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I~TRODUCTION 

In response to the inquiry from UNIDO. the author travelled to Saltillo, 

~lexico. on April 15, 198'1. He remained based there at the Centro de 

Investigacion Quimica Applicada (CIQA) until Thursday, April 26, ·vhen he 

travelled to ~lexico 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 

Saltillo. 

REPORT 

The primary activities at CIQA involved (i) lectures. (ii) consultatitJn 

on individual problems. The major lectures were given on Tuesday. April 17 

ar.d Wednesday, April 18, on the manufacture and properties of tilm. The 

first lecture emphasized the dyn2.mics of ruanufacture of tubular film with 

some discussion of multiple layer film. The second lecture largely dP.alt with 

the structure and properties of films. Special attention was given to structure-

process.'..ng relationships 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 

con ten ts of the first lecture are contained in 

T. Kanai and J .L. White, 1'Kineinatics, Dynamics and Stability of the 
Tubular Film Extrusion of Various Polyethylenes 1

' 

Polym Eng Sci 24, 1185 (1984) 

This is enclosed in Appendix A. 

The materials in the second lecture followed the con~ents of two papers, 

K.J. Choi, J.E. Spruiell and J.L. White, "Orientation and Morphology 
of High-Density Folyethylene Film Produced by the Tubular Blowing 
~.!ethod and its Relationship to Process Conditions'' 
J Polym Sci Polym Phys 20, 27-47, ( 1982) 



.----......------~ - --

and 

2 

H. Asr.izawa, J.E. Spruiell and J.L. White, "An Investigation of 
Optical Clarity and Crystalline Orientation in Polyethylene Tubular 
Film" 
Polym Eng Sci 24, 1035 ( 1984) 

These are included 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 charac~eristics of single and multiple layer films, (ii) the 

rheo:ogical and melt processing behavior of polymer blends being fabricated 

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 

s~udy was considered. Improvements in melt processability through blending 

of different polymers was considered. Generally incompatible polymers would 

be used and phasP morphology characteristic:; 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 

~1exico, (ii) Mexican hevea rnbber. 

The possibility of developing a rubber research development organization 

in Mexico equivalent to that in Malaysia was discussed. This would treat both 

hevea and g1layule. The purpose would be to greatly stimulate the productjon 

... 
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and upgrade the quality of naturally occuring cis-1, 4 polyisoprenes produced 

in ~1exico. This production would first satisfy 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 

TOSHITA.KA KANAI 0 and JAMES L. WHITEf 

Polymer Engineering 
t'niversit11 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 luw
density polvethylene (LDPEl. a linear-low-density polvethyl
cne 1L-LDPE) .. rn<l a high-densitv polyethvle11e (HDPE) werr 
used in this studv. The kinematics and stabilitv of the tubular 
film process wer~ investigated over a ~id;-r~nge of blow-up 
ratios. drawdown ratios. and frost-line heights. Local deforma
tion rates along the bubble have been determined. Regions of 
stability and ir;stability are described. Tensions and i~tlation 
pressures have been measured and e:ii:pressed in terms of loca! 
elongational viscosities. Temperature profiles along the bubble 
wer~ determined and interpreted in terms of local heat transfer 
coefficients. Positions •>f crystallization and temperature pro
filt>~ have bt>en noted and used ~o estimate rates of crvstalliza
tio11. The characteristics of the LDPE. LLDPE. and HDPE arc 
contrasted. 

INTHOOUCTION 

T lw1 f' is 110 pok11wr-proc~ssing operation more 
i1"pn1t.111t tlia11 t11liular lilm extrusion. There 

i 1.1', · I w1·11. l1owe,·t·r. few b;t5ic experimental studies 
1111111, 111wr;1t101111-lll. ~lenges and Predohl (I) 
.111d \,t · 2. \1 l1a\e l·o11si<lned heat transfer from 
1 I ... I il111 111 1111• <;11rrn1111dings. Farber and Dealv (-t), 
I l.111 111•.I l'.1rk 1.)1 a11d Winter (6) have st~die<l 
k111t·111;1li1·' .11ul the latter dvnamics. In a second 
"'' "'' 111 "\1wri111t·111'. Han . . f't al. (7) studied the 
"1·111111·1H • of li11hhlt' instahilitie~. ~laddams and 
1'1 """\ ·'I 1 .llld ill\ f'sti!.!;atio11s in our laboratories 
'' 1. I I 1 lt.1, P consid<'n"d the development of ori
"111.1111111 ;111d en stalli11f' morphology in tubular film 
•'\l111'i"11 011!" nhtai11s a vPry incomplete picture 
I rn111 1111''" ,111dit's. Tlw relative stabilitv of different 
11wlh "'··r .1 ra11gp of operating conditions is not 
• 1,.,11 Tl"'"' .1n- n·:dlv 110 broad vPrticallv inte
..:1.11-d '''I'''' i11w1:tal -;tudies of the tubular t'ilm ex
: 111,i•111 nl i'"h-111t>r 111Plts. 

ity. The LDPE is a lung-chain lira11cllt'J p1drn1t•r. 
with the branching being intro<luce<l bv tlw In·•· 
radical mechanism of the polymerization. 

111 tlw 1111·"·11t paper. wp describe a comparative 
,1..,.h nl tlw ki1w111atics. huhhle stability. and dy-
11.111111' 111 .1 '<'ri1·s ol polyethvli>nes. specifically a 
i"" 1l1·11,11\ pohf'f!tdr1w 1LDPEl. a li11ear-low
,l~11,lf' pnh..tl"·l,·1w 1LLDPE). and .1 high-Je11sity 
I'"""' I" l1·1w • 1 IDPEl Tlw HOPE is primarily a 
':111·.11 l11111111pol\ 111Pr. wliilt> tht' LLDPE is a linear 
·''I'"" 1111·r 111 1\ '11\'li '>mall .111101111ts of the 'ecotl<l 
""''""'''' l111·ak11p '011w of tlw ethvlene c:rystalli11-

. J,1. '"''~11 l'··•r'" hrmlf·;tl Co. Lid. llllif) K.1.m11ium1 ~(aura· 
' : "~. 1 ] .q 1..111 

\ ,. l'•·•~n .. ·r ~"1:•n•·•·r111e <'r11lrr !'111v~r~1lv nf .\liirnn .. \liiron. Ohio 

~cU'.'En ENGINEERING AND SCIENCE. OCTOBER, 1984, Vol. 24, No. 15 

BACKGROUND 

Kinematics 

The kinematics of tubular film extrusiu11 first w
ceived attention bv Pearson ( 12) and later in 111orP 
detail in a series c;f papers bv Pearson and Pf'lrit• 
(I.3-1.5). If we take "l" as the mad1i11P din·di011, 
"l~ as tlte circumferential directi:m aml ":r· a~ tlw 
thickness direction in a local carte:;ian coordi11atl' 
frame, we may write for the Jeforrnatiu11 rate tP11-
sor: 

dv I Q cos II ( l d /[ I d R) 
il,I :;:: ah:;:: lrrRH II rl:: - R r/;:, 

d _ av2 _ Q cos 0 .!_ d H 
22 

- a~2 - lrrRII R ,/::, 

i _ at11 _ Q cos ti ...!_ d II 
( ·

13 
- ab - 211'Rll II d;:, 

1 l.1! 

1 lc 1 

where Q is the extrusion rate. R is thf' b11l1hl1· radi11\ 
at anv elf'vation :. and IJ is the ani:.d<' lwtw1••·11 t lw 
axis c;f the buhblf' a11d a ta111~P11t to tlw '>11rl;1t·1· ril 
tlw b11bhlt>. Tlw derivativt> 11f f:.1 lo im "'' , . ., . 11 

assumption of constant densitv wliil'lt i~ 11t1t q11if,· 
fullv satisfied bt>cau~e ofcooli11~ :111d nntalli,;1!i1n1 

\Ve mav repn'sent special ki1w111at,if' 1·a~··~ , 'J • 

For u11iax:al e:1;tensio11 tl11.s IPads to 

11~S 
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K111 .. 11111tics. Dynamics and Stability of the Tubular Film _Extrusion of Vanous p,,[ydhyll'nl's 

, j,,, .. ,.., .. , = I 1;0.'J ('t11i was use<l in this stu<lv. Films 
·" '" il'"l',unl wrtlr ,1 ra111.~e of <lraw<low~ ratios. 
, , , Iii'"' 11p ratios. 13. and frost-line hei!!:hts ::f. 
11, .. · "' r • .l>lt·' 11nc,tit:ated are summarized in Table 

_ \11 '-,111111 motion picture projector was used to 
, '"'"""""' \t'locitv profiles in the machine direc-
111111 ·'' ",.11 as bubble shape. The tension in the 
111.1< l111w din·ctiun was obtained with a Tensitron 
\\:,.I> T··mirnneter. The pressure inside of the bub
! .i,. "·'' d..tnmi1wd with a manometer. 

Tl..- t1·11q11•rature profiles alon1.7, the surface of the 
"1d1id,· ""n' 111t·as11n·d with an infrared pyrometer 
Ir•'"'< :11 ; 11. which involves no surface contact. 

I l111111L'. t 11IJ11l.1r fil1n e'Ctrusion. J.ir is blown along 
r~"' ""'''';,.of tlw hnlible to control the heat trans
'"' '"'"' "itl1 tht> surroundings (Fig. 1). This air 
· "1 .. , rt, ".1., nwa~nrt>d with ~ul air velocity meter 

11,..111111 -;,,t .. 111s. Im:. \lo<lel 16.50 hot wire con
.1.11rl 1 .. 11qwrature auemometer). 

llllEOLOGIC.\L MEASUREMENTS 

i:nrilh 

T!,,. ,1"':11 'i'>cosil\· function 77(')') of the three 
·11 .. 11. t1 I "ii·<: .m· •d1ow11 in Fi~. 2. The HDPE has 
:i,.. lw.'.I'"' 'is('ositv :111d the L-LDPE. the lowest. 
Ii..- :"n' ,Jwar >1'>c11sities. 170 , are summarized in 
: 1i•/, i T!,,· \ iscos;tic~. 17("(; are constant at low 
1,,·.11 r rl" .111.I d1·cn• ist• with i::crPasing ')'. 

