i gg 3 ggg gg ! 1:‘:, cescribed by these authors, mult‘c-n LDI’}:} filrmenis
o s 392 525 35 6 draws out in a stable manner while HDPE tilaments
4 293 525 35, 9 dvelop necks and breaks short. Elongational vie-
4 393 5.55 35 12 cosities were only determined for the former wineh
2 798 525 35 12 wore constant at fow deformation rate where they
8 97 535 350 12 ecualed 3no and increased at higher stretch rates

' LR ENGINEERING AND SCIENCE, OCTOBER, 1984, Vol. 24, No. 15 1187
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Ainemuatics, Dyramics and Stability of the Tubular Filte Extrusion of Various Polyethylenes

e fypes of polymer melts in previous papers
Lo ont laboratories (22-24). Both commercial
polcstvrene (20 and deceraded polvpropylenes (22,
24 respond rather similarly to the LLDPE in elon-
<ol How. exhibiting stable elongated tilaments
i tow deformation rate regions wher.» x is 37o.
“Ihe view ot the above paragraph receives sup-
port trom the shear viscosity-shear rate and princi-
pal nornmial stress difference-shear stress plots. The
HIDPE n-q duta is more rapidly decreasing than the
1 1.DPE and the Ny-a,2 datais higher. Both of these
Atects correspond to broader molecular-weight
it eibations in linear polvmer systems (22, 23, 25).
[hus in summary. we seem from isothermal rheo-
foweal datito he working with two linear polvmers,
omewith amoderately narrow distribution (LLDPE)
unl one with a rather broad molecular-weight dis-
Libaihion HIDPE). The third material is a long-chain
branched polvmer (LDPE).

RESULTS OF TUBULAR FILM EXTRUSION
EXPERIMENTS

Glubal Perspective of Kinematies and Stability

W ek to represent the kinematics of the tu-
Db bl process ina «lobal manner. There would
v 1o e three most important kinematic vari-
Ablestor snch a representation. These are the draw-
down ratio /.. the trostline height z¢ and the
Blow np ratio B. The former two quantities deter-
mne the machin + direction detormation rates and
thee Later the transverse direction deformation
cates. We st np a three-dimensional space of o/,
— I3 = =, in Fig. 6. It should be noted, of course.
that thas is ouly a first approximation of the kine-
patves The detailed bubble Shup(’S for the LDPE,
(1 DY, and HDPE actuully differ somewhat as
i in Fir T with the HDPE being more notably
thin-necked and inflating in a shorter distance or
narrower region of altitude.

‘Thee tubular filin process operates in a stable
condition for only a limited series of operating
comditions. Tvpical unstable bubble shapes are
Jurwn i Fige 8. At the various operating conditions
one iy have stable, unstable, or metastable con-
Jitions. the latter representing the existence of two
Labide states with ready passage between them.

I lius Y-11 we present drawdown ratio (ve/ts)
- Dlow-np ratio (B) diagrams for the LDPE,
LLDPE. and HDPE melts under study with open
cire s representing stable behavior, triangles met-
wtable behavior. and closed circles unstable behav-
e A frost-line height of 12.0 cm was used.

‘Il is clear trom Figs. 9-11 that the LDPE resin
has 1+ much wider operating region of stable behav-
wn than the LLDPE or HDPE do at this frost-line
ber it At drawdown ratios of 6.0 and greater, the
UL DPE seems metastable or unstable under all con-
Jittons ins estizated. Atlower ¢ /v, unstable behav-
i oeenrs in the region of B from 1.0 to 2.5. The
metabitity region of the vi/v, = B diagram of Fig.
11 101 the HDPE is tunnel-shaped. Unstable behav-
i securs between blow-up ratios of 1.0 and 2.2
fohin depenadent uf‘v,,/v,,. There is, however,

ro( ER ENGINEERING AND SCIENCE,'OCTOBER, 1984, Vol. 24, No. 15

Process Condition For
Tubular Film Extrusion
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Fig. 6. Three dimensional space for tubular filim kineties Do o
on drawdown ratio. vy/v, blowup rativ. B, and frost-line herhe

<F

no observed tendency towards instability with -
creased drawdown ratio.

Frost-line height is varied by changing the cool
ingg air flow, with higher air flow decreasing < In
Fig. 12, we consider the influence of frost line
height on the shape of an HDPE tubular film bhob-
ble. The higher the frost-line height, the greater
the angle made by the film at the position ol infla
tion.

In Fig. 13a-c, we present the operating region of
stuble behavior for the LLDPE at various frost-line
heights. It is clear that LLDPE at the lower frostline
height has a wider stable region than one at the
higher height. The LDPE also has a very wide stable
region at the low frost-line height. On the contrar
HDPE has almost the same stable region at the
different frostline Leights and it does not show a
wide unstable region under any condition.

Local Kinematics

Stable operating conditions investigated are sum-
marized in Table 2. Local velocities ©y and v as
well as elongation rates dvi/9%, and dua/8g; have
been computed from the motion-picture results.
Direct observations of moving material points on
the surface of the film were used. Typical results
are contained in Figs. 14, 15, and 16 tor the LDPE
LLDPE, and HDPE. respectively. It may be seen
that vy increases mounotonically, most rapidly in the
region of most rapid bubble inflation and platewnme
bevond the frost line. The transverse veloeity = s
zero at small = and then rapidly increases. coes

| 1189
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Kinematics, Dynamics and Stability of the Tubular Film Extrusion of Various Polyethylenes

OPERATING SPACE FOR
TUBULAR FILM EXTRUSION OF HDPE

O stable
® unstabie

A two stable regions
{ metastable)
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[re 11 Droedoten ratio, v/ e., — blowup ratio, B, plot for HDPE
dienc e revions of stuble, unstaole, and metastable behavior; z¢
={2.m

decrense to zero above zr. The behavior is most
pronounced with HDPE and least with LDPE.

The intluence of frost-line height z¢ at constant
vr rand B on the local deformation rates for the
1.0, LLDPE. and HDPE is shown in Fig. 17. In
e enne increasing frost-line height decreases the
mavmnin vilue of dy. This is most pronounced for
the TTDPE and the LLDPE. The maximum dgg is
mdependent of z¢ at constant e¢/v, and B for the
I DPE and LLDPE but is an increasing function for
the HHDVYE,

e inllnence of blowup ratio B at constant vg/v,
ol = on the local deformation rates for the
i 1.DOPE is shown in Fig. 18. Increasing B increases
.

The <Heet of drawdown ratio v /v, on the dy; and

i profiles along the bubble is shown in Fig. 19 for

the HDUE melts, The magnitudes of dy; and dag

imcrense with cr/e,.

Pnamics

W now turn to the measured stresses in the
Faihble for the thre » polvethylenes. In Fig. 20, we
pler the take-ap tension F and machine direction
Voo e atress, o Losoas 1 function of drawdown
L tector the LDOPE. LLDPY. and HDPE at a fixed
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blowup ratio, frost-line height, and extrusion rate
The tensions for the LLDPE and HDPE fecreuse
with vr/v, while that for the LDPE increases. Howe
replot the data in terms of stress oy, it is found to
increase for all the melts, being most rapid in rate
of increase for the LDPE.

Fig. 21 shows take up stresses, r.(L), of HDPE.
LLDPE. and LDPE for different trost-line heichts.
The higher the frost-line height, z¢. at fixed B. v/
v, and extrusion rate. the lower the bubble tensior.
The take-up stress for LLDPE is the lowest and is
most dependent on z¢.

In Fig. 22, we plot bubble inflation pressure ver-
sus drawdown ratio for the LDPE, LLDPY., i
HDPE melts at a fixed blow-up ratio, frost-line
height, and extrusion rate. Figure 23 shows the

bubble pressures of HDPE, LLDPE, and LDPE lo

Bubble Shapes of HDPE for different FLH
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Kinematics. Dynamics and Stability of the Tubulat Film Extrusiun of Various Polyethylenes

Moiten Behavior of L-LDPE
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Kinematics, Dynamics and Stability of the Tubular Film Extrusion of Various Polyethylenes

Bubble Tension of HOPE, L.LDPE and LDPE

tor different Draw Ratio
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For HDPE the apparent elongational viscosity
decreases very slowly between 3 and 7.5 em from
the die. Howeser, as bubble diameter and elonga-
tional rate increases, xy decreases rapidly and
s s sharp peak. After crystallization begins, the
prparent elonuational viscosity increases rapidly

and approaches infinity. The clongational  rate
curve also shows a very sharp peak.

For the LDPE, the apparent elongational viseos
ity decreases slowly and does not exhibit i sdeup
peak. After crystallization begins. the apparent
elongational viscosity increases slowly. The elon-
gational rate also changes slowly. The appuarent

O HOPE
& LOPE
QO LLOPE

Take-Up Stress Q. x 10" dynescm’
~

/

0 ;
¢} S 10 15

Frost Line Height{cm)

Fig. 21. Bubble take-up stress as a function of frost-line heutht
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Kinematics, Dynamies and Stability of the Tubular Film Extrusion of Various Polyethylenes

Air Velocity Profile
along the Bubble
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v s the annelar die radius. Yeow presents
el stability curves oo plots of T os A or H® vs
necific X We present plots of the latter type
ot and 30b. In Fig. 30a we compare the
IR nli II)PE LLDPF illld HDPE at XF = 12/
to whilein Fig. 30h we contrast the LLDPE
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resuits for Xg equal to 4. 8. 12, and 16. In compur-
ison to Yeow's calculations we find our bubhbles
tend to be unstable.

