
CHAPTEER III 
RESULTS AND DISCUSSION

3.1 Flow Curves

Flow curve is the plot of the wall shear stress, Tw, versus the apparent 
strain rate, y-a, obtained by the capillary rheometer. Figures 3.1-3.6 show flow 
curves of three grades of LLDPE (L2020F, L2009F and M3204RU) melts and 
three grades of HDPE (H5690S, H5604F and H6205JU) melts. The flow curves 
were obtained from a capillary length of 25.10 mm, a diameter of 0.75 mm 
and lc/dc=33.36. In each flow curve, we divided the flow curve into several 
regimes; each regime is identified by either an extrudate skin texture or an 
oscillation in load required to extrudate the melt through the capillary.

For LLDPE (L2009F) shown in Figure 3.1, there are 4 regimes 
identifiable. Regime I corresponds to an extrudate with a smooth skin, it ends at 
the apparent strain rate of 265 (1/s) and the critical wall shear stress of 
2.38* 10^ dyn/cm2. Regime II can be seperated from the regime I by the 
appearance of a sharkskin surface, which has some order and regularity with 
short wavelength surface distortion. It terminates at the apparent strain rate of 
667 (1/s) and the critical wall shear stress of 3.47* 10^ dyn/cm2. Regime III is 
called an oscillating regime because the load required to push the barrel piston 
at a constant speed fluctuates. Here, the stress becomes double valued, and the 
extrudate alternates in periodic fashion between a sharkskin and a smooth 
surface section. The polymer chains are disentangled periodically from each 
other and the slip occurs at the polymer/metal interface, resulting in two
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unstable velocity profiles at the same apparent strain rate. Regime 111 terminates 
at the apparent strain rate of 1620 (1/s) and the critical wall shear stress of 
4.45*106 dyn/cm2. Regime IV covers the portion of the flow curve when a 
melt fracture, which has a random surface roughness , occurs.

For other materials, we have identified regimes according to the skin 
textures as shown in Figures 3.2-3.10. The regimes identified with skin textures 
and the critical wall shear stress (X\y5c) an<d the strain rate (y a) of all materials 
are summarized in Table 3.2.1, Table 3.2.2 and Table 3.2.3 respectively.
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Figure 3.1 The wall shear stress, Tw, as a function of the apparent strain rate, 
y a, for LLDPE (L2009F) at temperature of 190 °c .
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Figure 3.2 The wall shear stress, Tw, as a function of the apparent strain rate, 
y a, for LLDPE (L2020F) at temperature of 190 °c .

Figure 3.3 The wall shear stress, Tw, as a function of the apparent strain rate, 
y a, for MDPE (M3204RU) at temperature of 190 °c .
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Figure 3.4 The wall shear stress, Tw, as a function of the apparent strain rate, 
y a, for HDPE (H5690S) at temperature of 190 °c.

Figure 3.5 The wall shear stress, Tw, as a function of the apparent strain rate, 
Y a, for HDPE (H5604F) at temperature of 190 °c.
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Y a ( , / s )
Figure 3.6 The wall shear stress, Tw, as a function of the apparent strain rate, 

y a, for HDPE (H6205JU) at temperature of 190 °c.

3.2 Surface Textures

Now we shall attempt to describe each skin texture.
LLDPE (L2009F1
Figures 3.7-3.10 show photographic pictures of the capillary melt 

extrudates from the 4 regimes identified. The melt extrudate of regime I in 
Figure 3.7 has a surface which appears to be smooth. We noted that the melt 
flow was laminar and the melt viscosity was independent of strain rate and 
therefore no instability took place. A sharkskin texture appears in regime II as 
shown in Figure 3.8. Here we identified the sharkskin by its regular and high- 
frequency surface variations. The amplitude and the wavelength are small 
compared to the extrudate diameter or the capillary diameter. Figure 3.9 shows 
a mixture of a sharkskin segment and a smooth segment occurring in regime III.
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The descriptions of the smooth and the sharkskin segments are similar to those 
given in the regime 1 and regime II respectively. Figure 3.10 shows the melt 
fracture extrudate of regime IV. The skin has an irregular or random roughness 
whose amplitude is comparable to the extrudate diameter.

Figure 3.7 Stereomicroscope photography of the smooth extrudate of LLDPE 
(L2009F) at temperature of 190 °c .
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Figure 3.8 Stereomicroscope photography of the sharkskin extrudate of 
LLDPE (L2009F) at temperature of 190 °c .

Figure 3.9 Stereomicroscope photography of the alternating surfaces 
between smooth and sharkskin of LLDPE (L2009F) at 
temperature of 190 °c .
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Figure 3.10 Stereomicroscope photography of the melt fracture of LLDPE 
(L2009F) at temperature of 190 °c .