Tl11 111111tqLil 11or111.il stress difference, :i./1, of the 
! i1r1·1· ''"'It- is plott~·d as a function of shear stress, 

: "' /1:.: l Tlw data order with HDPE the :argest 
111.I I .LI ll'E the lowP'>l. 

TJ,,. t1.u1._i,.11t e!o11~atio11al viscositv, x. of the 
i1l.11111·11t<. is plotted .1s :1 function oftim'e for various 
, \.,11·: t111111 r.111·s in Fil!, . .J a.h.c. The LDPE and 
: l .IJl'F .1cl11l'\ e st1·adv states but the HDPE does 
"''' 'l'fJ.111·11tlv failing by ductile necking at low 
f, 11.il 1·lo11~.1tio11s. In Fig . .5 we plot steady-state 
, 11111~! ti 11111,d ~•~cosily. x. as a fonction of E for the 

Table 2. Range ol Kinematic Conditions lnvetligatted for 
Stable Bubbles 

10 ~ O 75 kg/hr wrth stable operation) 

Film Bubble Frott·llne 
Polymers v,/v. Thickneu Diameter B Height I# 

LOPE (-) Iµ) (cm) (-) (cm) 
4 39.3 5.25 3.5 2.2 
4 39.3 5.25 3/5 6 
4 39 3 5.25 3.5 9 
4 39 3 5.25 3.5 12 
:! 78.6 5.25 3.5 12 
a 19 7 5.25 35 12 

LLDPE 4 39 3 5.25 3.5 2 
4 39 3 5.25 3.5 6 
4 39 3 5.25 3.5 9 
4 39 3 5 25 3.5' 12 
2 78.6 5.25 3.5' 12 
6 26 2 5 25 3.5' 12 
4 39 3 5 25 3.5 2 
4 39 :i 5.25 3.5' 6 
4 39 3 5.25 35' 9 
4 39 3 5~5 3.5 12 
2 7'3 6 5. 5 3.5 12 
8 19 7 5.25 3.5' 12 

' r 'ff Fl ENGINEERING AND SCIENCE,' OCTOBER; 1984, Vol. 24, No. 15 

I 
l' .. 

€. 

I 

J R~ . 

H 

H, 
R, 

Fig. I. Tubular jllm Pxtrnswn. 

a l O~I 

' 
'°"•o~ .• ----~--,~<1~.----~-~-~ .. --J 

Fig. 2. Sliear visco.JitlJ ~-shear rate. y, ,fota ;;.r L/Jf'L. I.I.I J/'r 
and HDPE melt.J. 

LDPE and LLDPE aud tlw 111axi11111111 ,1('!111·\ .. .i 
value Xma• for the HDPE. Thl' LLOPE data i., (·1111-
stant with a value near :3110. The LDl'E rl's11l1<. .111· 
constant at low stretch rates (at a value aho11t \11"1 
and then increase at higher elongation rail'~. Tl11 
Xmar of HDPE is a decreasing function of stn·t .. 11 
rate. generally greater than :3110-

Discussion 

In a studv of tubular film µxtrusio11, tlw ,.11111\!,1· 
tional flow hehavior should be of most intPfP~t. Tlw 
·~lon~ational flow results <lescrillf'd abovl' aw L'."11· 
1·rally quite similar to thow obtai1wd bv f':1rlin 
i westigators. most notably Id<> and Wl11t1• '2I1 \, 
cescribe<l by these authors. moltf'11 LDl'E fil.111w1il°' 
draws out in a stable manner while llDl'E tila1111·•1h 
d·~velop necks and breaks short. Elo11gatio11al '" 
cPsities were onlv <letPrmi1wd for t lw fonrwr \\I 11• J, 
W"re constant .it. low deformatin11 r:1IP wlwn· I 11•''
ec;ualed :J170 an<l increased .1t liidwr •;trPtc Ii r:it1·' 
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/l.111.-rr111lics. /Jyr:c1111ics wul Stubility uf the Tubular Filur utmsion of Vuiious Poly..rliy/ .. r1n 

: '" .. ,. 11 p• ., of pol nnt'r melts in previous papers 
I 1•1111 "'" L1lioratorit>s 12:?.-24). Both commercial 
I '"I' ,11 1 • ·111• , 2 II .111d degra<led polypropylenes (22. 
_: : "·'l'""d ratlwr o;i111ilarlv to the LLDPE in elon
..:. 111 .. 11.d !low. l'\liibiting stable elongated filaments 
. 111.I 11111 .t ... formatio11 rate regions wher•.' xis 3110-
.Tlw 'i,.w of the above paragraph receives sup

!"'' t I 111111 tlw she~•r viscnsity-shear rate and princi-
11.il 11111111.il strt>ss Jifference-shear stress plots. The 
I !IWF 11-r data is more rapidly decreasing than the 
I 1.IH'F .111d thl' -'i 1 -11 1 ~ data is higher. Both of these 
, ·I k..t' 1 11rn·o;poml to broader molecular-weight 
, l•,11 d111t11111s i11 li1lt'ar polymer systems (22, 23. 25). 

I 1111' 111 '11111111arv. wt• 'ePrn from isothermal rheo-
111·~11 .ii ti.1t.1 to lit' ,,orkiug with two linear polymers, 
, 1111· "11I1 .1 111oderatelv 11arrow <listribution (LLDPE) 
111.! •Hw "1th ~1 rather broad molecular-weight dis-

111\.11111111 ,( IDPEl. Tilt' third material is a long-chain 
i •r.111• lll'd pohmt·r 1LDPE). 

Iii "iLLTS OF 1TBCL.\R FILM EXTRUSION 
EXPERIMENTS 

Cl1•hal l'cr~pccti\'C of Kinematics and Stab\lity 

\ \ " ··• ·1 ·k t" n·pn•st>nt the kinematics of the t11-
l 11il.11 iil111 pron•ss i11 a dobal manner. There would 
'""ll' I•• \,.. tf1n·1' 1:1o~t important kinematic vari
.. 1.J.., 1111 '"l·l1 .1 rqn,.st•11tatio11. These are the draw
' i .. 11 11 1.1t '" 1·,; I' ... tlw f'rostline height :, and the 
1.11111 1q1 r.1lio H. Tlw fornit>r two quantities deter-
111111" tlw 111ad1111 ·direction deformation rates and 
1111' l.1111·1 11 ... tr;u1~\t>rse direction deformation 
1.111·' \\'1· ,..i 11p a three-dimensional space of vJv0 

- /; - ~, 111 Fig Ii. It should be noted, of course. 
111.ll 1111, " 011h ~1 fir~t :ipproxirnation of the kine· 
111.il 11" TJ,,. 1!.-L11l1·d lrnlible shapes for the LOPE, 
U .I 11'1·: .. 11111 llOl'E ~1ctuallv differ somewhat as 
'!"'" 11 i11 hi..: -; with tin> HOPE being more notably 
tl1111 111 ... l.1·d a11d inflating in a ~horter distance or 
11.111111\ :·r rl'gion of altitude. 

Tl"' t11li11lar film process operates in a stable 
l'll111litio11 for 011lv ~' limited series of operating 
'"1111111011'. Tvpical unstable bubble shapes are 
·.!1111111 i 11 Fig 8. At the various operatine; conditions 
"111· 111;11 li.nc· stable. unstable. or metastable con· 
, Ii t 1 t11.s .. t I w Littn rPprt>senting the e'Cistence of two 
. 1.il•l1· ,1,111·' with readv passage between them. 

I 11 I 1 :.!.' U-11 w1• prt>sent drawdown ratio (vdvo) 
- 1.11111 -11p ratio (8) diagrams for the LOPE, 
1.1,J Jl'E .. 111d HDPE melts under study with open 
1·11, i.., 1 "[Jrf',l'llting stable beha•1ior, triangles met
.1 .. 1.il ,i,. I lf'l1avior. ~rnd closed circles unstable behav-
1111 \ limt-li1w lwidit of, 12.0 cm was used. 

·11 " ,.J,·;ir from Figs. 9-11 that the LUPE resin 
11.1, 1 11111!'ii widn operati~ig region of stable behav-
1<11 111.111 1lw LLOPE or HOPE do at this frost-line 
111'1 :lit \t drawdown ratlus of 6'.0 and gr~ater, the 
i I 1 ll'F ,,.,.m, 11lf'tastalile' or unstable under all con
dil 1"11' 111\ 1•st1~.1ted. At lown 11d•v,,, unstable behav
" •r '" ··111 > i11 tlw rt>~ion of B from 1.0 to 2 .. 5. The 
111·-: ii11l111 11·!.!io11 ,,f the .r,jo., -, B diagram of Fig. 
11 1111 1 lw I llJPE is t111111~l-shap~d. Unstable behav
""1 ,,, 1111> lwtw1•P11 hlo~-up ratios of 1.0 and 2.2 
'"" ,1,1, 111dqw11w·11t r1f c,jr;.,. tht•re is, however, 

' ' 

Process Condition For 

Tubular Film Extrusion 
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:,. 

no observed tendencv towards instabilil\ "itl1 i11· 
creased drawdown ratio. · 

Frost-line height is varied bv changing t lw l'!lol 
in~ air flow, with higher air tlow decrc:1~i11!.! :, 111 
Fig. 12, we consider tllP i11tl11PJH:I' of frn,t li111· 
height on the shape of an HOPE tubular film l"1li
ble. The higher the- fro~t-line height. tfw gn·;1t1·r 
the angle made by the film .. ~t the position ol 111th
tion. 