It would seem reasonable to discuss the ditlerine

bubble stabilities of LDPE. LLDPE. and HDPE in
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Fig. 27, Bubole temperature profile as a function of frost-ling
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Konematics, Dynamics and Stability of the Tubular Film Extrusion of Various Polyethylenes

decide the initial point to measure L trom on the

I' bubble. We chose the position of the maximum ol
the local heat-transfer coetficient to define as 1. =
] 0. Those initial points are 6.5 ¢m for a trostline
height of cg of 7 cm. 6.5 cm for zrof Y cm.and 7.0
4 cm for z¢ of 12 cm from the die exit. L is the vertical
distance from the initial point. The muximum aiv
Xe ‘elocities are chosen to be the value of L.
. Figure 33 shows the relation between the Nusselt
l 12 16 number and the Reynolds number, LUp/ M. Our
., 8 / results are correlated by
! ’ 076
\ ‘ 1 hL LUpur\ .
| ! — = 0043 \ — s
H “1 '\ kur Nar
'i \ \ The lowest the frost line height. the better the
Unstable | |} Stable correlation of Eq 18 is found.
z 1o b \ B Above the frostline our data is best correlated by
t
8- ; \ \ { 1 h=25 Vi (b
r \ \ -
ar . \ _to T Y —TT
- ' \ h I 80:
. \ .E sol _ FLH Tcm
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t 3 "‘Q-\——sw 12em
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© W
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8 310 R\
by Pt or H= e I, versus B = Ri/R, showing regions of 3 \

i i mstable behavior for LLDPE, Xe =4, 8, 12, 16.
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Kemematus. Dynamics and Stability of the Tubuldr Film: Extrusion of Various Polyethylenes

rable 3. Development of Crystailinity in Tubular Film Extrusion
HDOPE L-LDPE LDPE

ro.oseC) 8.0 6.0 6.3
Vet I5) 21 2.8 30
2iatnau temperature (°C) 1345 122.0 117.0
Plateau level of

crystathoty (=) 0.41 0.28 0.31
Final crystaihmity

~btained trom density 0.72 0.45 0.48
a0, ——— v

: s FLH 7cm FLH 9cm

Vorrne 55 ™g V—..: “72‘:’ FLH 12cm
Vownn 2Bmy

Ay e
20 K / 1

Fercent Ciystathnady

Al 5 10 15 20
Distsnce from Die {cm)
T 7 Croustalliny as a function of position along the bubble
o [ DPE wath vy e, =4, B = 3.5 at various frost-line heights.

Table 4. Crystallization as a Function of Frost-line Height For
HOPE

Frost-iine Air Velouity Cooling
Herght Vueerus Crystallization  Stress Half Time

(2 (M/S) Temp (°C) (Dynes/cm’) t/"z (sec)
; 55 122 152 x 10° 2/3
9 42 122 1.20 x 10° 36
1 28 122 1.0x 10 6.3
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Orientation and Morphology of High-Density
Polyethylene Film Produced by the Tubular Blowing
Method and its Relationship to Process Conditious

KYUNG-JU CHOI, JOSEPH E. SPRUIELL, and JAMES L. WHITE,
Polymer Engineering, The University of Tennessee, Kr.oxuville, Tennessee
37916

Synopsis

The orientation and crystallinity of a series of high-density polyethylene (HDPE) tubuiar films
is characterized using wide-angie x-ray scattering vole-figure analysis and birefringence. The films
ranged from uniaxial to equal biaxial. The data were used to compute biaxial orientation factors
which were then plotted on an orientation-factor triangle diagram. It was shown, within the range.
of conditions studied, that both the crystalline biaxial orientation factors were unique functions
of the stresses exerted on the L ubble at the fresze line. Both correlations are the same as those de-
veloped by Dees and Spruiell for melt-spun HDPE fibers. SAXS measurements on the films suggest
lamellar structures in both uniaxial and biazial films.

INTRODUCTION

Polyethylene film is probably the largest-volume polymeric product, and its
structural characterization is thus of considerable interest. Not only is the
structure of the film of concern, but also the relationship of structure to the de-
tails of its formation. Most polyethylene film is produced by the tubular process.
Several authors have published experimental investigations of the tubular-film
extrusion of polyethylene or of the films produced by this process.!-'3 Some
of these investigators!—3610-13 have studied the crystalline character of the films,
including in many cases careful quantitative evaluations of the crystalline or-
ientation. However, they generally do not know the applied stress fields in the
process and often nothing of the kinematics. The recent papers of Maddams
and Preedy!%-13 are the most important studies of the development of crystalline
orientation and morphology of polyethylene film to date.

The present authors and their co-workers have carried out extensive investi-
gations of orientation and crystalline morphology development, particularly with
polystyrene!4-8 and polyolefins.!3-22 The studies with polystyrene indicate
that the orientation developed in the melt during flow is frozen in at vitrification.
The rheo-optical law relating birefringence and stress may be applied at vitri-
fication to yield the level of birefringence in the product. Oda, White, and
Clark! originally hypothesized and verified this for shear flew, uniaxial elon-
gational flow, and melt spinning of polystyrene. More recently we!8 verified
this for the tubuvlar film extrusion of the same polymer. In-plane and out-of-
plane birefringences were elated to draw tension and bubble pressure. Dees
and Spruieli!® have found that orientation development in melt spinning of

polyethylene under a range of conditions may be correlated with the spinning

Journal of Polymer Science: Polymer Physics Edition, Vol. 20, 27-47 (1982)
3 1982 John John Wiley & Sons, Inc. . CCCo0n98- 1273/82/010027-21$02.10
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stress. This has been found to be true for polypropylene as well by Spruiell and
White?! and by Nadella et al.22 These results suggest that the crustalline or-
ientation developed in tubular-film extrusion of polyolefins should also be de-
termined by the applied stress fields.

The purpose of the present paper is to present an experimental study of the
development of structure in tubular extrusion of high-density polyethylene film
under known conditions of applied stress. We seek in this study to determine
if the orientation is determined by the stress and the extent to which its levels
differ from the predictions of the rheo-optical law. This paper then represents
an extension of both our earlier studies of melt spinning of polyolefins!®-22 to
tubular-film extrusion as well as an extension of our tubular-film investigations
of polystyrene!8 to polyolefins. To a limited extent our perception of structure
development in tubular-film extrusion is similar to the pioneering study of
Rohn? on polybutene-1. However, he did not make orientation and stress
measurements on tubular film, but inferred the nature of their relation from
orientation measurements made on fibers and stress measurements made on
molded slahs elongated at elevated temperature.

BACKGROUND

Orientation Representation

Orientation ini polymer systems may be represented at varying levels of so-
phistication. At the simplest level, orientation factors representing the second
moment of the orientation distribution may be defined. Methods such as bi-
refringence, x-ray diffraction, and dichroism may be used to measure such second
moments for the amorphous and crystalline regions of a polymer. In crystalline
polymers, wide-angle x-ray scattering (WAXS) and construction of pole fig-
ures%310-11.24-26 41low a complete representation of the distribution of reflecting
plane normals in space. In many instances the distribution of polymer chains
and crystallographic axes can also be determined.

It is necessary for us to discuss orientation-factor representation of second
moments of the distribution. Such representations date to the work of Hermans
and his co-workers,?”-23 who used the anisotropic characteristics of the polariz-
ability tensor for the case of uniaxial fiber orientation. The representation of
biaxial orientation in terms of orientation factors was initiated by Stein3 and
has since been considered by Kawai, Nomura, Kimura, and Kagiyama3'-34 in
a series of papers, as well as by Desper and Stein25 and by White and Spruiell.35
The work of Stein and Kawai et al. defines orientation factors in terms of Euler’s
angles expressed with respect to a characteristic (e.g., machine) direction. This
is an awkward formulation and results in asymmetry of representation with re-
spect to the machine and transverse directions. Wilchinsky?¢ and Desper and
Stein® suggested using values of averaged mean-square cosines of angles between
crystallographic axes and machine and transverse directions. White and
Spruiell® proposed biaxial orientation factors hased upon the anisotropy of the
polarizability or attenuation tensors and the angles used by Wiichinsky, Desper,
and Stein. The Hermans orientation factor for the polymer chain axis is replaced
in this system by the two orientation factors

f? =2 cosld,; + cos?oes — 1 (1a)

8 =2 coscp.z + cos%pe; — 1 (1b)
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where the subscript c refers to the chain direction, whil- subscripts 1 and 2 refer
to the reference directions (e.g., machine and tra-isverse directions). For the
case of uniaxial orientation about the machine direction we have

cos?pcz = cosZey (2)

which leads to
B = Y%(3 cosZe; — 1) (3a)
£=0 (3b)

For uniaxial orientation one of the biaxial orientation factors reduces to the
Hermans orientation factor, while the other is equal to zero. These orientation
factors have been applied by Matsumoto. Fellers, and White’6 and by the present
authors!8 to express orientation in polystyrene film.