Table 3.2.1 Surface textures in each regime for all materials studied

Materials Regime I Regime II Regime III Regime IV
L2009F Smooth Sharkskin Oscillating Melt fracture
L2020F Smooth Sharkskin Oscillating Melt fracture

M3204RU Smooth Sharkskin Peeled orange Melt fracture
H5690S Smooth Sharkskin Oscillating Melt fracture
H5604F Smooth Matteness Oscillating Melt fracture

H6205JU Smooth Matteness Oscillating -



Table 3.2.2 The critical wall shear stress (xw>c) and the strain rate (y a) 
for LLDPE (L2009F and M3204RU) and HDPE (H5690S 
and H6205JU) at temperature of 190°c

Regime Critical Data L2009F M3204RU H5604F H6205JU
II Ya(l/s) 265 730 27 622

Sharkskin Tw .c (dy n /cm 2 ) 2.38E+06 2.83E+06 1.16E+06 2.97E+06
III Y a ( l / s ) 677 2430 189 4060

Oscillating Tw .c (dy n /cm 2 ) 3.47E+06 3.78E+06 2.13E+06 3.90E+06
IV

Melt
Fracture

Ya(Cs)
T\v.c (dy n /cm 2 )

3020
4.45E+06

7040
4.94E+06

893
2.59E+06



Table 3.2.3 The critical wall shear stress (xw5c) and the strain rate (y a) 
for LLDPE (L2020F) and HDPE (H5690S) at temperatures 
between 150-230 ° c

Materials T
(°C)

Critical
Data

Regime II 
Sharkskin

Regime III 
Oscillating

Regime IV 
Melt 

Fracture
L2020F 230 Ya (■ (ร)

V c  (d yn /cm 2)

5 2 0

2 .8 1 E + 0 6

1 82 1

4 .4 0 E + 0 6

5 4 2 0

4 .8 0 E + 0 6

210 Y a ( 1/s )
โพ,c (d yn /cm 2)

4 1 7

2 .7 5 E + 0 6

1 7 9 0

4 .2 0 E + 0 6

4 7 8 0

4 .6 7 E + 0 6

190 Y a ( l / s )
โพ.c (d yn /cm 2)

3 2 5

2 .6 1 E + 0 6

1 7 6 0

3 .9 4 E + 0 6

3 5 2 0

4 .4 5 E + 0 6

170 Ya ( ■ (ร )  

V c  (d yn /cm 2)

2 7 4

2 .4 5 E + 0 6

1 5 2 4

2 .7 5 E + 0 6

2 7 1 0

4 .3 2 E + 0 6

150 Ya ( E s )
V c  (d yn /cm 2)

2 5 3

2 .3 2 E + 0 6

1 3 2 0

2 .2 4 E + 0 6

2 0 1 0

4 .0 2 E + 0 6

H5690S 230 Ya (■ (ร)
โพ,c (d yn /cm 2)

2 7 0

2 .6 5 E + 0 6

6 2 2

3 .9 1 E + 0 6

5 4 1 4

4 .6 6 E + 0 6

210 Ya (■ (ร)
โพ.c (d yn /cm 2)

1 8 9

2 .6 1 E + 0 6

5 4 1

3 .7 4 E + 0 6

4 0 6 0

3 .9 3 E + 0 6

190 Y a ( 1 / s )
Twc (d yn /cm 2)

8 3

2 .3 1 E + 0 6

4 5 9

3 .5 1 E + 0 6
2 7 0 7

3 .7 5 E + 0 6

170 Ya (■ (ร)
Twc (d yn /cm 2)

81

2 .2 8 E + 0 6

4 2 7

2 .4 2 E + 0 6

1 3 5 3

2 .7 5 E + 0 6

150 Ya (■ (ร)
โพ.c (d yn /cm 2)

7 0

1 .1 2 E + 0 6

3 5 1

2 .0 8 E + 0 6

1 1 1 0

2 .1 6 E + 0 6
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3.3 Rheological Characterizations

In ou r  e x p e r im e n t, th e  h ig h  d en s ity  p o ly e th y le n e s  (H D P E ) u sed  w e r e  

H 5 6 0 4 F , H 5 6 9 0 S  an d  H 6 2 0 5 J U  , th e lin ear  lo w  d e n s ity  p o ly e th y le n e s  

(L L D P E ) u se d  w e r e  L 2 0 0 9 F , L 2 0 2 0 F  and M 3 2 0 4 R U . T h e  p h y s ic a l p ro p ertie s  

o f  a ll m a ter ia ls  s tu d ied  are sh o w n  in T a b le  3 .3 .1

Table 3 .3 .1  P h y s ic a l p ro p ertie s  o f  a ll m a ter ia ls  s tu d ied