In Fii/. 13a-c, we present the opt>rati11g rPgi1111 of 
stable behavior for the LLDPE at various frost li1w 
heights. It is clear that LLDPE at the lower frnstli1w 
height has a wider stable region than 0111· :1t t Ill' 
higher height. The LDPE also has a very widP -;tal1l1· 
region at the low frost-line height. On tlw co11l 1.11• . 
HDPE has almost the same stable rt>gion .1t tlw 
different frostline heights and ii doe~ not o;linw ,1 
wide unstable region undP.r any con<lition. 

Local Kinematics 

Stable operating conditions i11vestigated arc '11111· 
marized in Table 2. Local ve:oc.:itit>s r; 1 a11d ,,, "' 
well a5 elongation rate~ av1/.1~1 and dtJ~/(!~2 kl\ I' 
been computed from the mot1011-pidurP rf'~1i1t,. 
Direct observations of movi'.ig matt·rial poinh 1111 
tht> surface of the film wt>fl' 11st>d. Tqiical rr·,11lh 
are contained in Fi~s. 14. 1.5. and lli lor tllf' LI Jl'E 
LLOPE, and HDPE. respPctively It mav 111· w1·11 
that Vt increases monotonically. most rapidk in tlw 
region of most rapid bubble inflation a11d pL1t1•:111111'! 
bevond the frost line. Tlw transversr \Plrl('itv ". 1' 
ze~o at small : and then rapidly i1u.:r"a'•< ._,;,. .. , 
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~"""'wtics. Dy11ur11ic·s u11d Stability ,4 tlie Tubular Film'Extroswn of Various Polyt'thylc1w.~ 

OPERATING SPACE FOR 
TUBULAR FILM EXTRUSION OF HOPE 

o stable 

FLH 12 cm •unstable 
.:. two stable regions 

< metastable) 

·fr ' • • ••o a 0 

j!- I 
, I 

I 
I I 

.~a '~9° • • 0 0 
, I I 

I 
I 0 0 

> ~~\ I 
' I ' I 

> , ~ ?" • • eoo 0 0 

I 
I I J .H 
I I 
I I 

I I I I 
:. ~ ~ "' • edoo ~ c 

1 1U' I I 

0 J. :1 ' " $ 

-e 
I 1·: 11 /,J,,,11 ''""" rnlro. r,/e •. - hlou:up ratio. B. plot for HDPE 
,;,,,,, :11c: "~,,,,.., ,,( 1t11iil1'. mistc.ille. and rnet~table behavior; :, 
-::: I~ , 1ri 

( !1 ., 1, ·:1'" to 1.Pro above :,. The behavior is most 
111••1111111w1·d with HOPE and least with LOPE. 

llw i111l11t•11ct> of frost-line height :,, at constant 
1, r , .111<1 H 011 tht> local deformation rates for the 
LI ll'F. l.LDl'E. and HOPE is shown in Fig. 17. In 
··:i• 11 ":1·.1· 11H·11·asin~ frost-line height decreases tht> 
""" 111111111 value of d 11. This is most pronaunced for 
t 11 .. 11 UPE .111d the LLD PE. The maximum d22 is 
111.!«1w11<!1·11t of::, at constant ct/v,, and B for the 
I .I >l'I·~ .111tl LLDl'E hut is an increa.sing function for 
1I11 111 J!'I·:. 

l lw 111ll11t·11n• of blowup ratio Bat constant vtfv~ 
.111.I ~,, nn tlw local deformation rates for the 
I I .I Jl'E 1\ -,iiown in hi!.. 18. Increasing 8 increases 
,/, 

·11 ... ""''('f of dr;1wdow1i rJ.tio vtf v,, on the d, 1 and 
,j" !""'"'''.don~ tl11· bubble is shown in fig. rn for 
tlw lllJl'E 11wlh. Tlw magnitudes of d11 and du 
lilt 1•',l'" with L·1_/t:,,. 

I h 11a111it·' 
'.\ ' 1" ,. ... t 11 rn to t !It' 111t>J.s11rf'd stresses in t!1e 

J,,iJ,i,J,. l11r tlw thrt' • polyt>thylf'nf's. In Fii!.. 20. we 
1·i,.1 1lw t.1k1··11p t••mion Fr. ;u1d machine direetion 
"".I·· "'1''" "" L'. .1s .1 f1111ctin11 of drawdown 
1 .t" t111 tlw l.IJl'I·:. LLDP'~ .. md HOPE .it a fixed 

blowup ratio. frost-lint• hci~ht. ;11111 1·:1;trusio11 r:1fi· 
The tensions for the LLDPE ;md HOPE lecn·:1-;1· 
with vi)v0 while that for the LOPE i11cm1st·s 11 \\ • · 
replot the data in terms of stress 11 11 . it is fo1111d to 
increase for all the melts. being most rapid in Lll1· 

of increase for the LOPE. 
Fig. 21 shows take up stresse~. ~ 1 d.Ll. of 1-IDl'E. 

LLDPE. J.nd LOPE for different frost-line hPights 
The higher the frost-line height. =•· al fixt><l B. 1·1 / 

Vo and extrusion rate. the lower the bubblt> tensiol'. 
The take-up stress for LLDPE is ~he lowf'st ;111d is 
most dependent on :,. 

In Fig. 22, we plot bubblf' inflation prt•s'11rt· \ 1·1-
sus drawdown ratio for the LDPE. LLD!'~ ... 111:1 
HOPE melts at a fixed blow-up ratio. frmt-l11w 
hei~ht. and extrusion rate. Vi;.::ffl' 13 ~l1m\' t I 11 

bubble pressures of HDPE. LLD PE. ;rnJ LDl'E 1111 

Bubble Shapes of HOPE for different FLH 
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Molten Behavior of L-LOPE 
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result~ for XF equal to ·t 8. l 2. and I fj. 111 co111p:1r
ison to Yeow's calculations we find 011r lrnhl•l1·\ 
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Orientation and Morphology of High-Density 
Polyethylene Film Produced by the Tubular Blowing 

Method and its Relationship to Process Conditions 

KYUNG-JU CHOI, JOSEPH E. SPRUIELL. and JAMES L. WHITE, 
Polymer Engineering, The Uniuersity of Tennessee, Kr:.oxuille, Tennessee 

37916 

Synopsis 

The orientation and crystallinity of a series of high-density polyethylene (HOPE) tubular films 
is characterized using wide-angle x-ray scattering ?Ole-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 orientativn-factor triangle diagram. It was shown. within the_ronltll. 
of conditions studied, that boti. the crystallinP. biaxial orientation factors were unique functions 
of the stresses exerted on the i. .ibble at the freP.ze line. Both correlations are the same as those de
veloped by Dees and Spruiell for melt-spun HDPE fibers. SAXS measurementa on the films suggest 

lamellar structures in both uniaxial and bia7jal 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 pdyethylene film is procluced 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.

1
-

1
3 Some 

of these investigatorsl--J.s,tG-l3 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 
proce~s and often nothing of the kinematics. The recent papers of Maddams 
and Preedy1G-L3 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 
polystyrene14-L8 and polyolefins. 19--22 The studies with polystyrene indicate 
that the orientation d1r1eloped 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 
Clark14 originally hypothesized and verified this for shear flew, uniaxial elon
gational flow, and melt spinning of polystyrene. More recently we

1
8 verified 

this for the tub\'lar film extrusion of the same polymer. In-plane and out-of· 
plane birefringences were ·elated to draw tension and bubble pressure. Dees 
and Spruieh19 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 f1982l 
¢ 1982 .John .John Wiley & Sons. Inc. , CCC 0098-L273/82/0l0027-2L$02. LO 



28 CHOI. SPRUIELL. AND WHITE 

str~. This has been found to be true for polypropylene as well by Spruiell and 
White21 and by Nadella et a!.~2 These results suggest that the cr:1stalline 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 conditi:ms 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 polyolefinsl9-22 to 
tubular-film extrusion as well as an extension of our tubular-film investigations 
of polystyrene18 to polyolefins. To a limited extent our perception of structure 
development in tubular-film extrusion is similar to the pioneering study of 
Rohn23 on polybutene-I. 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 measurement.'! made on 
molded slabs elongated at elevated temperature. 

BACKGROUND 

Orientation Representation 

Orientation i11 polymer systems may be represented at varying levels of so
phistication. At the simplest level, orientation factors r~presenting the second 
moment of the orientation distribution may be defined. Method.> 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
ures2·3·10·11·24-26 allow 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,27

-
29 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 Kagiyama3l-34 in 
a series of papers, 'as well as by Desper and Stein25 and by White and Spruielf.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. Wilchinsky24 and Desper an1 
Stein25 suggested using values of averaged mean-square cmines of angles between 
crystallographic axes and machine and transverse directions. White and 
Spruiell35 prop0sed biaxial orientation factors based upon the lillisotropy of the 
polarizability or attenuation tensors and the angles used by Wilchinsky, Desper, 
and Stein. The Hennans orientation factot for t.he polymer chain axis is replaced 
in this system by t,he two orientation factors 

fr = 2 cos2rJ>c1 + cos2ri>c2 - 1 (la) 

f~ = 2 cos"ri>c2 + cos2<Pc1 - 1 (lb) 
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where the subscript c refers to the chain direction, whi!:: subscripts 1 and 2 refer 
to the referenct) directions (e.g., machine and tra:1sverse directions). For the 
case of uniaxial orientation about the machine direction we have 

which leads to 

f?c = 1/z(3 cos:.\t>c1 - 1) 

rqc = 0 

(2) 

(3a) 

(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 White36 and by the present 
authors18 to express orientation in polystyrene film. 