We may express these orientation factors in terms of an orientation triangle
as shown in Figure 1.5 This triangle is a region in /7 vs. % space set about the
origin (0,0) with corners at (1,0), (0,1), and {=1,=1). The axes represent uniaxial
orientation with respect to either reference axis; the position (1,0) represents
complete orientation in the machine direction, (0,1) complete orientation in the
transverse direction, and (~1, ~1) orientation perpendicular to the plane of these
two directions (i.e., parallel to the sheet normal).

In the case of crystalline polymer, White and Spruiell suggest that eq. (1) may
be generalized to all three crys: «tlographic axes:

8 =2 cos?,; + cos’ps — 1 (4a)
B =2 cos?p; + cosp;; — 1 (4b)

where ; represents the a, b, and c¢ crystallographic axes. For orthorhombic

crystals six orientation factors are interrelated by two orthogonality relation-
ships,

' cos¥pg; + cosipp; + cos . =1 (5a)

UNIAXIAL (MACHINE DIRECTION)

1o
PLANAR

EQUAL BIAXIAL
UNIAXIAL
(TRANSVERSE DIRECTION)

0.1 f 4
2

1ISOTROPIC

Fig. 1! Orientation triangle for White-Sprusell orientation factors.
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c082pg2 + c08Zppy + o8z = 1 (5b)

Consequently,
Gt =0 (6a)
o+ fh+f5 = (6b)

Only four of the six orientation factors are independent.

Orientation-Stress Relationship

It is well known in flowing melts of flexible polymer chains that birefringence
i3 related to stress through the rheo-optical law38—2:

n=(4;trm)I + CP
or
n,-—n,-=C(P—P,')=C(m-—aj) 7N

Here P is the deviatoric stress tenso.,, o the total stress tensor, and the single
index indicates a principal value. If th s birefringence is due to chain orientation
rather than form birefringence or “bond bending,” as it appears to be in melts
and vitrified glasses, the birefringence may be related to the orientation factors
of eq. (1) through3% '

(ny=ng)/A0 =B (ny—ny)/A0 = f8 (8)

where AU is the maximum or intrinsic birefringence.
We may combine egs. (8) and (7) together to yield

8 = (C/A%(ay - ay) (9a)
§=(C/A% oy~ ay) (9b)

or
8 =18 =(C/A% (g, ~ 09) (9c)

The rheo-optical law implies a linear relation between orientation and the stress
‘n the melt. ’

If aglass is a “frozen” melt without change in structural order, one would ex-
pect chain orientation to be preserved in vitrification. The orientation in glasses
should then be related linearly to the stresses acting at vitrification. This has
been reported for uniaxial extension and shear flow of polystyrene!4; the melt
spinning of polyethylene terephthalate,*3 polystyrene,'* and high-impact
polystyrene*; biaxial stretching of polystyrene*5; and tubular-film extrusion
of polystyrene.!8

It does not follow that orientation in crystailine polymers should be predictable
from the rheo-optical law because of the orientation changes that accompany
crystallization.
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Kinematics and Dynamics

The kinematics and dynamics of tubular-film extrusion, whil.: receiving the
attention of Alfrey,¢ first obtained detailed consideration in the papers of
Pearson and Petrie.s™4? [f we take ! as the machine direction, 2 as the cir-
cumferential direction, and 3 as the chickness direction we may write the velocity
gradients in a tubular-film process (see Fig. 2) as follows:

%=M(_ld_’i_léﬁ) (10a)
o1 27Rh\ hdz Rdz
Qua _Qcosh 1dR
FUz _ % L9V - ont 0
ok, 2%Rh R dz (106)
]
Quz _ Qcost) 1 dh , (10¢)

3ty 27Rh h d:z

where @ is the extrusion rate, R the bubble radius at any elevation z, and # the
angle between the axis of the bubble z and a tangent to the surface of the bubble.
The derivation of eq. (10a) involves an assumption of constant density which
is not fully satisfied because of cooling and eventual crystallization of the meit.
Bearing this approximation in mind we proceed to consider ditferent special
kinematic cases. For uniaxial extension

va _ov; 1dR_1dh

, -— == 11
of, &y Rdz hdz (11a)
while for planar extension
OUZ 1dR
— = O' —_——= O 11
o] 2 R dz ( b)
For equal biaxial extension
o - 1dR dh
oy _ovy _1dR _1dh _14R (11c)

o5, of - Rdz hdz Rde
Generally it is only possible to maintain such kinematics at a point in the film

Nip Rolls

| Alr Supply
Fig. 2. Tubuylar film process.
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and not for a range of pusitions along the machine direction. The ability of a
polymer melt to maintain these kinematics depends upon its rheological prop-
erties. If, however, we presume that a meit could maintain uniaxial kinematics
then eq. (11a) can be integrated to give

Vi /Vge=1/B2 (12a)

where B is the blowup ratio Ry /Rq (subscript L designates the taheup, O the ex-
tension die). For planar extension, we have from eq. (11b)

B=1 (12b)
Tor equal biaxial extension, eq. (11c) leads to
Vi/Vo=B {12¢)

If the drawdown and blowup ratios of eq. (12) are used, one will obtain detailed
kinematics which are on the average uniaxial, planar extensional, and equal
biaxial. Experimental studies of the kinematics of tubular-film extrusion can
be found in the papers of Farber and Dealy,® Han and Park,3 and Choi
et al.18

The force balance on tubular films is most rapidly developed from shelil
theory®i as has been described by Alfrey.*6 The first explicit derivation and
discussion was in a series of papers by Pearson and Petriz.¥"-49 These authors
show that it simplifies to the expressions

Fp = 2rRhoy cosf + 7Ap(Ri — R?) {13a)

Ap =h(711/R‘+h0'2dR2 (13b)

where o717 is the stress in the machine direction and ¢4, that in the circumferer.tial
(transverse) direction; F, is the drawdown force; Ap is the bubble pressure; and

R, and R, are the principal radii of curvature of the film. At the freeze line, we
have

Ri=® Re=R;, cosd =1, o,=F./2nR.h, go0 = Ry &p/hy,  (14)

Experimental studies of tubular-film extrusion dynamics are reported by Han
and Park,® Wagner,2 and the present authors.!8

EXPERIMENTAL

Materials

The polymer used in this study was a Chemplex 6009 high-density polyeth-
ylene with a melt index of 0.98.

Film Preparation

The tubular film was produced with a %-in. Rainville extruder with an annular
biown film die (inside diameter of 1.496 cm and outside diameter 1.605 cm). The
extrusion temperature was 200°C.

A series of three films (labeled 1, 2, 3) were prepared under uniaxial conditions
with drawdown ratios V;/V,of 5.2-16.4. A second ceries of films (labeled 4, 5,
6) was prepared at a blowup ratio of 2.2 with drawdown ratios of 3.4-10.6. Two
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TABLE
Kinematics of Tubular-Film Formation
Drawdown Film thickness Blowup
Sample (ViL/Vo) ) ratio B
1 5.2 228 0.31
2 10.0 148 0.23
3 16.4 74.0 0.22
4 J4 445 2.2
5 6.5 25.4 2.2
6 10.6 13.3 2.3
7 5.04 15.1 4.7
5 7.94 5.1 2.3

films (labeled 7 and 8) were prepared with blowup ratios of 4.7 and 9.8 with ap-
proximately equal drawdowns.

The conditions for film preparation are described in Tables I and II. Pressures
inside of the bubble were measured with a manometer. Tensions in the film were
determined with a ™ 'nsitron web tension sensor.

Density

The level of crystallinity was determined at 23“C using a water-isopropyl al-
cohol gradient density column with a range 0.9200-0.9700 g/cm3. The crystalline
fraction X was determined through the expression

X= (pe/p)p - Pa) (pe — Pa) (15)

where p. is the crystalline density and p, is the amorphous density.

Birefringence

Birefringence measurements were made representing the difference in index
of refraction between the machine ar.d transverse directions, An; = n; =R,
and between the machine and thickness directions, An,3 = n; — ny. These

TABLE I1
Pressures, Tensions, and Stress Fields Applied in the Tubular-Film Procass
Machine Transverse
direction stress direction stress
aig at o722 at
Drawdown Blowup and above and above
tension F pressure Ap freeze line freeze line
Sample (N) (Pa) (MPa) {MPa)
1 1.5 0 0.42 £0.01 0
2 1.3 0 0.62 £ 0.01 0
3 1.0 0 [.1 £0.01 0
4 1.5 160 0.34 £ 0.01 0.066
5 1.4 160 0.51 £0.01 0.11
6 1.2 160 0.80 £ 0.09 0.22
7 1.1 63 0.32 £0.09 0.15
8

1.z 45 0.48 £ 0.20 0.68
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measurements were carried out tcing an instrument equivalent to that of Stein.>3
This instrument is equipped with a Babinet compensator and provides a means
for both rotating and tilting the sample in the polarized light beam.

Wide-Angle X-Ray Scattering (WAXS)

Pole figures were prepared by the WAXS technique of Heffelfinger and
Burton™ using Cu K, radiation.