P h y s ic a l
P ro p ertie s

H 5604F H 5690S H 6205JU L 2009F L 2020F M 3204R U

M F  I
(g /lO m in )

0 .0 4 0 .9 0 5 .0 0 0 .9 0 2 .0 0 5 .0 0

D e n s ity
( g /c m 3 )

0 .9 5 0 .9 5 0 .9 6 0 .9 2 0 .9 2 0 .9 3

M w
(g /m o l)

1 3 3 ,0 0 0 1 0 7 ,0 0 0 9 8 ,0 0 0 8 7 ,0 0 0 6 0 ,7 0 0 3 3 ,0 0 0

M n
(g /m o l)

2 ,2 0 0 8 ,9 0 0 7 ,3 0 0 4 ,0 8 0 2 ,4 0 0 2 ,7 0 0

M w /M n 6 0 .4 5 1 2 .0 2 1 3 .4 2 2 1 .3 1 2 5 .2 9 1 2 .2 2
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3 .3 .1  T h e  s to r a g e  m o d u lu s  (G  ) an d  th e  lo s s  m o d u lu s  (G  )

U s in g  th e  p a ra lle l p la te  rh eo m eter , w e  carried  o u t 2 se ts  o f  

m ea su rem en t. T h e  first m ea su r e m e n t m o d e  w a s  D y n a m ic  Stra in  S w e e p  w h ic h  

d e term in ed  G" and G ”  w ith in  a ra n g e  o f  s in u so id a l stra in s, e a c h  at a co n sta n t  

fr e q u e n c y , in ord er  to  d e term in e  th e  lim its  o f  lin ear  v is c o e la s t ic i ty .  T h e  
tem p era tu re  w a s  se t  at 2 3 0  ๐บ , th e  fr e q u e n c y  w a s  se t  at 1 rad /s an d  th e  strain  

w a s  v a r ied  from  0 .0 1 - 1 0 0  ร" 1. T h e  n u m b er  o f  p o in ts  p er  d e c a d e  w a s  se t  at 7 

and th e  n o m in a l gap  s iz e  w a s  a p p r o x im a te ly  0 .6  m m . T h e  s e c o n d  m e a su r e m e n t  

m o d e  w a s  D y n a m ic  F r e q u e n c y  T em p era tu re  S w e e p . T h is  m o d e  a l lo w s  

a p p lic a tio n  o f  a s in u so id a l strain  o v e r  a ra n g e  o f  fr e q u e n c ie s  w h ile  tem p era tu re  

is  s te p p e d  b e tw e e n  se le c ta b le  tem p eratu re  lim its . T h e  tem p era tu re  w a s  v a r ied  
b e tw e e n  2 3 0 - 1 5 0  ๐บ , th e  fr e q u e n c y  w a s  v a r ied  from  0 .0 1 - 1 0 0  rad /s  an d  so a k  

t im e  o f  3 m in u te s  w a s  a llo w e d  b e fo r e  e a c h  m ea su rem en t. T h e  n u m b er  o f  p o in ts  

p er  d e c a d e  w a s  se t  at 7 and n o m in a l gap  s iz e  w a s  a p p r o x im a te ly  0 .6  m m . F rom  

th e  e x p e r im e n t, w e  o b ta in ed  th e  v a lu e  o f  s to ra g e  m o d u lu s , G , an d  th e  lo s s  

m o d u lu s , G  , as a  fu n c tio n  o f  th e  fr e q u e n c y , CO. F ig u r e s  3 .1 1 - 3 .1 6  s h o w  th e  

s to ra g e  m o d u lu s , G , a s a  fu n c tio n  o f  th e  fr e q u e n c y , CO, and F ig u r e s  3 .1 7 -3 .2 2

s h o w  th e  lo s s  m o d u lu s , G  , a s  a  fu n c tio n  o f  th e  freq u en cy , CO, fo r  L L D P E

(L 2 0 0 9 F , L 2 0 2 0 F  an d  M 3 2 0 4 R U )  m e lts  and H D P E  (H 5 6 0 4 F , H 5 6 9 0 S  and  
H 6 2 0 5 J U )  m e lts  at d ifferen t tem p era tu res r e sp e c t iv e ly .
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3 .1 1  T h e  sto r a g e  m o d u lu s , G  , as a fu n c tio n  o f  th e  fr e q u e n c y , CO, o f  

L L D P E  (L 2 0 0 9 F )  m e lts  at d ifferen t tem p eratu res.