We may express these orientation factors in terms of an orientation triangle 
as sh0wn in Figure 1. 35 This triangle is a region inf? vs. ff space set about the 
origin (0,0) with comers at (1,Q), (0,1), and (-1, -1). The axes represent uniaxial 
orientation with respect to either reference axis; the position (1,0) represents 
complete orie11tation 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'. •llographic 1:t.Xes: 

te :: 2 Cos2t/>jl + COS~r./>j2 - l 

ifi = 2 cos2t/>j2 + cos2r/>j 1 - 1 
(4a) 

(4b) 

where j represents the a, b, and c crystallographic axes. For orthorhomhic 
crystals six orientati~n factors are interrelated by two orthogonality relation-
ships, ' 

' ' 

' coslrPa l + cos2¢b l + cos~rl>c 1 = 1 (5a) 

f I 
I 

UNIAXIAL I MACHINE DIRECTION) 

BIAXIAL 

UNIAXIAL 

!TnANSVERSE DIRECTION) 

(O,IJ 

ISO TROPIC 

(-1,-1) 

Fig. i'. Orientation triangle for White-Spruiell orientation factors. 
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Consequently, 
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cos2rt>a2 + cos2<Pb2 + cos2rt>c2 = l 

f fa + ffb + ffc = 0 

f!fa + f qb +ff/., = 0 

OTJly four of the six orientation factors are independent. 

Orientation-Stress Relationship 

(5b) 

(6a) 

(6b) 

It is well known in flowing melts of flexible polymer chains that birefringence 
ia related to stress through the rheo-optical lawJS-42: 

n = (liJ trn)I + CP 

or 

(7) 

Here P is the deviatoric stress tenso .• 11 the total stress tensor, and the single 
index indicates a principal value. If th 'I 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) through35 

where il0 is the maximum or intrinsic birefringence. 
We may combine eqs. (8) and (7) together to yield 

ff= (C/il0)(0-1 - 0-3) 

f~ = (C/ilO)(o-2 - 0-3) 

or 

(8) 

(9a) 

(9b) 

(9c) 

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

If a glass is I\ "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 nr::rt· of poly<ityrene14; the melt 
spinning of polyethylene terephthalate,43 polystyrene, 14 and high-impact 
polystyrene44

; biaxial stretching of polystyrene45; and tubular-film extrusion 
of po!ystyrene.1s 

It does not follow that orientation in crystalline polymers should be predictable 
frorn the rheo-optical 111.w because of the orientation changes that accompany 
crystallization. 

- >I 
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Kinematics and Dynamics 

The kinematics and dynamics of tubular-film extrusion. whil..: receiv;ng the 
attention of Alfrey,46 first obtained detailed consideration in the papers of 
Pearson and PetrieY-"9 If we take l as the machine direction, 2 as the cir
cumferential direction. and 3 as the Lhickness direction we may write the velocity 
gradients in a tubular-film process (see Fig. 2) as follows: 

e>u 1 = Q cos8 (- "!_ dh _ l dR) (lOa) 
C>~ 1 211"Rh h dz R dz 

C>v2 Q cos8 l dR -::::----
C>~2 27rRh R dz 

(lOb) 

C>u3 Q cosO l dh -=----
i>~3 27rRh h dz 

(lOc) 

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

while for planar extension 

i>v2 C>u 3 l dR l dh 
C>~2 = C>6' R dz = h dz 

i>u 2 = 0 l dR = 0 
0~2 ' R dz . 

For equal biaxial extension 

C>i·1 C>u 2 l dR l dh l dR 
-=- ------=--
i)~l C>~2' · R dz h dz R dz 

(lla) 

(llb) 

(llc) 

Generally it is only possible to maintain such kinematics at a point in the film 

\ I =\ \ \ '. \) 
, Air Supply 

Fig. 2. Tub1,1lar film process. 
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and not for a range of pvsitions along the machine direction. The ability of a 
polymer melt to maintain these kinematics depends upon its rheol0gical prop
erties. If. however. we presume that a melt could maintain uniaxial kinematics 
then eq. (lla) can be integrated to give 

VdVo = 1/82 (12a) 

where Bis the blowup ratio Rd Ro (subscript L designates the takeup, 0 the ex
tension die). For planar extension, we have from eq. (llb) 

B = 1 

!"or equal biaxial extension, eq. (llc) leads to 

VdVo=B 

(12b) 

(12c) 

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,50 Han and Park,8 and Choi 
et al. 18 

The force balance on tubular films is most rapidly developed from shell 
theory51 as has been described by Alfrey.46 The first explicit derivation and 
discussion was in a series of papers by Pearson and Petrie:ff-49 T!iese authors 
show that it simplifies to the expressions 

FL = 27rRhcr11 cosO + rrilp(Rt - R2) 

;j,p = hcru!Ri + hcr2z/R2 

(13a) 

(13b) 

where u11 is the stress in the machine direction and cr22 that in the circumferer.tial 
(transverse) direction; FL is the drawdown force; ilp is the bubble pressure; and 
R 1 and Rz are the principal radii of curvature of the film. At the freeze line, we 
have 

Ri = "'• R2 = RL, cosO = l, cru = Fi/21rRLhr.. cr22 = RLj.p/hL (14) 

Experimental studies of tubular-film extrusion dynamics are reported by Han 
t>nd Park,'1 Wagner,52 and the present authors.LS 

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 
b1own 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 VdVo of 5.2-16.4. A second ~eries 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 (VL/Vo) Iµ) ratio 8 

5.2 2:!8 0.31 
2 10.0 148 0.23 
3 16.4 74.0 0.22 
4 :J.-l 44 <; 2.2 
5 6.5 25.4 2.2 
6 10.6 13.3 2.3 
7 5.04 15.t 4.7 
0 7.94 5.1 9.8 

films (labeled 7 and 8) were prepared with blowup ratios of 4. 7 and 9.8 with ap
proximately equal dray,Jowns. 

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 

(15) 

where Pc is the crystalline density and Pa is the amorphous density. 

Birefringence 

Birefringence measurements were made representing the difference in index 
of refraction between the machine ar.d transverse directions, iln 12 == n 1 -112, 

and between the machine and thickness directions, iln 13 == n 1 - n3, These 

TABLE II 
Pressures, Tensions, and Stress Fields Applied in the Tubular-Film Proce11s 

Machine Transverse 
direction stress direction stress 

1111 at 0-22 at 
Drawdown Blowup and above and above 
tension F pressure tlp freeze line freeze line 

Sample (N) 1Pa1 (MPal (MPal 

1.5 0 0.42 ± O.o! 0 
2 1.3 0 il.62 ± 0.01 0 
3 1.0 0 !.I ± 0.01 0 
4 1.5 160 0.:14 ± O.Ql 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 1.2. 45 0.48 ± 0.20 0.68 



34 CHOI. SPRUIELL. AND WHITE 

measurements were carried out uzmg 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 (W AXS) 

Pole figures were prepared by the W AXS technique of Heffelfinger and 
Burton54 using Cu K" radiation. 

Sheets of polyethylene blown film were carefully stacked, clamped, and glued 
so 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 t"rx:i and placed in 
a General Electric XRD-5 x-ray diffractometer equipped with a single-crystal 
orienter. With the diffractometer set a a fixed angle 20 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 l(c/!,a) needed 
for pole-figure plotting or measurement of the cos2rJ> functions needed for com
putation of orientation factors. Here <J> is the angle between the normals to the 
hkl) diffracting planes (poles) and a reference direction such as the machine 

direction, while a measures the rotation of the poles about the chosen reference 
direction; i.e., <J> and a 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 inc/! and a 
over one hemisphere (21r steradians). This procedure was facilitated by com
puter control of the diffractometer and single-crystal orienttr. 

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''5 and Aggarwal and 
Tilley56 using 2() scans obtained at several different a and c/! 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 eqs. (2a) and 
(2b), it is necessary to measure four cosine square average~. e.g., cos2c;>a 1, cos2r1>112, 

cos2<Pb 1, and cos2<Pb 2• Both cos2<tia 1 and cos2 <Pa 2 are obtained from the 200 pole
figure intensity data through 

and 

r r r 2" l 200(</>i.ct.2) cos2r,b1 sin<J>1 da., d<J>1 
--- Jo Jo 
cos2<Pa 1 =---------------- (16a) J: .. J: 2 

.. l2oo(rJ>1.a.1) sin<J>1 da1 d<ti1 
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TABLE III 
Birefringence and Densities of Tubular Film 

Birefringence X 103 Density 

Sample .ln12 .in13 .in23 p lg/cm31 

l 1.51 1.93 OA2 0.957 

2 9.85 10.5 0.66 0.9f. 

3 18.l 19.2 1.10 0.956 

4 3.97 5.21 1.24 0.95!> 

5 8.78 11.0 :z.:.!2 0.954 

6 11.9 16.5 4.62 0.95:l 

7 5.81 9.66 3.85 0.955 

8 1.87 10.0 8.15 0.953 

where .Pt measures the angle between the 200 pole and the machine direction and 
<1>2 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-...Pb 1 and cos2.Pb2 are determined from the 
020 intensity distribution. It is also possible to determine the four independent 
a:er&ge cosine-squared values from the 110 and 200 pole-figure (intensity) data 
using Wilchinsky's treatment. s7 Because the intensity of th~ 110 reflection is 
stronger than that of the 020 reflection, thIS procedure is often preferable. In 
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Fig. 3. Birefringencea An 12. An 13, and .in23 811 a function of drawdown ratio for uniaxial films. 
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Fig. 4. Birefringences .ln 1:z, Wi 13, and .ln'l3 as a function of drawdown ratio for films with constant 

blowup ratio. 

the present study, both methods were used on some sample3 in order to provide 
a check on the results. 