Sheets of polyethylene blown film were carefully stacked, clamped, and glued

80 as to maintain their machine and transverse directions parallel. Smaller,
cube-shaped samples (about 1.5 mm edge length) were cut from the original
“sandwiches.” The latter samples were mounted on a glass rod and placed in
a General Elactric XRD-5 x-ray diffractometer equipped with a single-crystal
orienter. With the diffractometer set a a fixed angle 26 for diffraction from a
chosen set of diffraction planes, the sample can be tilted and rotated by the
single-crystal orienter in order to determine the intensity function /(¢,a) needed
for pole-figure plotting or measurement of the cos?¢ functions needed for com-
putation of orientation factors. Here ¢ is the angle between the normals to the
‘hkl) diffracting planes (poles) and a reference direction such as the machine
direction, while « measures the rotation of the poles about the chosen reference
direction; i.e., ¢ and « are the radial and circumferential angles of the pole with
respect to Cartesian reference axes chosen along the machine direction (MD),
transverse direction (TD), and normal direction (ND) of the film.

A point count procedure was used to collect data at 5° increments in ¢ and «
over one hemisphere (27 steradians). This procedure was facilitated by com-
puter control of the diffractometer and single-crystal orienter.

Experiments carried out on random compression-molded samples showed that
no absorption corrections were necessary for measurements made using the
above-described sample geometry. Correction for background and peak overlap
was carried out by a combination of the methods of Nichols® and Aggarwal and
Tilley%® using 20 scans obtained at several different o and ¢ values.

The corrected intensity data were normalized to pole density values in “time
random” units by dividing each intensity value by the intensity a random sample
would have exhibited under the same experimental conditions. This latter value
was determined from the total integrated intensity over the surface of the pole
figure.

In order to evaluate the six orientation functions represented by egs. (2a) and
(2b), it is necessary to measure four cosine square averages, e.g., c0s’p,,, C08%p4,,
cos?¢y,, and cos?py,. Both cos®p,, and cos?,, are obtained from the 200 pole-
figure intensity data through

4 or
j; . La00{p1,29) 0829 8ingy day dopy
c08%p,, = (16a)

4 2=
j; j; I00(d1,1) singy day dgy

and

r 2r
j; J; Tono(@1,02) cos?py sing; dag dy
cos2g,, = (16b)

L4 2r
J; j:) T200(d2,02) singq dog d gy




ORIENTATION AND MORPHOLOGY 35

TABLEIII
Birefringence and Densities of Tubular Film
Birefringence x 103 Density
Sample Aﬂlg Anm Angg Q tg/cml)
1 1.51 1.93 0.42 0.957
2 9.85 10.5 0.66 0.9
3 18.1 19.2 1.10 0.956
4 3.97 5.21 1.24 0.955
5 8.78 1.0 222 0.954
6 119 16.5 1.62 0.953
T 5.81 9.66 31.85 0.955
8 1.87 10.0 8.15 0.953

where ¢, measures the angle between the 200 pole and the machine direction and
o measures the angle between the 200 pole and the transverse direction. The
integrations are carried out numerically by the computer that controls the dif-
fractometer. In the same manner, cos’¢p, and cos?py, are determined from the
020 intensity distribution. Itis also possible to determine the four independent
a-erage cosine-squared values from the 110 and 200 pole-figure (intensity) data
using Wilchinsky’s treatment.5” Because the intensity of the 110 reflection is
stronger than that of the 020 reflection, this procedure is often preferable. Iun
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Fig. 3. Birefringences An 3, An3, and Anoj as a function of drawdown ratio for uniaxial films.
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Fig. 4. Birefringences An 3, Any3, and Any; as a function of drawdown ratio for films with constant
blowup ratio.

the present study, both methods were used on some samples in order to provide
a check on the results.

Small-Angle X-Ray Scattering (SAXS)

SAXS patterns were obtained using a modified Kiessig camera with pinhole
collimation. The camera was mounted on a Rigaku-General Electric rotating-
anode x-ray generator. Air scattering was reduced by evacuating the camera.
The sample to film distance was 40 cm and exposure times of two to ten hours
were used.

RESULTS

The birefringences and densities measured on the polyethylene films are listed
in Table IIl. The birefringences An 2, Anj, and dnoyare piotted as a function
of drawdown ratio V,/V, in Figures 3 and 4 for the uniaxial and constant-
blowup-ratio series samples.

For the series of films which are approximately uniaxial

Aniz= Ani2 >0, Angy=0 (17a)

with the magnitude of An 3 increasing with drawdown.
For the constant-blowup-ratio series of sampies

Anlp > L\nlz > Angg >0 (l7b)
In the case of the approximately biaxial film
Anlg ~ Anz; > Anlg , (170)
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#1-(020)

Fig. 5. Pole figures for (200) and (020) planes for film 1.

Examples of the 200 and 020 pole distributions are shown in Figures 5-8 for
samples 1, 3, 6, and 8 of Table I. Samples 1 and 3 are approximately uniaxial
cases corresponding to the lowest (sample 1) and the highest (sample 3) draw-
down). Sample 6 corresponds to the highest-drawdown sample with a blowup
ratio of 2.2, while sample 8 is the nearly biaxial case.

For the approximately uniaxial case, sample | shows a tendency for a-axis
orientation along the machine direction (see Fig. 5). The b axes of this sample
are almost perpendicular to the machine direction and are uniformly distributed
between the transverse and thickness { ND) directions. With increasing draw-
down the a axes are almost uniformly distributed around the machine direction,
but exhibit maxima at about 47° (sample 2) to 61° {sample 3) away from the
machine direction. The b axis remains at an angle of approximately 90° to the
MD but siightly concentrates in the transverse direction. Generally the 200 and
020 pole figures indicate that samples 1-3 are nearly uniaxial in the machine
direction. This is confirmed by the 110 pole figures. ‘

For the samples with constant blowup ratio, the b-axis orientations are almost

#3-{200} #1-1020)

Fig. 6. Pole figures for (200) and (020) planes for film 3.




38 CHOI, SPRUIELL, AND WHITE

.
Nx,\’j

Fig. 7. Pole figures for (200} and (020) planes for film 6.

the same as those of the uniaxial samples 1-3 except that the b axis of sample
6 with the highest drawdown is slightly concentrated towards the film normal
direction. The a-axis distribution shows slightly different behavior from that
of the uniaxial case. The 200 pole figures of samples 4-6 show that the distri-
butions for the a axis exhibit a maximum in each quadrant in the MD-ND plane.
This maximum intensity concentration increases with increasing drawdown.
The 110 pole figure confirms this tendency.

For the biaxial film (sample 8), the a-axis distribution also exhibits a maximum
in the MD-ND plene in each quadrant, but is much weaker than for sample 6.
There are greater intensities in areas of the 200 pole figure that are very weak
for sample 6. A striking feature of Figure 8 is that the b-axis distribution is
concentrated in the direction normal to the film.

Figure 9 shows the influence of processing conditions on smail-angle x-ray
scattering (SAXS) patterns taken with the beam normal to the plane of the film.
For the uniaxial case, at low drawdowns (sample 1), a continuous ring with a
maximum on the meridian is observed. With increasing drawdown, a distinctive
two-point pattern develops. For the constant-blowup-ratio series, the SAXS

[ 3 \/

48 -(200) n8- (020

Fig. 8. Poie figures for (200) and (020) planes for film 8.




ORIENTATION AND MORPHOLOGY 39

uro
Lt
o bt dh: b o
5 B T v .
¥ ¥ 1 : : )
r < L ' .
1 2 3 4 S 6 7 8

Fig.9. SAXS ratterns for films 1-8. The x-ray beam is normal to the film plane.

patterns are nearly the same as those of the uniaxial case but a little more dis-
pearsed around the beam stop.

For the biaxial films, the SAXS pattern exhibits two nearly uniform rings
around the beam stop. These correspond to first- and second-order maxima.
Three additional SAXS patterns were made of the biaxial sample with the x-ray
beam parallel to MD, to TD, and at 45° to either MD or TD. All of these were
“two-point” patterns. In each case the indicated periodicity was in the plane
of the film, i.e., perpendicular to ND.

INTERPRETATION

Crystalline Orientation

The six quantities cos2®,, cos?®,2, cosPy, and cos s, cosd, |, and cosP,,
can be calculated from the pole-figure data, They can then be used to determine
the White-Spruiell biaxial orientation factors for each of the three crystallo-
graphic axes. These results are summarized in Table IV,

For films 1-3, which should be approximateiy uniaxial,

f&>0, >0 (18a)
B0, <0 (18b)
<0, f8<0 (18c)

We plot the f2,, f8,, and f2, as a function of drawdown for the uniaxial films in

TABLEIV
Orientation Factors and Crystallinity of Tubular Film
Amorphous
Fraction orientation
crystallinity Crystalline orientation factors factors

Samples X £, N A
1 0.726 0.198 -0.348 0.141 ~0.053 ~—0.053  0.088 -049 -~0.40
2 0.726 0.086 -0.435 0348 -0053 -0.035  0.088 -0.50 -0.37
3 0.720 0.002 ~-0.415 0.413 -0.033 -0.020 0.013 0.23 0.07
4 0.714 0.175 -0.399 0224 -0.052 -0.042 0094 —047 -0.34
5 0.707 0.081 -0.441 0360 -0.071 -0.041 ‘ 0.112 —-043 027
6 0.701 -0.009 ~0.497 0506 -0.118 -0.090 0.209 -045 =043
7 G714 0.075 -0.3% 0321 -0.057 -0.065 '0.123 -—-042 -0.15
8 0.701 0.012 ~-0.261 0.249 ~-0.050 -0.158 '0.208 -0.02 -0.03




40 CHOI, SPRUIELL, AND WHITE

Figure 10. As drawdown increases f53, increases; £, is negative and near —).4;
f8, first increases, goes through a maximum, and then becomes negative. The
f8., f8.. fE plot resembies that of our earlier studies on polyethylene fi-

bers.19:20
The data at constant blowup, samples 4-6, show
fa>0, A>0 (19a)
' <o, fB<o (19b)

This is also true for sample 7. The constant-blowup-ratio data are also plotted
in Figure 10. For film 8, which is more closely equal biaxial,

8~ 8 ~022 (20a)
’ 8~ 5= -0.02 (20b)
o= f8~-02 {20c)

These orientation factors are plotted as a White-Spruiell isosceles triangle
diagram™ in Figure 11. The general trend for either uniaxial or the constant

7}
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Fig. 10. Plot of crystalline orientation factors as a function of drawdown rat.i:o: ) fL, 14, f8.