Figure 3.12 The storage modulus, G , as a function o f the frequency, CO, o f
LLDPE (L2020F) melts at different temperatures.
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Figure 3.13 T h e  sto r a g e  m o d u lu s , G  , as a fu n c tio n  o f  th e  fr e q u e n c y , CO, o f  

L L D P E  ( M 3 2 0 4 R U )  m e lts  at d iffe r e n t  tem p era tu res.

H D P E  ( H 5 6 0 4 F )  m e lts  at d ifferen t tem p era tu res.
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Figure 3.15 T h e  sto r a g e  m o d u lu s , G  , as a fu n c tio n  o f  th e  fr e q u e n c y , CO, o f  

H D P E  (H 5 6 9 0 S )  m e lts  at d ifferen t tem p era tu res.

• 210 °c
□ 190 °c
▲ 160 °c
V 130 °c
o 129 °c
# 125 ° c

Figure 3 .16 The storage modulus, G , as a function o f  the frequency, CO, o f
HDPE (H6205JU) melts at different temperatures.
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CO (rad/sec)
Figure 3.17 T h e  sto r a g e  m o d u lu s , G  , as a  fu n c tio n  o f  th e fr e q u e n c y , 0 ) , o f  

L L D P E  ( L 2 0 0 9 F )  m e lts  at d ifferen t tem p eratu res.

.01 .1 1 10 100 1000

CO (rad/s)

Figure 3 .18 The storage modulus, G , as a function o f the frequency, (0, o f
LLDPE (L2020F) melts at different temperatures.
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(0 ( r a d /s e c )
3 .1 9  T h e  s to r a g e  m o d u lu s , G  , as a  fu n c tio n  o f  th e  fr e q u e n c y , 0 ) , o f  

L L D P E  (M 3 2 0 4 R U )  m e lts  at d ifferen t tem p era tu res.

๐

.01 .1 1 10 100 1000

CO (rad/s)
Figure 3.20 The storage modulus, G , as a function o f the frequency, CO, o f

HDPE (H5604F) melts at different temperatures.
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Figure 3.21 T h e  s to r a g e  m o d u lu s , G  , as a fu n c tio n  o f  th e  fr e q u e n c y , CO, o f  

H D P E  (H 5 6 9 0 S )  m e lts  at d ifferen t tem p era tu res.

CD (r a d /s )
Figure 3.22 T h e  s to r a g e  m o d u lu s , G  , as a fu n c tio n  o f  th e  fr e q u e n c y , CO, o f  

H D P E  (H 6 2 0 5 J U )  m e lts  at d ifferen t tem p era tu res.
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3 .3 .2  M a ster  C u rv es
T h e  m a ster  cu rv e  can  b e  o b ta in ed  th rou gh  m e a su r e m e n t o f  G ’ and  

G ”  as a fu n c tio n  o f  freq u en cy  at v a r io u s tem p era tu res. T h e  s to r a g e  m o d u lu s ,  
G ’, and th e  lo s s  m o d u lu s , G ” , c u rv es  at d ifferen t tem p era tu res  w e r e  sh ifte d  

h o r iz o n ta lly  and v e r t ic a lly  to  form  a s in g le  m aster  c u rv e  at a f ix e d  r e fe re n ce  

tem p era tu re . T h e  sh ift  factor  is  a m ea su re  o f  h o w  m a te r ia l’s fr e q u e n c y  resp o n d  

c h a n g e s  w ith  tem p eratu re  to  its b eh a v io r  at a r e fe re n ce  tem p era tu re . B y  

a ssu m in g  th e  r e fe r e n c e  tem p eratu re  o f  190  ๐c  w e  d e term in ed  th e  h o r izo n ta l 
sh ift  fa c to r  ( a y )  e m p e r ic a lly . W e  to o k  th e  co n sta n t v a lu e s  to  c a lc u la te  th e  sh ift  

fa cto r  ( lo g  a y )  w h ic h  w a s  u sed  to  gen era te  th e t im e-tem p era tu re  m a ster  cu rv e , 
u s in g  th e  v er tica l sh ift  fa cto r  ( b y )  a c c o r d in g  to  eq u a tio n  (2 .2 3 ) .  F ig u r e s  3 .2 3  -
3 .2 8  s h o w  th e  m a ster  c u r v e s  o f  L L D P E  (L 2 0 0 9 F , L 2 0 2 0 F  and M 3 2 0 4 R U )  

m e lts  and H D P E  (H 5 6 0 4 F , H 5 6 9 0 S  and H 6 2 0 5 J U )  m e lts  at th e  r e fe re n ce  
tem p era tu re  o f  1 90  °c , r e sp e c t iv e ly . F or  o th er  r e fe re n ce  tem p era tu res , th e  
resu lts  are sh o w n  in th e  A p p e n d ix .