Small-Angle X-Ray Scattering (SAXS) 

SA.XS patterns were obtained using a modified Kiessig camera with pinhole 
collimation. The camera was mounted on a Rigaku-General Electric rotating
~mode 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 iisted 
in Table III. The birefringences ~ 12, iln 13, and .:ln23 are plotted as a function 
of drawdown ratio Vi/Vo in Figures 3 and 4 for the uniaxial and constant
blowup-ratio series samples. 

For the series of films which are approximately uniaxial 

1ln13"" iln12 > o. .lnz.1 ""0 

with the magnitude of .:ln13 increasing with drawdown. 
For the constant-blowup-ratio series of samples 

Wi1~ > ~n12 > .ln23 > 0 

In the case of the approximately biaxial film 

~n 13 "" ~n23 > .ln 12 

(17a) 

(17b) 

, (lie) 
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NO 

#t- fZODI •1-f020) 

Fig. 5. Pole figures for 1200) and (020) planes for film l. 

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 high~st-drawdown sample with a blowup 
ratio of 2.2, ·.~·!tile sample 8 is the nearly biaxial case. 

For the approximately uniaxial case, sample 1 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 slightly 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 

110 

Fig. 6. Pole figures for (200) and (020) planes for film 3. 
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116- UOO) 
116-(0301 

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 beh11vior 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 plane 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 small-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 

ND 

.... (100) •9-1020! 

Fig. 8. Poie figurl!ll for (200) and (0201 planes for film 8. 
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Fig. 9. SA.XS rattems for iii.ms l..:S. 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
(>arsed around the beam stop. 

For the biaxial films, the SA.X.S pattern exhibits two nearly uniform rings 
around the beam stop. These correspond to first- and 3econd-order maxima. 
Three additional SA.XS 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 cos24>0 i. cos2<1>a2. cos2<Pbi. and cos2<1>b2. cos2<1>ci. and cos2<1>c2 

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 approximately uniaxial, 

t~. > 0, f ~2 > 0 

t~. ,; 0, f ~2 < 0 

t C1 < o. t C2 < o 

(18a) 

(18b) 

(18c) 

We plot the f~i. !Ci. and {~1 as a function of drawdown for the uniaxial films in 

TABLE IV 
Orientation Factors and Crystallinity of Tubular Film 

Amorphous 
Fraction orientation 

crystallinity Crystalline orientation factors factors 
Samples x rr. 1rb fB• 18 tri. tlf.c t? f~ k 124 

0.726 O.Hl8 -0.348 0.141 -0.053 -0.053 , IJ.088 -0.49 -0.40 
2 0.726 0.086 -0.435 0.348 -0.053 -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 0.224 -0.052 -0.042 : 0.094 -0.47 -0.34 
5 0.707 0.081 -0.441 0.360 -0.071 -0.041 0.112 -0.43 -0.27 
6 0.701 -0.009 -0.497 0.506 -0.118 -0.090 0.209 -0.41) -0.43 
7 0.714 0.075 -0.396 0.321 -0.057 -0.065 '0.123 -0.42 -0.15 
8 0.701 0.012 -0.261 0.249 -0.050 -0.158 '0.208 -0.02 -0.03 
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Figure 10. As drawdown increases f ~L increases; f e1 is negative and near - ').4; 

f~1 first increases, goes through a maximum, and then becomes negative. The 
f~i. tei. {~1 plot resembles that of our earlier studies on polyethylene fi
bers.1s.20 

The data at constant blowup, samples 4-6, show 

f ~1 > 0, f ~2 > 0 

re1 < o. r g2 < o 
(19a) 

(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, 

f~t "" f ~2 "" 0.22 

f~t "" f~2 "" -0,02 

re1 ,,., r e2 ,.. -0.2 

(20a) 

(20b) 

(20c) 

These orientation factors are plotted as a White-Spruiell isosceles triangle 
diagram35 in Figure 11. The general trend for either uniaxial or the constant 
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Fig. 10. Plot of crystalline orientation factors as a function of drawdown ratio: (a) ff
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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 machi.ne direction with 
increasing drawdown. The orientation factors for sample 8 are nearly on the 
altitude, indicating equal bia"tial orientation. 

Crystalline Orientation-Stress Relation 

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

({~ - tfilcrys = G[(fr - trlme1tl (21) 

where G is some unknown functional relation and j corresponds to the a, b, and 
c crystallographic axes. From eq. 121) it follows that 

(fr1 - ff;lcrys = G[(111 - 112)soil 

This suggests constructing a plot of 

f P1 - f~j vs. Fd21rRLhL - RL;).p/hL 
This is shown in Figure 12. 

(22) 

-- --..-
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Fig. 12. Plot of difference in biaxial orientation factors {11 - fz1 as a 'function of <Tt - <Tz = Fd 
21rRhi - Ru~p/hi. ' 

The trend of the tr, - rt vs. ITJ - 1T2 plot is similar to that of the f~ vs. Vtf Vii 
data of Figure 10: rrc - f~c increases with increasing IT[ ...: ITz, while trh - ffh is 
negative and about -0.4; f ra - f ra increases. goes through a maximum, and then 
decreases, eventually becoming negi;..:ve. In the plot off~ vs. VLIV0 , different 
curves corresponding to different blowup ratios are obtained. The characteristics 
of Figure 12 are different. Within the range of experime'nts performed, all of 
the re - fr, data points correlated With 0'1 - ITz independent of the blowup 
ratio. ' ' 

Several years ago. Dees and Spruiell19 found that they could correlate the 
Hermans-Stein uniaxiaJ orientation factors for melt-spun polyethylene fibers 
with spin-line stress. For the case of uniaxial orientation~ the difference f f

1 
....: 

f~ 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 crystalline 
orientation factor-stress relation as HDPE films. ' ' 

Crystallinity 

If we take the density of the perfect polyethylen~ crystai' to be 1.002 and that 
of the amorphous regions to be 0.855, we obtain the r·raction 'crystallinity X using' 
eq. (15). This is tabulated in Table IV. The levei.i are of

1

order 0.72. ' 
It is of interest to note that both' the measured densities' and fractional crys-' 

tallinities are higher than those found in earlier papers from our laboratories on' 
melt-spun HDPE fibers.19.20 ' ' ' ' 

I I I I 
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Birefringence 

We now tu.. a our attention to the interpretation of tlte birefringence data 
obtained on the films. Birefringence in HDPE films is primarily related to the 
orientation of polymer chains. As shown by White and SpruieU,:15 the bire
fringences .ln 13 and An23 are related to the biaxial orientation factors t~rough 
the relations 

.ln1a = X(A~~rc + .:li~rb) + (1 - X)A0aff + (An13horm (23a) 

.l/l23 = X(A~~re + Ai~~b) + (1- X)A00ff + (An23)rorm (23b) 

A~~ = nc - na (24a) 

Ai~ = nb - :la (24b) 

where nc ie the refractive index along the c crystallographic axis of a polyethylene 
single crystal, nb the refractive index along the b crystallographic axis, and na 
along the a crystallographic axis. A0a is the maximum (intrinsic) birefringence 
of the amorphous component and (.l/l 13)rorm and (.ln23)rorm are form birefrin
gence due t.J the phase distribution. rr and tr are orientation factors for the 
amorphoU& regions. 

As both D,n 13 and .ln23 depend primarily upon f~ and {~1 since Xis a weak 
function of proce~ ccnditions. we should expect that the birefringence should 
dept>nd uniquely upon stress at crystallization. This is tested in Figure 13, where 
it is seen to correlate reasonably well. 

1 
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Fig. 13. Plot of bi,refringence ~., aa a function of stress 11; - 111 at crystallization. 
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Fig. 14. Keller-Machin row structur' (cylindrite model) for strictly uniaxial samples and the ideal 
pole figures consistent with "low" and "high" stresa cases. 

Dees and Spruiell19 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, eqs. (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 
fw1ctional relation shown in Figure 13 is approximately linear, but the slope of 
this line is much greater than the stress-optical coefficient of molten polyethylene. 
This demonstrates quite dearly 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 !::.~~. t::.i~. and 
t:,.oa to be 0.058, 0.003, and 0.030, respectively, and use the previously calculated 
resub for fE, ft. and X, we obtain the results listed in Table IV. The amorphous 
orientation foctors 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.22 for polypropylene fibers melt spun at low drawdown stresses. 

There is a significant lack of accuracy in the ff and/~ data because of uncer
tainties in the experimental values of X, IE. ff" and, perhaps more importantly, 
in the intrinsic birefringence. Further, the contribution of form birefringence 
has been neglected. Thus the amorphous orientation results must be viewed 
w'.th caution. 
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Fig. 15. Morphological model for film with equal biaxial orientation. 

Proposed Morphology 

45 

We may couple our SAXS and orientation measurements to hypothesize a 
model for the crystalliue morphology of the tubular films. .The data for the 
uniaxial :;amples 1-3 indicate a row structure or cylindrite morphology of the 
type proposed by Keller and Machin:58 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. It is to be noted that the twi'3ted
lamellae structure of Figure 14(a) produces a 200 pole figurf: 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 any 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 S~'CS patterns indicate that the lamellae are ~till 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 biicially 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 nuclei 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 consistent wiU1 the "two-point" SA.XS 
patterns ob::lerved when the x-ray beam is parallel to MD, to TD or at 45° to either 
MD or TD, as ·veil as the pattern observed when the beam is parallel to ND (see 
Fig. 9). Furthermore, the 020 pole figure (Fig. 8) !!!hows 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 nucl~us 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 Fif;Ul'e 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 
<T2. 