(b) s, 13, 15..
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Fig. 11. Orientation triangle containing orientation factors for films produced in this research.

blowup series is toward increasing chain alignment in the machine direction with
increasing drawdown. The orientation factors for sample 8 are nearly on the
altitude, indicating equal biaxial orientation.

Crystalline Orientation-Stress Relation

In flowing polymer melts, the orientation factors are linearly related to the
stress field through eq. (9¢). The crystalline morphology of an oriented polymer
should primarily depend upon the orientation of the melt prior to the onset of
crystallization. This suggests

(3 = Feryn = GI(P = B o] (21)
where G is some unknown functional relation and j corresponds to the a, b,and
¢ crystallographic axes. From eq. (21) it follows that

(f{;, - fZBj)cryn = G[(oy - 02) 0l (22)
This suggests constructing a plot of

fﬁ - f-?l vs. FL/ZNRLhL - RLAp/hL
This is shown in Figure 12.
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Fig. 12. Plot of difference in biaxial orientation factors fi, = fyasa functlon of oy —og = F/
27Rh, - Ry Ap/hy.

The trend of the f,, fq, vs. 01 = 09 plot is similar to that of the /2 vs. V, /V,,
data of Figure 10: f£ - /’% increases with increasing 7 = oo, while f, — f4, is
negative and about —0.4; &, - 7§ increases, goes through a maximum, and then
decreases, eventually becoming nega_.ve. In the plot of f? 7 vs. Vi/V,, different
curves corresponding to different blowup ratios are obtained. The characteristics
of Fi lgure 12 are different. Within the range of experiments performed, all of
the f8 - f5 data points correlated with g; — o5 mdependent of the blowup
ratio.

Several years ago, Dees and Spruiell!® found that they could correlate the
Hermans-Stein uniaxial orientation factors for meit- spun polyethylene flbers
with spin-line stress. For the case of uniaxial orientation, the difference iy
{5, reduces to the Hermans-Stein orientation factors. This' suggests that we plot
the data of Dees and Spruiell in Figure 12. We have done this and it is seen that
the correlation is excellent. Melt-spun HDPE fibers obey the same crystallme
orientation factor-stress relation as HDPE films.

Crystallinity

If we take the density of the perfect polyethylem. crystal to be 1.002 and that
of the amorphous regions to be 0.855, we obtain the tractlon crystalhmty X using
q. (15). This is tabulated in Table IV. The levels are of order 0.72, ‘
It is of interest to note that both'the measured densmes and fractional crys-
tallinities are higher than those found in earlier papers from our laboratories on
melt-spun HDPE fibers.19.20
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Birefringence

We now tw:.a our attention to the interpretation of the birefringence data
obtained on the films. Birefringence in HDPE films is primarily related to the
orientation of polymer chains. As shown by White and Spruiell,3® the bire-
fringences An 3 and Angy; are related to the biaxial orientation factors through
the relations

Anyy = X(A%fE + A%fR) + (1 - X)A%P + (Any3)form (23a)
Angy = X(A%fE + AYf5) + (1= X)A%(E + (Anggdiorm  (23b)
A% =n.—n, (24a)
Al =ny, -1, (24b)

where n is the refractive index along the ¢ crystallographic axis of a polyethylene
single crystal, ny the refractive index along the b crystallographic axis, and n,
along the a crystallographic axis. A%@ is the maximum (intrinsic) birefringence
of the amorphous component and (An3)torm and (Angg)serm are form birefrin-
gence due to the phase distribution. f? and f# are orientation factors for the
amorphous regions.

As both An 3 and An,3 depend primarily upon 5 and f5 since X is a weak
function of process cenditions, we should expect that the birefringence should
depend uniquelv upon stress at crystallization. This is tested in Figure 13, where
it is seen to correlate reasonably well.
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Fig. 13. Plot of birefringence 4n,; as a function of stress #; = ¢, at crystallization.
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Fig. 14. Keller—-Machin row structure (cylindrite model) for strictly uniaxial samples and the ideal
pole figures consistent with “low” and “high” stress cases.

Dees and Spruiell!® have correlated the birefringence of HDPE fibers with
spin-line stress. We also plot their data in Figure 13. The agreement is strik-
ingly good.

As discussed above, the molecular orientation and birefringence in the melt
just prior to crystallization should be given by the rheo-optical law, egs. (7) and
(9). If there were no changes in orientation during crystallization, the plot shown
in Figure 13 would be quite linear and its slope would equal the stress-optical
coefficient of molten polyethylene at the temperature of crystallization. The
functional relation shown in Figure 13 is approximately linear, but the slope of
this line is much greater than the stress-optical coefficient of moiten polyethylene.
This demonstrates quite clearly the increase in orientation caused by crystalli-
zation. Such large increases in orientation during crystallization must be caused
by a greater nucleation rate for nuclei having their chains oriented with respect
to the applied fields, and the subsequent growth of these oriented nuclei.

It is possible to compute the amorphous orientation factors from eq. (23) if .
we know values for the crystalline orientation factors, crystallinity X, and the
intrinsic birefringences. If we take the intrinsic birefringences A%, A%, and
A%a t be 0.058, 0.003, and 0.030, respectively, and use the previously calculated
results for /3, f2, and X, we obtain the results listed in Table IV. The amorphous
orientation factors especially at low values of the principal stresses at the freeze
line are negative.

Negative uniaxial amorphous orient~tion factors have been reported by
Nadella et al.?2 for polypropylene fibers meit spun at low drawdown stresses.

There is a significant lack of accuracy in the /# and f# data because of uncer-
tainties in the experimental values of X, /3, f3, and, perhaps more importantly,
in the intrinsic birefringence. Further, the contribution of form birefringence
has been neglected. Thus the amorphous orientaticn results must be viewed
with caution.
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Fig. 15. Morphological model for film with equal biaxial orientation,

Proposed Morphology

We may couple our SAXS and orientation measurements to hypothesize a
model for the crystalline morphology of the tubular films. The data for the
uniaxial samples 1-3 indicate a row structure or cylindrite morphology of the
type proposed by Keller and Machin.’® The Keller-Machin model of row
structure is illustrated in Figure 14 together with schematic pole figures con-
sistent with the ideal row-structure models. Itis to be noted that the twisted-
lamellae structure of Figure 14(a) produces a 200 pole figure which exhibits a
slight maximum at the MD. The schematic pole figures for this case are
equivalent to the experimentally determined pole figures shown in Figure 5 for
sample 1. The “high-stress” case shown schematically in Figure 14(b) is not
achieved in anv of the films produced in this research. The pole figures for
samples 2 and 3 (see Fig. 6) appear to be intermediate between the two cases
shown in Figure 14.

The samples with constant blowup ratio exhibit a slightly modified form of
the row structure. The SAXS patterns indicate that the lamellae are still stacked
primarily along the machine direction. In this form the orientation distribution
is no longer uniaxial but exhibits a tendency for the a axis to concentrate some-
what in the MD-ND plane.
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In the biaxzially oriented sample 8 the morphology appears to be approximately
equivalent to superimposed row structures as illustrated schematically in Figure
15. This morphology could be produced if the row nuciei are distributed in the
plane of the film, depending on the relative stresses in the film at the freeze line.
The morphology illustrated in Figure 15 is consisten: with the “two-point” SAXS
patterns observed when the x-ray beam is parallel to MD, to TD or at 45° to either
MBD or TD, as 'vell as the pattern observed when the beam is parallel to ND (see
Fig.9). Furthermore, the 020 pole figure (Fig. 8) shows that the b axes tend to
be perpendicular to both MD and TD (near ND) in this sample. The schematic
arrangement shown in Figure 15 would produce a maximum in the 020 pole figure
at the ND direction. This is the case because each “cylindrite” contains lamellae
growing parallel to ND regardless of the orientation of the row nucleus in the
plane of the film. These produce a concentration of axes near ND which does
not occur in any other direction. It must be admitted that the schematic mor-
phology shown in Figure 15 may not be the only possible morphology consistent
with the data. It does, however, offer a reasonable interpretation of the data
and provide an understanding of the effect of introducing a nonzero value of
a9.