F or L L D P E  (L 2 0 0 9 F  and L 2 0 2 0 F )  sh o w n  in F ig u r e s  3 .2 3  an d  3 .2 4 ,  
w e  o b ta in e d  ea ch  v a lu e  o f  G ° y j  from  th e  apparent v a lu e  from  th e  p la tea u  b y  

s e le c te d  p o in t o f  G  (co) b e fo r e  G  (co) fa lls  in p la tea u  r e g io n . O th er  G ° y f  v a lu e s  
w e r e  o b ta in e d  fro m  a fittin g  eq u a tio n , in th e  c a se  w h ic h  w e  ca n  n o t s e e  th e  

p la tea u  d ir e c tly . T h e  G °]\J v a lu e s  o f  a ll m a ter ia ls  s tu d ie d  are su m m a r iz e d  and  

ta b u la ted  in T a b le  3 .3 .2 . W e  n o te  that, th e  ord er m a g n itu d e  o f  G ° N  is  

c o n s is te n t  w ith  th e  rep orted  v a lu e s  ( G ° N  =  2 .2 9 *  107 d y n /c m 2 ) o f  p o ly e th y le n e  
b y  F erry  (1 9 8 0 ) .
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ajCû (ra d /sec )

Figure 3 .2 3  M a ster  c u rv e  o f  L L D P E  (L 2 0 0 9 F )  m e lts  at r e fe r e n c e  tem p era tu re  
o f  190  °c.

ajCO (ra d /sec )

Figure 3.24 Master curve o f  LLDPE (L2020F) melts at reference temperature
o f 190 °c .
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Figure 3.25 M a ster  c u rv e  o f  L L D P E  (M 3 2 0 4 R U )  m e lts  at r e fe r e n c e  

tem p eratu re  o f  190  °c .

le + o  le + 1  le + 2

aTC0 (rad/s)

Figure 3 .2 6  M a ster  c u rv e  o f  H D P E  (H 5 6 0 4 F )  m e lts  at r e fe r e n c e  tem p eratu re
o f 190 oc.
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Figure 3 .2 7  M a ster  c u rv e  o f  H D P E  ( H 5 6 9 0 S )  m e lts  at r e fe r e n c e  tem p era tu re  

o f  1 9 0  °c .
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Figure 3.28 Master curve o f HDPE (H6205JU) melts at reference temperature
o f 190 °c .
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3 .3 .3  C o x -M e r z  R u le

C o x -M e r z  ( 1 9 8 5 )  co m p a red  th e c o m p le x  v is c o s i t y ,  ใๅ , v s .

fr e q u e n c y  o b ta in e d  from  th e  p a ra lle l p la te s  rh eo m eter  w ith  th e  s te a d y  sta te  

v is c o s ity  v s . strain  rate o b ta in ed  from  th e  ca p illa ry  rh eo m eter . T h e ir  ru le  

s u g g e s ts  that th e  tw o  v is c o m e tr ic  fu n c tio n s  w o u ld  c o lla p s e  to  form  a s in g le  

cu rv e .
3 .3 .3 .1 E ffec t o f  Tem perature. F ig u res  3 .2 9 -3 .3 3  s h o w  th e  p lo ts  o f  

ใๅ v s . y a, and ใๅ v s . CO, for L L D P E  (L 2 0 2 0 F )  m e lt  at tem p era tu res  b e tw e e n  1 5 0 -  

2 3 0  ๐c  r e s p e c t iv e ly . F ig u res  3 .3 4 -3 .3 8  sh o w  th e  p lo ts  o f  ฦ  v s . y  3 an d  ใๅ v s . ๓  

for F ID P E  (F 1 5 6 9 0 S ) m e lts  at tem p eratu res b e tw e e n  1 5 0 -2 3 0  ๐c  r e sp e c t iv e ly .  

T h e  v a lu e s  o f  z e r o  c o m p le x  v is c o s ity ,  ฦ  0, for L L D P E  (L 2 0 2 0 F )  and F ID P E  

(H 5 6 9 0 S )  at tem p era tu res  b e tw e e n  1 5 0 -2 3 0  °c are su m m a r iz e d  an d  ta b u la ted  in  

T a b le  3 .3 .2 .  E a ch  ใๅ 0 w a s  d e term in ed  from  ex tra p o la tio n  o f  ใๅ* v s .  (0 cu rv e  

to w a rd  (0  =  0 .0 1  rad /s. T h e  zero  c o m p le x  v is c o s ity ,  ฦ * 0, d e c r e a se s  w ith  

tem p era tu re . T h is  resu lt is  c o n s is te n t  w ith  p u b lish e d  d ata  b y  F erry  (1 9 8 0 ) .
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y 'a ( 1 /s ) ,  (0 (ra d /s )
Figure 3 .2 9  T h e  v is c o s it y  a s  a fu n c tio n  o f  th e  ap parent stra in  rate and  

fr eq u en cy  o f  LLDPE (L2020F) m e lts  b y  C o x -M e r z  ru le  at 
tem p era tu re  o f  150 °c.