The research described here was s•,pported in part by the National Science Foundation through 
NSF Grant Eng. 78-21889. 
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A stuL, 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 
(LLDPEl polyethylene films. The optical properties of a few 
films of high-density polyethylene (HDPE) prepared for a pre
vious study of morphology 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 haJ some tendency to align with the machine 
direction. The c-axes ttnded to be concentrated in the plane 
of the film with nearly equal biaxial orientation with respect to 
the machine and tran>•ers;; Ji1 e<:tmns. Little v:ariation 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 co~ITicient 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 HOPE 
and smallest for the LDPE samples. The intensity of both the 
surface and interior contributions to the scattering increased 
with increasin~ 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 hut the contri
bution from the surface increases somewhat. These effects are 
discussed in terms of the chan~es in crystailine morphology 
and surface roughness produced hy flow defects generated 
during extrusion. 

INTRODVCTION 

T11h11lar film extrusion is one of the most impor
tant of polymer-processing operations. There 

has, however, been little study of this operation. 
especially with regard to structure devPlopmt>nt 
and optical characteristics of films produced in the 
tubular blowing operation. Various investigators 
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1 1-.j) have considered the optical clarity .md haze 
of tubular film. It was recognized bv Huck and 
Clegg ( 2l in 1961 that the light scatteri;1g originates 
from both surface irregularities an<l bulk scattering 
and that the former is predominant. They did not 
distinguish the relative amounts of surface anJ bulk 
scatte'f-iug. Procedures have become available for 
accomplishing this \ 6l. Such data treatment is de
scribed by Stehling. et al (5) for a series of low
<lensity polyethylenes lLDPE). They correlate the 
surface haze with scanning electron microscopy 
observations of the surface roughness of films. In
vestigations of polymer chain ;mJ crystalline ori
entation in extruded tubular fil;n have been pub
lislie<l from several laboratories (7-18). These. 
~iudies have related the internal structure of low
Jensity polyethvlene ( 7 -9). high-density polyeth
vh'ne d0-1-t. 16). polvstyrene (l.">). nylon-6 (10), 
polvpropylene \ 17). polybutene-1 (-t. 1 Ol. and poly
etliylene-polypropylene 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 
inrnlves studies of both crvstalline orientation and 
optical characteristics of fiims. 

In tht' present paper, we describe an experimen
tal studv of the optical clarity and crystalline ori
entation of a series of tulmlar films from varving 
types of polyetl1yle11es. \Ve make a compar~tive 
:-tudy of representative low-density (LDPE) and 
linear-low-density (LLD PE) as a function of process 
conditions. Some compariscns to high-<lensity-poly
ethvie11e (HDPE) films are also made. This paper 
represents a continuation of our earlier investiga-
tions of tubular film extrusion ( 1.5-19). -

EXPERIMENTAL 

~laterials 

The polvmers which were studied in this inves
ti).!ation were a commercial LDPE, ! .LDPE. and 
HDPE. The characteristics of these polymers are 
summarized in Ta/Jle I. 

Film Preparation 

The tubular film was produced with a 1/.1-inch 
Raineville screw extruder with an annular hlown 
film die (inside diameter of i .-196 cm and outsi<l,, 
diameter 1.60.5 cm). The extrusion temperature 
was l ";O"C. Eleven LDPE and L-LDPE films wer,· 
prt>pared .md two HDPE films were prt>pare<l ac
cording to !he conditions outlined in Table 2. 

Density and Crystyallinity Measurements 

The densitie~ of the films were dt>termined at 
;2:3°C usin~ a distilled water-isopropvl alcohol den-. ' 

T1ble 1. c:tt.rec:teris:ic:I of polyethylenes inv,stigated in, this 
study. 

Polymer 

LOPE 
LLOPE 
HOPE 

Soun:• 

Urnon Carbide 
Unio., Carbide 
Chemplex 

Density, 

0.918 ' 
0.921 
0.96 

Melt in~ex 

1.0 ' 
2.0 
0.98' 

Table 2- Conditions lor formation of tubular lilm. 

Draw
Desig- down ra
~tion Material tio (V<fVo) 

L1 LOPE 40 
l2 4.0 
L3 4.0 
L4 4.0 
L5 10 
L6 2.0 
L7 4.0 
LB 6.0 
L9 8.0 
L10 4.0 
L11 4.0 
LL 1 LLDPE 4.0 
LL2 4.0 
LL3 4.0 
LL4 4.0 
LL5 1.0 
LL6 2.0 
Ll7 4.0 
LLB 6.0 
LL9 8.0 
LL10 4.0 
LL 11 HOPE 4.0 
H4 3.4 
HG 10.6 

Blowup 
ratio B 

3.5 
3.5 
35 
3.5 
2.5 
2.5 
2.5 
2.5 
2.5 
1.0 
4.5 
3.5 
3.5 
3.5 
3.5 
2.5 
2.5 
2.5 
2.5 
2.5 
1.0 
4.5 
2.2 
2.3 

Froslline Thick· 
height ness 
(cm) (""1) 

12 38.1 
9 48.3 
6 445 
2.5 44.5 
9 208.3 
9 114.3 
9 53.3 
9 33.0 
9 26.7 
9 147.3 
9 22.9 

12 31 8 
9 33.0 
6 36.8 
2.5 34.3 
9 241.3 
9 95.3 
9 47.0 
9 36.8 
9 30.5 
9 112.0 
9 22.9 

15 45.7 
15 14.0 

sitv gradit>nt column. Tlie crystalline fraction was 
obtained through 

x = p,(p - µ,,) 

P\Pr - Pa) 
\l) 

where Pr. the crvstalline dt>nsitv of polyethvlt>ne. 
was taken as l .002 and Pa. the amorphous density. 
as 0.8.5.5. pis the sampie density. 

Characterization of Orientation 

Orientation was studit>d bv wide-•111ide X-rav dif
fraction and birelri11gt:11ce t~clmiques. Pole fi~ures 
for the 200. 020. and l l 0 reflections of polyt'lhyl
ene were <letermi11ed by procedures in previous 
publications ( 16. 17. 20). A General Elt>ctric X-ray 
diffractometer equipped with a single .:rystal orien
ter was used. The radiation used was CuKa of 
wavelength l .. 54:2 A. The X-ray unit was operated 
at -HJ KV and l .5 mA. 

The orientation of the crystal1011;raphic axes in 
tr ,·ms of the machine and transverse directions was 
expressed through the orientation factors \ l .':i-20) 

! B ,,~ ~ 1; = :c. cos-'r1, + cos-,.,2, - (la) 

/~1 = :2 cos1<1>2, + cos2<I>IJ - (2b) 

Here· r · is tlw machine dirt>ction. '2.'. is the trans
verse diri>ction and j reprt>sents the a. /J. or r 
(·rystallo~rapliil' axt>s. The l'Os!•l> 11 , cos!rl>21 werP de
termi11ed from tlw :?.00 aml I I fl reflections using a 
lreatmt>nt equivale11t to that of Stein (21 ). 

In-plane and out-of-plant' hirefrinc;ences wert' 
ml'asured using an optil'al lwnl'h with a 11u11111tl'd 
c;o11io11wll'r. This is eq11i\;d('11t to an apparatus dl'
vPlopl:'d by StPin (22) which has lwP11 applit>d PX
t<'nsively in 01.r' own laiioratories ( l .">-17). 
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Direct Transmission Factor \feasurements 

Thi:" daril\· of the films was e' aluated bv measur
ing the dir~·d transmission of light thr.0111.d1 the 
films. Siuce lid1t that is not transmitted is scattt:"red. 
the scattered light can lie obtained hv difference. 
T!ie dirt'd optical transmission fador '~as measurt'<l 
usini; a wide-an~le lid1t-scatteri11g apparatus (G. '.'I. 
Wood \lo<ld 1)01) rnonophotonieter) . .\ source of 
monochromatic light of wavelength .')-t60 A was 
11sed. 

•The direct transmission factor is defined J..S the 
ratio of the i11te11sitv of the beam transmitted 
through the sample to. the intensity incident on the 
S01mple. The total direct transmission factor, T, is 
the product of a ··surface phase·· direct transmission 
fac:tor. Ts .• md .1 ··bulk phase" direct transmission 
f;u:tor. Ts; i.e., 

T =Ts Ts (3) 

The direct transmission factor of the bulk or interior 
phase, T8 • was evaluated independent of T by dip
ping the film into glycerin. which has nearly the 
,,une index of ~efraction as the polyethylene film (ra 
= l.-t7l. This eliminates tht> 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 Ts through Eq 
1. The turbidity. r. of the bulk phase was also 
cakulated mine; 

Ts= exp(-rt) ( -t) 

where tis the film thickness. This method of sepa
rating the surf;.:ce and hulk transmission factors is 
due to Clampitt. et al 1 f)). 

licanning Electron \ficroscopy 

The surface textures of the films were examined 
nsini! ;.t scanning electron microscope (AMR \todel 
lJOO). Tht> films were coated with gold-palladium in 
.l \ acuum cl1amber to eliminate chaq?;ing. 

liurface Profile \feasurement 

:\profile of th<? surface roughness of each tubular 
lilown film was obtained using a Tencor Alpha-Step 
I 00 surface profiler. The radius of the diamond 
stvlus used in this experiment was about 2 µm and 
rhe stylus loading was adjusted ~o ;.tbout ;3 mg to 
pro~luce good contact with the pol~·ethylene film 
111rlaces. The total possible stylus travel across the 
;,1mple is 3 mm. hut 0. l mm long scans were ge11-
1·rallv 11wd for the surface statistics. · 
• :\ ieast squared line was calculated for each 0.1 
mr>1 long scan to eliminate the effects of large 
bumps .1s well <LS instrumt>nt drift. These sets of 
lt·asl "luare linn wnt• co11sidt·n·d as the mean 
;11rf;1u· lt>vel and differem:es were considered to he 
!lie li.LSi.: profile /i(:r). The standard deviation of the 
hei~ht was calculated from 

[
I f'- ]112 

11 = L " li 2
1:r)dx (.5) 

[
1 ... r~ 

= -; ~ ,,~(11)J 
~ r1•I 

RESt:LTS 

Crystallini~ and Orientation 

Structural studies of the HDPE samples were 
reported •md discussed previously (I 6\. We con
centrate here on the characterization of the LDPE 
•lltd LLDPE films. The densities of the LDPE films 
•lre in the range 0.920 to 0.921 and for the LLDPE 
films in the range 0.917 to 0.919. These values 
correspond to crvstallinities of -t8.2 to -tS. 7 percent 
for LDPE an<l -t6. l to -t7 . .5 percent for LLDPE. For 
rcference, tht crystallinities of the HDPE samples 
wt>re 70.J to 71.-t percent. 