The research described here was s..pported in part by the National Science Foundation through
NSF Grant Eng. 78-21889.
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An Investigation of Optical Clarity
‘ and Crystalline Orientation
in Polyethylene Tubular Film
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A stuc, of the crystalline orientation, light transmission, and
surface roughness of polyethylene tubular film prepared in our
laboratories is presented. The present studies were primarily
carried out on low-density (LDPE) and linear-low-density
(LLDPE) polyethylene films. The optical properties of a few
films of high-density polyethylene (HDPE) prepared for a pre-
vious study of morpholegy were characterized for comparison
to the LDPE and LLDPE films. Wide angle X-ray diffraction
and birefringence were used to characterize orientation. Both
the LDPE and LLDPE films exhibited crystalline texture in
which the b-axes tended to be perpendicular to the film surface
and the a-axes had some tendency to align with the machine
direction. The c-axes tended to be concentrated in the plane
of the film with nearly equal biaxial orientation with respect to
the machine and transversc direcuons. Little variation in the
crystalline orientation was found with changes of process con-
ditions in the range studied. Birefringence results indicate that
the amorphous regions developed an orientation in which the
chains tend to be normal to the film surface. The majority of
light scattering from these films and a series of HDPE films was
from the surface and not from the film interior. The transmis-
sion coeflicient for the surface contribution was found to be a
monotonic decreasing function of the standard deviation of the
surface height obtained from surface profiles measured by
profilometer. The surface asperites were largest for the HDPE
and smallest for the LDPE samples. The intensity of both the
surface and interior contributions to the scattering increased
with increasing frostline height, i.e.. a slower cooling rate. As
draw-down ratio and blow-up ratio increase the scattering
contribution from the film interior decreases but the contri-

. bution from the surfuce increases somewhat. These effects are
discussed in terms of the changes in crystailine morphology
and surface roughness produced by flow defects generated
during extrusion.

INTRODUCTION has, however, been little study of this operation.

especially with regard to structure development

Tubular film extrusion is one of the most impor- and optical characteristics of films produced in the

| tant of polymer-pracessing operations. There tubular blowing operation. Various investigators
! POLYMER ENGINEERING AND SCIENCE, SEPTEMBER, 1984, Vol. 24, No. 13 1035
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1-3) have counsidered the optical clarity and haze
of tubular film. It was recognized by Huck and
Clegg (2) in 1961 that the lizht scattering originates
from both surface irregularities and bulk scattering
and that the former is predominant. They did not
distinguish the relative amounts of surface and bulk
scattering. Procedures have become availuble for
accomplishing this (6). Such data treatment is de-
scribed by Stehling. et al. (5) for a series of low-
density polvethylenes (LDPE). They correlate the
surface haze with scanning electron microscopy
observations of the surface roughness of tilms. In-
vestigations of polymer chain and crystalline ori-
entation in extruded tubular fikn have been pub-
lished from several luboratories (7-18). These,
siudies have related the internal structure of low-
density polvethvlene (7-9). high-densitv polveth-
vlene (10-14. 16). polvstyrene (13}, nvlon-6 {10),
polvpropvlene (17). polvbutene-1 (4, 10), and poly-

ethvlene-polypropvlene blends (18). Several of

these investigations have sought to relate orienta-
tion and crystalline morphology to process condi-
tions {12—18). However, none of these researches
involves studies of both crystalline orientation and
optical characteristics of films.

In the present paper, we describe an experimen-
tal studv of the optical clarity and crystalline ori-
entation of a series of tubular films from varving
tvpes of polvethvlenes. We make a comparative
study of representative low-density (LDPE) and
linear-low-density (LLDPE) as a function of process
conditions. Some compariscns to high-density-poly-
ethviene (HDPE) films are also made. This paper
represents a continuation of our earlier investiga-
tions of tubular film extrusion (15-19).

EXPERIMENTAL
Materials

The polvmers which were studied in this inves-
tization were a commercial LDPE, " LDPE. and
HDPE. The characteristics of these polymers are
summuarized in Table 1

Film Preparation

The tubular film was produced with a %-inch
Raineville screw extruder with an annular blown
film die (inside diameter of 1.496 ¢m and outside
diameter 1.605 cm). The extrusion temperature
was 150°C. Eleven LDPE and L-LDPE films werc
prepared and two HDPE films were prepared ac-
cording to the conditions outlined in Table 2

Density and Crystyallinity Measurements

The densities of the films were determined at
23°C using a distilled water-isopropyl alcoho! den-

Table 1. Characteristics of polyethylenes investigated in this

Table 2. Conditions for formation of tubular film.

Draw- Frostine  Thick-
Desig- down ra- Blowup height ness
nation Material to (V,/V,) ratioB (cm) {um)

L LDPE 40 35 12 38.1
2 40 35 9 483
L3 40 35 6 45
L4 40 35 25 445
LS 1.0 25 9 208.3
L6 20 25 9 1143
L7 40 25 9 53.3
L8 6.0 25 9 330
L9 8.0 25 9 267
L10 40 1.0 9 147.3
L1 4.0 45 9 229
LLt LLDPE 40 35 12 318
L2 40 35 9 33.0
3 4.0 35 6 36.8
LL4 40 35 25 34.3
LLS 1.0 25 9 2413
LL6 20 25 9 95.3
LL7 40 25 9 470
LL3 6.0 25 9 36.8
LL9 8.0 25 9 305
LL10 40 1.0 9 1120
LL11  HDPE 40 45 9 229
H4 34 22 15 457
H6 10.6 23 15 14.0

sitv gradient column. The crystalline fraction was
obtained through

_ pdp = pa)

(1)
PP — Pa)

where p.. the crvstalline densitv of polyvethylene,
was taken as 1.002 and p,, the amorphous density.
as 0.833. p is the sampie density.

Characterization of Orientation

Orientation was studied by wide-angle X-ray dif-
fraction and biretringence techniques. Pole figures
for the 200. 020. and 110 reflections of polyethyl-
ene were determined by procedures in previous
publications (16, 17. 20). A General Electric X-ray
diffractometer equipped with a single crystal orien-
ter was used. The radiation used was CuKa of
wavelength 1.542 A. The X-ray unit was operated
at 40 KV and 15 mA,

The orientation of the crystallographic axes in
teems of the machine and transverse directions was
expressed through the orientation factors (15-20)

Y =2 cos*dy, + cos*dy, — | (Za)
=2 COSI(bgl + cosz(h, -1 (2b)

Here ‘1’ is the machine direction, "2'. is the trans-
verse direction and j represents the a. b. or ¢
crystallographic axes. The cos2®,,, cos2d;, were de-
termined from the 200 and 110 reflections using a

study. treatment equivalent to that of Stein (21).
Polymer cource Donaity  Melt index In-plane '.1.nd mlt-of—plune l)lrefnvm.',ences were
‘ ‘ measured using an optical bench with a mounted
LDSEE Urion (éarbode 0918 10, goniometer. This is cquivalent to an apparatus de-
:'E)PE g"h:';p‘::we ggg‘ (2)38 veloped by Stein (22) which has been applied ex-
i i tensively in or.r own laboratories (15-17).
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Direct Transmission Factor Measurements

The clarity of the tilms was evaluated by measur-
ing the direct transmission of light through the
films. Since light that is not transmitted is scattered.
the scattered light can he obtained by difference.
The direct optical transmission fucior was measured
using a wide-angle light-scattering apparatus (G. N.
Wood Model 500 monophotometer). A source of
monochromatic light of wavelength 5460 A was
llb(‘d.

* The direct transmission factor is defined as the
ratio of the intensity of the beam transmitted
through the sample to the intensitv incident on the
sumple. The total direct transmission factor, T, is
the product of a “surface phase” direct transmission
factor. Ty, and a “bulk phase”™ direct transmission

tactor, Tg: i.e.,
T=TTs {3)

The direct transmission factor of the bulk or interior
phase, Ts, was evaluated independent of T by dip-
ping the film into glycerin, which has nearlv the
same index of refraction as the polvethylene film (n
= 1.47). This eliminates the scattering from the
rough surface of the film. A pair of glass slides was
used to hold the film and liquid. Ts was evaluated
from the measured values of T and T through Eq
3. The turbidity, 7, of the bulk phase was also
calculated using

Ts = exp(~rt) (4)

where ¢ is the film thickness. This method of sepa-
rating the surfuce and bulk transmission factors is
due to Clampitt, et al (6).

Scanning Electron Microscopy

The surface textures of the films were examined
using a scanning electron microscope (AMR Model
900). The films were coated with gold-palladium in
wvacuum chamber to eliminate charging,

Surface Profile Measurement

A profile of the surface roughness of each tubular

blown film was obtained using a Tencor Alpha-Step
100 surface profiler. The radius of the diamond
stvlus used in this experiment was about 2 um and
the stvlus loading was adjusted to about 3 mg to
produce good contact with the polyethylene film
surfaces. The total possible stylus travel across the
sample is 3 mm, but 0.4 mm long scans were gen-
erally used for the surface statistics.
« A least squared line was calculated for each 0.1
mm long scan to eliminate the effects of large
bumps as well as instrument drift. These sets of
least square lines were considered as the mean
wirface level and differences were considered to be
the basic profile hix). The standard deviation of the
height was calculated from

G 172
g = [Zf hz(I)({xJ (3)

ne|

v 12
=[L ) h:(n)} (6)

, RESULTS
Crystallinity and Orientation

Structural studies of the HDPE samples were
reported and discussed previously (16). We con-
centrate here on the characterization of the LDPE
and LLDPE films. The densities of the LDPE films
are in the range 0.920 to 0.921 and for the LLDPE
tilms in the range 0.917 to 0.919. These values
correspond to crystallinities of 48.2 to 48.7 percent
for LDPE and 46.1 to 47.5 percent for LLDPE. For
reference, the crystallinities of the HDPE samples
were 70.1 to T1.4 percent.