Figure 3.30 The viscosity as a function o f the apparent strain rate and
frequency o f LLDPE (L2020F) melts by Cox-Merz rule at
temperature o f 170 ๐c.
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Figure 3.31 T h e  v is c o s ity  as a fu n c tio n  o f  th e  ap parent strain  rate and
freq u en cy  o f  L L D P E  m e lts  (L 2 0 2 0 F )  m e lts  b y  C o x -M e r z  ru le  

at tem p eratu re  o f  190 °c.

Figure 3.32 The viscosity as a function o f the apparent strain rate and
frequency o f LLDPE (L2020F) melts by Cox-Merz rule at
temperature o f 210 °c.
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Figure 3 .3 3  T h e  v is c o s ity  as a fu n c tio n  o f  th e  ap p aren t stra in  rate and  

fr e q u e n c y  o f  L L D P E  (L 2 0 2 0 F )  m e lts  b y  C o x -M e r z  ru le  at 

tem p era tu re  o f  2 3 0  °c.

•01 .1 1 10 100 1000 10000

Y 11 ( 1 / s ) ,  CO (r a d /s )

Figure 3.34 The viscosity as a function o f the apparent strain rate and
frequency o f HDPE (TI5690S) melts by Cox-Merz rule at
temperature o f 150 °c.



y  ( 1 / s e c ) ,  CO (r a d /s e c )

Figure 3 .3 5  T h e  v is c o s ity  as a fu n c tio n  o f  th e  ap parent strain  rate and  

fr e q u e n c y  o f  H D P E  (H 5 6 9 0 S )  m e lts  b y  C o x -M e r z  ru le  at 
tem p era tu re  o f  170  ๐c .

Figure 3.36 The viscosity as a function o f the apparent strain rate and
frequency o f  HDPE (H5690S) melts by Cox-Merz rule at
temperature o f 190 °c.



Figure 3 .3 7  T h e  v is c o s ity  as a fu n c tio n  o f  th e  ap parent strain  rate and  

freq u en cy  o f  H D P E  (H 5 6 9 0 S )  m e lts  b y  C o x -M e r z  ru le  at 
tem p eratu re  o f  2 1 0  ๐c .

y ' a ( l / s e c ) ,  CO ( r a d /s )

Figure 3.38 The viscosity as a function o f the apparent strain rate and
frequency o f HDPE (H5690S) melts by Cox-Merz rule at
temperature o f 230 ๐c .
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3.3 .3 .2  E ffect o f  M olecular weight. F ig u res  3 .3 9 -3 .4 1  s h o w  the  

p lo ts  o f  F| v s . y  3 and าๅ v s . 0) for L L D P E  (L 2 0 0 9 F , L 2 0 2 0 F  an d  M 3 2 0 4 R U )  

m e lt  at tem p era tu re  o f  190  °c r e sp e c t iv e ly . F ig u res  3 .4 2 - 3 .4 4  s h o w  th e  p lo ts  o f  

ฦ  v s . y 3 and ใๅ v s . to for  H D P E  (H 5 6 0 4 F , H 5 6 9 0 S  and F 1 6 2 0 5 J U ) m e lt  at 

tem p era tu re  o f  1 90  ๐c  r e sp e c t iv e ly . T h e  v a lu e s  o f  z e r o  c o m p le x  v is c o s i t y ,  ฦ  0,

for  L L D P E  (L 2 0 0 9 F , L 2 0 2 0 F  and M 3 2 0 4 R U )  m elt and H D P E  (H 5 6 0 4 F ,  
H 5 6 9 0 S  and H 6 2 0 5 J U )  m e lt  at tem p eratu re  o f  190  ๐c  are su m m a r iz e d  and  

ta b u la ted  in T a b le  3 .3 .3 .  F rom  th e resu lts , th e ze r o  c o m p le x  v is c o s i t y ,  ฦ  0,

in c r e a se s  w ith  m o le c u la r  w e ig h t . T h is  resu lt is  c o n s is te n t  w ith  p u b lish e d  data  

b y  F erry (1 9 8 0 ) .

Figure 3.39 T he viscosity as a function o f the apparent strain rate and
frequency o f LLDPE (L2009F) melts by Cox-Merz rule at
temperature o f 190 °c.
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y 'a  ( 1 / s e c ) ,  (0 ( r a d /s e c )

Figure 3.40 T h e  v is c o s ity  as a fu n c tio n  o f  th e  ap p aren t strain  rate and  

freq u en cy  o f  L L D P E  (L 2 0 2 0 F )  m e lt  b y  C o x -M e r z  ru le  at 

tem p era tu re  o f  1 90  °c.