Typical pole figures for the 200 and 020 reflec
tions ••re presented in Figs. 1 and 2. The results for 
all of the LDPE and LLDPE films were generallv 
similar. The a crystallographic axis tends~ to lie i~ 
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 ( uniaxiall distribution of the b axes about the 
machine direction. 

The birefringerices of the LDPE and LLD PE films 
are summarized iil Table 3. Typical variations with 
processing conditions are shown plotted in Fil{. J. 
The magnitudes for all the hirefringences are rela
ti~el y. small. Generally .lrai.3 > .ln23 • indicating a 
slight1y greater tendency for the chains to align 
parallel to the machine direction than the trans
verse direction. 

ND ND 

(2001 (a) 10201 

ND 

(2001 (b) 10201 

Fi,i!. I. 200 and 020 P"le figu.-es fnr LDPE filrru. (a) L-9 v,jv. • 
8 0. 8 • 2 .. 5 (/,) L-11 v,jv.,. 4 O. B • 4 . .5 
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llD ND 

(200) (a) (020) 

llD 

(200I (b) (020) 

Fii: 2. :.!VO and 020 pole }il!,ure$ for LLD PE jilms. (a) LL-9 vJ 
v. = 8 0. B s 2.5 1b) LL-II vJv. =- 4.0. B s 4.5 

Table 3. Birefringences of polyethylene films. 

Sample An,, >< 10' Ann x 10' An1z x 10' 

L-2 6.95 7.73 -0.73 

L-6 5.65 4.16 1.49 

L-7 695 6.81 0.13 

L·8 9.65 7.90 175 

L-9 9.60 8.57 1.03 
L-10 10.8 1.63 9.13 
L-11 10.9 7.48 3.42 

LL·2 6.49 4.58 1.90 
LL-6 3.78 1.20 2.58 
LL-7 7.50 3.20 4.30 
LL-8 8.38 4.70 1.68 
LL-9 9.13 5.04 409 
LL-10 11 6 1.13 10.5 
LL-11 6.60 5.32 1.36 

Consider films L6-L9 and LL6-LL9. As draw
down ratio increases. the magnitude of both j.111.J 

~md j.11~1 increase. (See Fig .. ]a.) Inspection of the 
j.11 12 data show that for the LDPE 

j.1123 > j.n 12 (8a) 

but for the LLDPE 

j.n2.1 - j.1112 (Hb) 

With incrt>asing blowup ratio (see Fig . .J/J). j.111 1 

and j.1112 decrease and j.1121 increases. As the 
blowup ratio approaclv,s the drawdown ratio. j.11 12 

tePds toward zero. 
Tht> biaxial crvstalli11e orientation factors dder

mint>d from the 'pole figures are plotted in an ori
Pntation f1111ctio11 tria11glp diagram i11 Fig 4 and 
tabulated in Table 4. There is little difference in 
th':' crystalline orientations of any of the samples. 

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 (2.0) with form birefringence 
neglected. The results arc summarized in TahLP 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 pronounceJ 
in the LDPE. 

Optical Clarity and Direct Transmission Factors 

Direct transmission factors and turbi<litit>s of 
LDPE. LLDPE. and HDPE films were measured. 
As the films have varvmg thicknesses, we have 
computed turbi<lities fo~ alf of the films investigated 
using Eq .J. Data for r. TB. Ts, an<l T for all of the 
films investigated are summarized in Table 5. Val
ut>s of T and Ts are smallPr and r is laq~Pst for the 
HOPE films. The values of T and Ts are the lan~est 
and r the smallest for the LDPE films. The values 
of Ts in general are much smaller than T8 an<l are 
closer to T. in<licating that surface scattering is 
dominant in films havin'~ thickm•ssPs in the ra11~e 
studied in this investigation. Values of Ta are in the 
ran~e of 0.8.5 to 0.9.5 while Ts has values of order 
0.8.5 for the LDPE. 0.7 to 0.8 for LLDPE, and !H.'5 
for HDPE. 

~ ,. 
" 4 

D.D.A.1-1 

a 

• z J " 
8.U.A.l-1 

b 
fll(.. .l Birefrin11.mceJ of L-LDPE jllrru iu a jimction 4 pmau 
corulitioru. a) .ln,1 VJ drawtlown ratio vJv. w1tl1 B = 2.5 and 
frn.dlirr<' l11'11(.l1t flf 9 cm. bi ~1,1 cs h/ow,,p ratio with drawdown 
ratwn of 4.0 and frmtline lie1glit of 9 cm. 

1. ... J.•1L·• LL .... L-,.U.-tO 

0 •• ··- 0 •• ··-6 •• , __ •: 6 •• --- ·: 
a••·--

• b 

Fil!, 4 Orif'11t11t1rm lrirmi:/r, l''"·'""tirrl( .Iota for f:. f~. f~ of 
la! LDPE. Film.• 1/11 LLDPEjllrru. 

, 

. .. 
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S.mple 
Number 

L-7 
L-9 
L-11 

LL-7 
LL-9 
LL-11 

S.mple 
desigm-

tlon 

L2 
L3 
L4 
LS 
L6 
L7 
L8 
L9 
L10 
L11 
LL1 
LL2 
LLS 
LL6 
LL7 
LLB 
LL9 
LL10 
LL 11 
H4 
H6 

:\11 lnrestil!ution 11/ Opticul Clunty and Cn1stalli11e Orientation in Polyethylt·ne Tulmlar Film 

Table 4. Orientnon factors for polyethyt-. 

Crystalline orientation factors 

f~. f~ ,~ .. f~c 

0.223 0080 -0.452 -0.270 0.229 
0.253 0.072 -0.500 -0.276 0.252 
0.239 0.081 -0.468 -0.282 0.229 

0.135 -0.003 -0.291 -0.132 ().157 
0.170 0.004 -0.397 -0.174 0.227 
0.162 O.Q18 -0.345 -0.165 0.184 

L-LDPE 

tL 
0.190 
0.205 
0.201 

0.135 
0.170 
0.147 

Amorphous orientation 
factors 

f~ ff 
-0.33 -0.28 
-0.35 -0.29 
-0.34 -0.29 

-0.20 -0.20 
-0.29 -0.24 
-0.25 -0.21 

LDPE 

···•······-····--·--·-· 
Transmission Factors >e 100 -············---.. •···· ' . II e.._ 

T r. r. T(cm-') 

81.1 85.8 94.5 11.7 
82.3 84.7 97.1 6.5 
83.6 a6.6 96.5 8.0 
64.8 87.0 72.8 15.3 
7 5.9 89.1 85.2 14.1 
82.3 85.8 958 8.0 
84.2 86.9 96.9 9.5 
86.2 88.3 97.5 9.3 
80.0 91.1 87.8 8.8 
83.7 85.4 98.0 8.6 
67.4 71.2 94.8 16.9 
69.0 72.4 95.3 14.5 
48.0 81.0 39.3 21.7 
66.4 80.8 82.2 20.5 
70.7 75.1 94.1 12.9 
73.5 76.7 95.9 11.4 
73.1 75.1 97.3 9.0 
68.3 80.5 84.8 14.8 
72.2 74.6 96.8 14.2 
39.21 45.6 85.9 33.3 
39.6 41.3 95.9 29.8 

-.... 

, . 
ILU.R. 1-) 

.. 

'o --... __ 

~·--· .... ·--· ,.,. o_a-o 

·-· .. -1 L-1'1 

~ -o-~--Q 
.I. 

l.U.ll I - l 

Fi11;. 6. Tran.rrnis.rivities T. T., and r. (norma/;::ed to film thick
neu of 54 iim) and turbidity as a function o} blowup ratio· ( .J) 
LLDPE (bJ LDPE 

L-LDPE LDPE 

--.. ............. &......... OT --------~------- I .... 
eT, II ,._ 

L-LDPE LDPE 
eT, .. ..... ·-·-·. 0-......._Q_ -;;- ·-~ 

·i -············•· OT ... -•---·······.-....... 1-..... eT1 11~-·-· ···-•·-·-eT1 

... II •.• --.:::__0-

··· ·-· . .. .. 
.. -0-0-0-~ ,::. -... ;::.II ...._. ·--•-._ ... L-1 V• . .. ... ·-· 

" .o_o-o-o-~ 
" ~S..l ll. ... 