Typical pole figures for the 200 and 020 reflec-
tions are presented in Figs. I and 2. The results for
all of the LDPE and LLDPE films were generally
similar. The a crystallographic axis tends to lie in
the plane of the film but with a higher concentration
in the machine direction. The b-axis tends to lie in
the plane perpendicular to the machine direction
with a higher concentration in the normal direction.
The latter effect is more pronounced for the LDPE
films, with the LLDPE films exhibiting a more uni-
form (uniaxial) distribution of the b axes about the
machine direction.

The birefringences of the LDPE and LLDPE films
are summarized in Tuble 3. Typical variations with
processing conditions are shown plotted in Fig. 3.
The magnitudes for all the birefringences are rela-
tively small. Generally Anj; > An,s, indicating a
slightiv greater tendency for the chuins to align
parallel to the machine direction than the trans-
verse direction.

| =
Sk

=
==
=T

(020)

(200} b {020)

Fig. 1. 200 and 020 pole figures for LDPE films. (a) L-9 v /v, =
30.B=25(h)L-11vjv,= 40 B=435
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Fig. 2. 200 and 029 pole figures for LLDPE films. (a) LL-9 v/
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G

. %

(020)

(b)

(020)

v.=480, B=25b) LL-11 v /v,=4.0.B= 45

Tabie 3. Birefringences of polyethyiene films.

Sample AMg X 10°  Anyp x 10°  Any x 10¢
L-2 6.95 773 -0.73
L-6 5.65 416 1.49
L-7 6.95 6.81 0.13
L8 9.65 7.90 1.75
L-9 9.60 8.57 1.03
L-10 10.8 1.63 9.13
L-11 109 7.48 3.42
LL-2 649 4.58 1.90
LL-6 3.78 1.20 258
LL-7 7.50 320 430
LL-8 8.38 4.70 3.68
LL-9 9.13 5.04 409
LL-10 116 1.13 105
LL-11 6.60 532 1.36

The effect of changing the process variables within
the range studied is small.

Amorphous orientation factors were calculated
from birefringence data in the manner proposed by
White and Spruiell (20) with form birefringence
neglected. The results are summarized in Table 4.
Both f§ and f? are negative. suggesting that the
chains in the amorphous regions tend to be normal

to the surface of the film. This is most pronounced
in the LDPE.

Optical Clarity and Direct Transmission Factors

Direct transmission factors and turbidities of
LDPE. LLDPE, and HDPE films were measured.
As the films have varving thicknesses, we have
computed turbidities for all of the films investigated
using Eq 4. Data for T, Ts, Ts, and r for all of the
films investigated are summarized in Table 5. Val-
ues of T and Ts are smaller and r is largest for the
HDPE films. The values of T and Ts are the largest
and = the smallest for the LDPE films. The values
of Ts in general are much smaller than Tp and are
closer to T. indicating that surface scattering is
dominant in films having thicknesses in the range
studied in this investigation. Values of Ts are in the
range of 0.85 to 0.95 while Ts has values of order
0.85 for the LDPE, 0.7 to 0.8 for LLDPE, und 0.45
for HDPE.

Consider films L6-L9 and LL6-LLY. As draw-
down ratio increases, the magnitude of both Any;
and Anas increase. (See Fig. Ja.) Inspection of the
Any; data show that for the LDPE

Allg:} > A"lg (88)
but for the LLDPE
.\nza ~ Anjy (Sb)

With increasing blowup ratio (see Fig. 3b). Any;
and Anyz decrease and dnay increases. As the
blowup ratio approaches the drawdown ratio. Anyz
terds toward zero.

The biaxial crystalline orientation factors deter-
mined from the pole figures are plotted in an ori-
entation function triangle diagram in Fig. 4 and
tabulated in Table 4. There is little difference in
the crystalline orientations of any of the samples.

Q ana
A one N
o a5 |gam T %A\
- Eg/u-v tie Liee 2 ,0/?:<°\o
: o i-s € O e YT ower
g
o o
I S R N S B
D.DR.(=} BUR.{~)
a b

Fig. 3. Birefringences of L-LDPE films as g function of process
conditions. a) Any vs drawdown ratio ve/v, with B = 2.5 and
Srostline hewght of 9 em. b) Any vs blowup ratio with drawdown
ration of 4.0 and frostline height of 9 cm.

LeOL-! L-90 L~ L-72A-%0

Q0@ eam D00 sem
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Fig 4 Orientation triangles presenting data for 1 5 of
(u} LDPE Films ()} LLDPE films.
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Table 4. Orientation factors for polyethylene.

Crystalline orientation factors Amorphous orientation

Sample factors
m
Number A 12 S % 7% % 1”? 19
L-7 0.223 0.080 -0.452 -0.270 0.229 0.190 -0.33 -0.28
L9 0.253 0.072 -0.500 -0.276 0.252 G.205 -0.35 -0.29
L-11 0.239 0.081 -0.468 -0.282 0.229 0.201 -0.34 -0.29
-7 0.135 -0.003 -0.291 -0.132 3.157 0.135 -0.20 -0.20
LL-9 £.170 0.004 -0.397 -0.174 0.227 0.170 -0.29 -0.24
LL-11 0.162 0.018 ~0.345 -0.165 0.184 0.147 -0.25 -0.21
L ]
Table 5. Direct transmission factors and turbidity of tubulsr L-LoPE LopE
fim. . “-J oT @@ ‘e L
* Sample Transmission Factors x 100 - T e ~
designa- I *% = N T~
tion T T, Te riem™) 5 T, .. NS .o
hs ~ » e o
[ 3 .\ ~ .p \0_0
2 81.1 85.8 94.5 117 ~ e ST e
L3 82.3 847 971 6.5 1 A D
L4 83.6 36.6 96.5 8.0 R mr
L5 64.8 87.0 728 15.3 LT e e
L6 75.9 89.1 85.2 14.1
L7 82.3 858 958 8.0 - -
L8 84.2 869 969 9.5 | ~o—— §_§_{, o
L9 86.2 88.3 975 9.3 ;o =l 3 3
L10 80.0 91.1 87.8 8.8 L e <
L1 837 85.4 98.0 8.6
LL1 67.4 71.2 948 16.9 — N —
L2 69.0 72.4 95.3 14.5 ! - ¢ ! _ ‘
LLs 480 81.0 393 217 BuR =) BUR (=)
LLE 66.4 80.8 822 20.5 Fig. 6. Transmissivities T, T,, and Ty (normal.zed to film thick-
L7 70.7 75.1 941 129 ness of 54 um) and turbidity as a function o) blowup ratio: (a)
LL8 73.5 76.7 95.9 11.4 LLDPE (b) LDPE
LL9 731 75.1 973 9.0
LL10 68.3 80.5 84.8 14.8
LLit 72.2 746 96.8 14.2 L-LOPE LOPE
H4 39.21 456 859 333 - S
H6 39.6 413 959 298 ®..._ &.._g.}OT Rt S !
- .T. [ 13
- T, . ~, ~e-._0
L~LOPE LDPE ’ o -
°. T \g\\ E er a--\o,&cr
Y 4 e S N -
",.."" d or e ¢ L ol W LA
- o0 T, “tr.q.0 ° n} —~a IS
’ or, T e — L S~—0-~
; N . : ~O-0—0—"°__'Q' Li-2 e
- w &0 - ot
\'\,\. - =8 L8 L7 Le®  L-¢ - H - ?l
® ~—— s -
o 00 oo ok .5__ /é/ 3. Q/
”f‘u'.u-' LL-8 LL-¢ 4 /§ s “Q”-._,Q/
g )
- - L 1" [] 1
7: §\é 7= °~o\ FLM (em) FLH (em)
p o . P "* }éﬁé_ Fig. 7. Transmissivities T, T,. and Ty (normclized to film thick-
‘ ness of 54 um) and turbidity as a function of frostline height: (a)
R LLDPE (b) LDPE
? 4 L] ’ ? . L] [
DOR. (~) DOR. (~)
Fig. 5 Transmissivities T. T.. and Ty (normalized to film thick- creases) with V;/V, at constant blowup ratio and
Yess of 54 un) and turbidity as a functivn of drewdown ratio: (a) frostline height, while T, decreases (Fig. 5). These
LLDPE (b) LDPE balance, giving approximately the same T. The ef-

.

The influence of process variables on the trans-
missivities T, Ts, and Tp and the turbidity is shown
in Figs. 5-7. The values of Ts werz normalized to a
film thickness of 34 um in these calculations. For
both the LDPE and LLDPE, Ty increases (r de-

fect of blowup ratio on T, T,, normalized T, and +
is shown in Fig. 7. For both LDPE and LLDPE, Ts
and 7 are independent of blowup ratio, at fixed V;/
V, and frostline height. The effect of increasing
frostline height at fixed drawdown ratio V./V, and
blowup rato is shown in Fig. 7. Ts and the normal-
ized Tg both decrease while r increases.
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Surface Roughness

It is clear from the data of Tuble 5 and Figs. 5-7
that scattering by the surfaces of the film is a pri-
mary reason for the reduction in light transmission
through films. It is reasonable to hypothesize that
a primary reason for these surface scattering char-
acteristics should be the roughness of the surface.
This is supported by experimental stvdies of Stehl-
ing, et al. (6), who find that scattering from the
surface of polyethylene films correlates with sur-
face roughness observed in SEM photomicrographs.