Figure 3.41 The viscosity as a function o f the apparent strain rate and
frequency o f LLDPE (M3204RU) melt by Cox-Merz rule
at temperature o f 190 °c.



Y a ( 1 / s ) ,  (0  ( r a d /s )

Figure 3.42 T h e  v is c o s ity  a s  a fu n c tio n  o f  th e  ap parent strain  rate and  

fr eq u en cy  o f  H D P E  (H 5 6 0 4 F )  m e lt  b y  C o x -M e r z  ru le  at 

tem p eratu re  o f  190  ๐c .

Oh I
*

1

.01 .1 I 10 100 1000 10000

y a (1/s), ff> (r a d /s )

Figure 3.43 The viscosity as a function o f the apparent strain rate and
frequency o f HDPE (H5690S) melt by Cox-Merz rule at
temperature o f 190 ๐c .
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Y a ( l / s ) ,  (0  ( r a d /s )

Figure 3.44 T h e  v is c o s ity  a s  a fu n c tio n  o f  th e  ap parent strain  rate and  

fr e q u e n c y  o f  H D P E  (H 6 2 0 5 J U )  m e lt  b y  C o x -M e r z  ru le  at 
tem p era tu re  o f  190  °c.

3 .3 .4  V is c o s ity
T h e  v is c o s ity  o b ta in ed  from  th e  p ara lle l p la te  rh e o m e te r  w a s  

d e term in ed  from  eq u a tio n  ( 2 .2 4 ) .  F rom  th e  resu lts , w e  o b ta in e d  th e  z e r o  sh ear  

v is c o s i t y ,  ฦ  0. b y  a v e r a g e  fro m  2 e x p e r im e n ts  and ex tra p o la te  to  th e  freq u en cy  

eq u a l to  0 .0 1  rad /s.
3.3.4.1 E ffec t o f  Temperature. F ig u r e s  3 .4 5 - 3 .4 9  s h o w  th e  

v is c o s ity ,  ฦ  , a s  a fu n c tio n  o f  th e  freq u en cy , CO, for  L L D P E  (L 2 0 2 0 F )  m e lts  

at tem p era tu res  b e tw e e n  1 5 0 -2 3 0  ๐c  r e sp e c t iv e ly . F ig u r e s  3 .5 0 - 3 .5 4  sh o w  

th e  v is c o s ity ,  ฦ , a s a fu n c tio n  o f  th e  freq u en cy , CO, for H D P E  ( H 5 6 9 0 S )  m e lts  

at tem p era tu res  b e tw e e n  1 5 0 -2 3 0  °c r e sp e c t iv e ly . T h e  v a lu e s  o f  th e  z e r o  sh ear  

v is c o s it y ,  ฦ  0, o f  L L D P E  (L 2 0 2 0 F )  an d  H D P E  (H 5 6 9 0 S )  are su m m a r iz e d  and

ta b u la ted  in T a b le  3 .3 .2 .  F rom  th e  re su lts , th e  z e r o  sh ea r  v is c o s ity ,  ฦ  0,
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d e c r e a se s  w ith  tem p eratu re . T h is  resu lt is c o n s is te n t  w ith  p u b lish e d  data  by  

Ferry (1 9 8 0 ) .  W e  n o te  that th e ord er m a g n itu d e  o f  ใๅ 0, is  c o n s is te n t  w ith  

rep orted  v a lu e s  ( l o 5 - l o 6  P ) o f  p o ly e th y le n e  by B y ro n  (1 9 2 4 ) .

Figure 3.45 T h e  v is c o s ity  a s  a fu n c tio n  o f  th e freq u en cy  o f  LLDPE (L2020F) 
m e lts  at tem p eratu re  o f  150 ๐c.
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3 .4 6  T h e  v is c o s ity  as a fu n c tio n  o f  th e  freq u en cy  o f  L L D P E  (L 2 0 2 0 F )  
m e lts  at tem p eratu re  o f  170 ๐c .