1.1.-r ....... .. ...... 
. °'o 

! 
~ . ·o,o 

Q._~---o- • 
~· ~ .. -~2.-2-

. I 

D.D.R.1-l D.D.R.1-1 

Fii: . . 5 Trmm11iui11itil"s T. T .. and T1 (1w""ali:ecl to film tl1ick
•11·u of.54 µ.111) and t11rl1ulity a.r a fimction of drawdown ratio: (a) 
LLDPE 1bJ LDPE 

The influence of process variables on the trans
missivities T, Ts, and Ts and the turbidity is shown 
in Figs. 5-i. The values of Ts wer~ normalized to a 
film thic:kness of .54 .u.m in these calculations. For 
both the LDPE and LLDPE, T8 increases (T de-

I II I 10 

F.L.lt. h• I F.L.lt.11• I 

Fi11;. 7 Tran.rmi.r.rivitie$ T. T,, and Ts (normalized lo film thick
nen of.54 µ.m) and turbidity a.r a function of fm.1tline h1m;~ht: (a) 
LLDPE (bJ LDPE 

creases) with V,jV0 at constant blowup ratio anJ 
frostline height, while T, decreases (Fig .. 5). These 
balance, giving approximately the same T. The ef
fect of blowup ratio on T, T,, normalized Ts, and r 
is shown in Fig. i. For both LDPE and LLDPE, Ts 
and T are independent of blowup ratio, at fixed V,j 
V0 and frostline height. The effect of increasing 
frostline height at fixed drawdown ratio VL/Vo and 
blowup rato is shown in Fig. i. Ts and the normal
ized Ts both Jecrease while r increases. 
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Surface Roughness 

It is clear from the data of Ttihle 5 and Figs . .J-;" 
that scattering b~' the surfaces of the film is a pri-
marv rPaso11 for the reduction in li!!ht transmission 
thn;ui;di hims. It is reasouable to hypothesize that 
a primary reason for these surface scattering char-
acteristics should be the roughness of the surface. 
This is supported by e~perimental stl'dies of Stehl-
ing, et ul. (6l. who find that scattering from the 
surface of polft>thylene films correlates with sur-
face ro~gh11ess observed in SEM photomicrographs. 

Typicai SEM photomicrographs of our samples of 
bk'wn LDPE, LLDPE. and HDPE films are shown 
in Fig. 8. It is clear that HDPE has the roughest 

10 fUT1 4p.m 

HOPE 

LLD PE 

LOPE 

Fi/!,. fl Sf.M plwtom1cml{,raplu of ltjpkal film .mrface&. 

HOPE ( 4 l 

..... 
L-LDPE ILL-21 

LOPE IL-2 J 

.... 
Fill, 9 T IJJllCal mrface rn111l,laneu 11rofile.T. 

Table 6. Surface roughness of polyethyl- film. 

Scan 
Sample Material Direction a,µm 

L-2 LOPE MO 0.020 
TD 0.020 

L-J MD 0.022 
TD 0 021 

L-4 MO 0.016 
TO 0.016 

LL-2 LLD PE MD 0.043 
TO 0.050 

LL-3 MD 0.039 
LL-4 TO 0.046 

MD 0.028 
TO 0.032 

4 HOPE MD 0.206 
TO 0.205 

6 MD 0.127 
TO 0.197 

N1z1 

LL-3 MD 

O' •Q043 }Jm 

--~....,... .... ~_..,.~~~"-~~.....1..,,...-~~ol,?...... h ,,.., 

L-4 MD 

O' •Q016 pm 

Fig. Ill. T1J11ical /1i.sto/i,ram.T of a.sperite lie1e,lat distribution. 

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

Surface profiles were measured on sevPral LDPE 
(L-2. L-:3. L--!). LLDPE (LL-2. LL-:3. LL--4). and 
HOPE (H.t, Ho) films. Typical surface profiles are 
shown in Fig 9. HD~E films have a much rougher 
surface than LLDPE and LDPE. The standard de
viations of the height rr are summarized in Tahle 6. 
HOPE films have about five times larger values of 
rr than LLD PE and ten times larger -than LDPE. 
Typical histograms ofhPight distriliution generatc>CI 
from surface profile data art• shown in Fig. 10. The 
curves are Gaussian in character. 
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QOS 0.10 

<TC pm) 

0 HOPE 

A L-t.DPE 

0 LOPE 

o.so 

Fil!, 11. Surface transmi.snvity as a function of standard devia
tum of m111!,l111es.s (mean asperite lzeil!,htJ 

In Fig. 11, we plot the surface transmission factor 
fs ~ts a function of the standard deviation 11 of the 
surface roughness. LDPE. LLOPE. and HOPE data 
are included in the plot. We find that Ts is a mon
otonic decreasing function of a. 

DISCUSSION 

Interpretation of Orientation 

Biaxial orientation factors for the crvstalline re
~ions plotted in Fig. 4 indicate that ou'r sample of 
LOPE has slightly higher orientatim1 than the 
LLDPE when prepared under the same conditions. 
This would seem to he consistent with the lower 
melt inde.x of the LOPE sample as shown in Tahle 
I. The lower melt index would indicate a likelihood 
of higher melt stress during film blowing and re
rnlti11g higher orientation ( 16). Also. the changes in 
orit'11t;ttion with processing conditions within the 
range studied were small. For all the samples the 
c-a1is orientation factor lies near the altitude of the 
orientation triangle, indicating approximately equal 
biaxial orientation of the chains. The a-axis orienta
tion factors always lie on or near the ff axis, indi
cating that the a-axes are distributed in a nearly 
uniaxial manner about the iWD. The b-aices have 
ff,, values which are near -0.5 indicating that the 
Ii-axes tend to he perpendicular to the .\JD. The 
fact that f~1, values are also negative indicates that 
there is a slight tendency for the h-axes to become 
p1·rpendic11lar to the TD. This tendency is greater 
f,;~ rhe LOPE than the LLDPE. 

These rpsults may he compared with data previ
ously published by Lindenmeyer and Lustig (8) and 
liv Dt·sper (!)). Both authors show pole figures for 
LOPE blown films produced with certain blowing 
co11<litio11s that ha\e very similar appearance to 
those of the LOPE and LLD PE samples investigated 
ltcre. The tendencv for h-axis oriP11tatio11 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 JfD has 
often Leen oLserve<l in polyethylenes an<l has fre
quently been interpreted to result from •l row nu
clt>ated structure ( l 2. I :J, l 6, 23), although other 
interpretations are possible. 

The amorphous orientation factors presented in 
Table -I 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 .HD (or TD) in the melt crystallize more 
readily during freezing. This produces crystals with 
their chain <L'<es approximately parallel to either 
.\ID or TD and depletes the remaining amorphous 
material of chains h.wing these orientations. This 
remaining amorpl.ous material is left with chain 
orientations, winch tend to be perpendicular to 
both .WD and TD. 

Surface Roughness and Optical Clarity 

For all the samples examined, including the 
HOPE as well as the LOPE and LLOPE samples, 
the surface phase direct transmission factor, T,, is 
lower than the bulk phase direct transmisson factor, 
T11. This indicates that the overall direct transmis
sion factor is controlled primarily by effects at or 
near the surface. Presumably the low values ol 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, rr. measured from 
the surface roughness profile. Previous investiga
tors (2, .), 2-t) have attributed the scattering from 
film surfaces to two different mechanisms: l) crvs
tallization-induced surface roughness, and 2) cfie
flow-inducecl surface roughness (the so-called e'<
trusion haze). The former wotdd be expected to 
vary with the level of crystallinity and the mor
phology of crystallization. The latrer depends on 
extrusion comlitions a11d would he 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, andT11 with film process111g variables. It would 
appear that the changes in T, are associated with 
the changes in a. The changes in T8 seem to be 
related largely to changes in the cooling rate of the 
films. For example, a decrease of overall direct 
transrr.ission factor, T, with increasing frost-line 
height is due to a decrease ofhoth the surface phase 
direct transmission factor. T,, and the bulk pliase 
direct tra11smissio11 factor, T8 • As frost-line height 
increases, larger crystalline aggregates may be 
fornwd because of slower cooling rate. It is sug
_gested that these larger crystalline aggregates pro
duce more light scattering from the hulk phase, 
1l111s lown Tn. The largn crystalline aggregates at 
or near the film surface may also cause greatf'r 
surface irregularities ilarger rr) resulting in greater 
surface scattering and smaller r,. 

As drawdown ratio and blowup ratio increase, the 
bulk pfwse direct transmission factor increases and 
turbidity df'creases. This would appear due to fastn 
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cooling rate and smaller crystalline aggregate size. 
In spite of this increase in T8 • the surface phase 
direct transmission factor. r .. 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 
shoul<l Le smoothed out by drawing of the film. aud 
hence light scattering due to extrusion defects 

• shoul<l be reduced by increasing <lrawdown aud 
blowup ratios. However. our result does not agree 
with this explanation. Howells and Benbow (2-1) 
suggested that extrusion defects may tend to dis
appear 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 a relaxation process. Our results seem 
to be more consistent with this e~planation. 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 
combirwtion of the crvstallization induced surface 
roughness and die an'd film-flow-induced surface 
roughness. it is not always clear which contribution 
predominates. 

The observation by SEM of features which appear 
to be associated with a row nucleated crvstalline 
morphology together with their high cry~tallinity 
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 <lo parallel the 
l 00 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 rough11ess appears to be about the same 
order or smaller than the flow-:nduce<l 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 summary. the majority of light scattered from 
LDPE, LLDPE. and HDPE films was from the sur-

face and not from the film interior. The transmission 
coefficient l"or the surface contribution decreased 
monotonically as surface roughness. measured by 
the standard deviation of the surface height. in
creased. Variations in li!Zht scattering due to the 
surface roughness and bulk phase irregularities oc
cur due to changes in film process conditions. These 
effects were disci.:ssed in terms of changes in crvs
talliue morphology and surfa<.·t> rouglmt•ss produced 
by flow defects generated during extrusion and in 
the film. hut it was not feasiule to reach definite 
conclusions regarding the relative importance af 
these mechanisms for the present LDPE and 
LLDPE samples. 
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