Typicai SEM photomicrographs of our samples of
blewn LDPE, LLDPE, and HDPE films are shown
in Fig. §. It is clear that HDPE has the roughest

10 pm 4 um

HDPE
e R LLDPE
g }g’ ,‘is" ' -" $
ﬂ,'idm? { .
LDPE

Fig. 3. SEM photomicrographs of typical film surfaces.

HOPE (4 )
[soms ™
-
I""‘ L-LDPE (LL~2)

M

Table 6. Surface roughness of polyethylene film.

Scan
Sample Material Direction a, um
L-2 LDPE MD 0.020
TD 0.020
L-3 MD 0.022
TD 0.021
L4 MD 0.016
D 0.016
LL-2 LWLDPE MD 0.043
o] 0.050
LL-3 MD 0.039
LL4 D 0.046
MD 0.028
D 0.032
4 HDPE MD 0.206
D 0.205
6 MD 0.127
TD 0.197
Nz)
)
LL-3 MD
O = 0043 um
-o.‘w ] -u.ch [ n}u oﬁo
Ne2) e
L-4 ™MD
O” 0016 um
'y 'S h
-0.0s0 -0028 0 0.028 0050 ()

Fig. 10. Typical histograms of asperite height distribution.

surface. The surface of the LLDPE is rougher than
that of the LDPE.

Surface profiles were measured on several LDPE
(L-2, L-3. L-4), LLDPE (LL-2, LL-3, LL-4), and
HDPE (H4. H8) films. Typical surface protiles are
shown in Fig. 9. HDFE films have a much rougher
surface than LLDPE and LDPE. The standard de-

LOPE  (L-2) viations of the height o are summarized in Tuble 6.

| wos HDPE films have about five times larger values of

@ than LLDPE and ten times larger than LDPE.

WVWW’\/\/-\/\A/\ Tvpical histograms of height distribution generated

" ue from surface profile data are shown in Fig. 10. The
Fig 9 Typical surface roughness profiles. curves are Gaussian in character.
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1007 O HOPE
A LLDPE
g
ANY O Lore

78 %
»
=50 D0

w;

o . N ,

005 010 050
g (um)

Fig. 11, Surface transmissivity gs a function of standard devia-
tion of ronghness (mean asperite height)

In Fig. 11, we plot the surface transmission factor
Ty as a function of the standard deviation ¢ of the
surface roughness. LDPE, LLDPE, and HDPE data
are included in the plot. We find that T is a mon-
otonic decreasing function of .

DISCUSSION
Interpretation of Orientation

Biaxial orientation factors for the crystalline re-
gions plotted in Fig. 4 indicate that our sample of
LDPE has slightly higher orientation than the
LLDPE when prepared under the same conditions.
This would seem to be consistent with the lower
melt index of the LDPE sample as shown in Table
1. The lower melt index would indicate a likelihood
of higher melt stress during film blowing and re-
sulting higher orientation (16). Also, the changes in
orientation with processing conditions within the
range studied were small. For all the samples the
c-axis orientation factor lies near the altitude of the
orientation triangle, indicating approximately equal
biaxial orientation of the chains. The g-axis orienta-
tion factors always lie on or near the f7 axis, indi-
cating that the ag-axes are distributed in a nearly
uniaxial manner about the MD. The b-axes have
f? values which are near =0.5 indicating that the
h-axes tend to bhe perpendicular to the YD. The
fact that f%, values are also negative indicates that
there is a slight tendency for the h-axes to become
perpendicular to the TD. This tendency is greater
for the LDPE than the LLDPE,

These results may be compared with data previ-
ously published by Lindenmever and Lustig (8) and
by Desper (9). Both authors show pole figures for
LDPE blown films produced with certain blowing
conditions that have very similar appearance to
those of the LDPE and LLDPE samples investigated
liere. The tendency for h-axis orientation towards
the film normal is perhaps a result of preferential
nucleation at the surface of the film as discussed by

Desper (9). The a-axis orientation along MD has
often been observed in polyethylenes and has fre-
quently been interpreted to result from a row nu-
cleated structure (12, 13, 16, 23), although other
interpretations are possible.

The amorphous orientation factors presented in
Table 4 show that negative values and chains in the
amorphous region tend to be perpendicular to the
film surface. One possible interpretation of these
results is that the chains that are more highly ori-
ented along MD (or TD) in the melt crystallize more
readily during freezing. This produces crystals with
their chain axes approximately parallel to either
MD or TD and depletes the remaining amorphous
material of chains having these orientations. This
remaining amorpl.ous material is left with chain
orientations, which tend to be perpendicular to
both MD and TD.

Surface Roughness and Optical Clarity

For all the samples examined, including the
HDPE as well as the LDPE and LLDPE samples,
the surface phase direct transmission factor, T,, is
lower than the bulk phase direct transmisson factor,
Ta. This indicates that the overall direct transmis-
sion factor is controlled primarily by effects at or
near the surface. Presumably the low values ot T,
are due to light scattering from rough surfaces. This
was further suggested by a strong correlation of
surface phase direct transmission factor with the
standard deviation of the height, s, measured from
the surface roughness profile. Previous investiga-
tors (2, 3, 24) have attributed the scattering from
film surfaces to two different mechanisms: 1) crys-
tallization-induced surface roughness, and 2) die-
How-induced surface roughness (the so-called ex-
trusion haze). The former would be expected to
vary with the level of crystallinity and the mor-
phology of crystallization. The latrer depends on
extrusion conditions and would be expected to be
a function of the rheological properties of the melt,
which in turn depends on the molecular character-
istics of the polymer.

For the present samples there are changes of both
T, andTs with film processing variables. It would
appear that the changes in T, are associated with
the changes in 0. The changes in Ts seem to be
related largely to changes in the cooling rate of the
films. For example, a decrease of overall direct
transmission factor, T, with increasing frost-line
height is due to a decrease of both the surface phase
direct transmission factor, T,, and the bulk phase
direct transmission factor, Ty, As frost-line height
increases, larger crystalline aggregates may be
tormed because of slower cooling rate. Tt is sug-
gested that these larger crystalline aggregates pro-
duce more light scattering from the bulk phase,
thus lower Ty. The larger crystalline aggregates at
or near the film surface may also cause greater
surface irregularities (larger o) resulting in greater
surface scattering and smaller T,.

As drawdown ratio and blowup ratio increase, the
bulk phase direct transmission factor increases and
turbidity decreases. This would appear due to faster
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cooling rate and smaller crystalline aggregate size.
In spite of this increase in Ts. the surface phase
direct transmission factor, T,, decreases with in-
creasing drawdown and blowup ratios. This de-
crease of T, must be associated with some kind of
flow defects which cause surface roughness and not
with the crystallization induced roughness. Huck
and Clegg (2) suggested that extrusion defects
should Le smoothed out by drawing of the filin. and
hence light scattering due to extrusion defects
should be reduced by increasing drawdown and
blowup ratios. However. our result does not agree
with this explanation. Howells and Benbow (24)
suggested that extrusion defects may tend to dis-
appeur due to a relaxation process between the die
and the frost-line. Lower drawdown ratios and
slower cooling rates would tend to increase the
effect of such u relaxation process. Our results seem
to be more counsistent with this explanation. Other
hypotheses are possible. The surface roughness may
in part be due to external disturbances “machine
noise” and its interaction with the melt deformation
processes in the film.

Since the total surface scattering results from a
combination of the crystallization induced surface
roughness and die and film-flow-induced surface
roughuess. it is not always clear which contribution
predominates.

The observation by SEM of features which appear
to be associated with a row nucleated crystalline
morphology together with their high crystallinity
suggests that the high surface scattering (small T,)
of the HDPE samples is largely associated with
crystallization-induced surface roughness. The lay-
ered features one observes, however, might not be
from this mechanism. They however do parallel the
100 A unit lamellae structures found in transmission
electron microscopy. The effect of crystallization
on the surface roughness is much smaller for the
LDPE and LLDPE samples. The crystallization-in-
duced roughness appears to be about the same
order or smaller than the flow-induced surface
roughness in the LDPE and LLDPE samples. This
is based on the fact that the changes in transmission
with drawdown and blowup ratios must be ascribed
to effects due to flow defects. It does not appear
feasible to further separate these effects based on
the present data.

CONCLUSIONS

In summury, the majority of light scattered from
LDPE, LLDPE. and HDPE filins was from the sur-

face and not from the film interior. The transmission
coefficient for the surface contribution decreased
monotonically as surface roughness, measured by
the standard deviation of the surface height, in-
creased. Variations in light scattering due to the
surface roughness and bulk phase irregularities oc-
cur due to changes in film process conditions. These
effects were discussed in terms of changes in crys-
talline morphology and surface roughness produced
by flow defects generated during extrusion and in
the film. but it was not feasible to reach definite
conclusions regarding the relative importance of
these mechanisms for the present LDPE and
LLDPE samples.
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