7 

6 

5

■01 .1 1 10 100

CO (rad/s)
Figure 3.47 The viscosity as a function o f the frequency o f LLDPE (L2020F)

melts at temperature o f 190 °c.
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7 

6
cul

50 cO 5

.01 .1 1 10 100

CO (rad/s)
Figure 3 .4 8  T h e  v is c o s ity  as a fu n c tio n  o f  th e  freq u en cy  o f  L L D P E  (L 2 0 2 0 F )  

m e lts  at tem p eratu re  o f  2 1 0  °c.
6

Ï Ï  5

•01 .1 1 10 100

CO (rad/s)
Figure 3.49 The viscosity as a function o f the frequency o f LLDPE (L2020F)

melts at temperature o f 230 ๐c .
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7

6 

5

.01 .1 1 10 100

CO (rad/s)
3 .5 0  T h e  v is c o s ity  as a fu n c tio n  o f  th e  freq u en cy  o f  HDPE (H5690S) 

m e lts  at tem p eratu re  o f  150 °c.
7

6 

5

•01 .1 I 10 100

(0 (rad/s)

Figure 3.51 The viscosity as a function o f the frequency o f  HDPE (H5690S)
melts at temperature o f 170 ๐c.
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1 10 100

CO (rad/s)
3 .5 2  T h e  v is c o s ity  a s a fu n c tio n  o f  th e  fr e q u e n c y  o f  H D P E  (H 5 6 9 0 S )  

m e lts  at tem p era tu re  o f  190  ๐c .

7

6 

5

•01 .1 1 10 100

(O (rad/s)
Figure 3.53 I he viscosity as a function o f the frequency o f HDPE (H5690S)

melts at temperature o f 210 ๐c .
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7

6  

Cul

%  ,_ ๐  5

.01 .1 1 10 100

๓ (rad/s)
Figure 3.54 T h e  v is c o s i t y  as a fu n ctio n  o f  th e  freq u en cy  o f  H D P E  (H 5 6 9 0 S )  

m e lts  at tem p eratu re  o f  2 3 0  ๐c .

3.3 .4 .2  E ffec t o f  M olecular weight. F ig u r e s  3 .5 5 - 3 .5 7  sh o w  th e  

v is c o s ity ,  ฦ  . as a fu n c tio n  o f  th e  freq u en cy , ๓ , for L L D P E  (L 2 0 0 9 F , L 2 0 2 0 F  

and M 3 2 0 4 R U )  m e lts  at tem p eratu re  o f  190  ๐c .  F ig u r e s  3 .5 8 - 3 .6 0  s h o w  th e  

v is c o s it y  , ฦ  , a s  a fu n c tio n  o f  th e  freq u en cy , ๓ , for H D P E  (H 5 6 0 4 F , H 5 6 9 0 S

and H 6 2 0 5 J U )  m e lts  at tem p eratu re  o f  1 9 0  °c. T h e  v a lu e s  o f  z e r o  sh ear  
v is c o s i t y  o f  L L D P E  (L 2 0 0 9 F , L 2 0 2 0 F  and M 3 2 0 4 R U )  an d  H D P E  (H 5 6 0 4 F ,  
H 5 6 9 0 S  and H 6 2 0 5 J U )  are su m m a r ized  an d  tab u la ted  in  T a b le  3 .3 .3 .  F rom  th e  

resu lts , th e  z e r o  sh ea r  v is c o s ity  in c r e a se s  w ith  m o le c u la r  w e ig h t . T h is  resu lt is  
c o n s is te n t  w ith  p u b lish e d  data  b y  Ferry (1 9 8 0 ) .
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.01 .1 1 10 100
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Figure 3 .5 5  T h e  v is c o s ity  a s  a fu n c tio n  o f  th e  freq u en cy  o f  L L D P E  (L 2 0 0 9 F )  
m e lts  at tem p era tu re  o f  190  ° c .

0) (rad/s)
Figure 3.56 The viscosity as a function o f the frequency o f LLDPE (L2020F)

melts at temperature o f 190 ๐c .
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.01 .1 1 10 100

CO (rad/s)
3 .5 7  T h e  v is c o s ity  a s  a fu n ctio n  o f  th e  fr eq u en cy  o f  L L D P E  

(M 3 2 0 4 R U )  m e lts  at tem p eratu re  o f  1 90  ๐c .

.01 .1 1 10 100

CO (rad/s)

Figure 3.58 The viscosity as a function o f the frequency o f  HDPE (H5604F)
melts at temperature o f 190 °c.
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7

6 

5

.01 .1 1 10 100

(D (rad/s)
3 .5 9  T h e  v is c o s ity  as a fu n c tio n  o f  th e  fr e q u e n c y  o f  H D P E  (H 5 6 9 0 S )  

m e lts  at tem p eratu re  o f  1 90  °c.

CO (rad/s)
Figure 3.60 The viscosity as a function o f the frequency o f HDPE (H6205JU)

melts at temperature o f 190 ๐c .
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3 .3 .5  T h e  s tre ss  at th e o n se t  o f  th e s l ip  v e lo c ity  (T )

3 .3 .5 .1 E ffect o f  Temperature. F ig u res  3 .6 1 - 3 .6 4  s h o w  th e  s tress  at 
th e  o n se t  o f  th e s lip  v e lo c ity  for L L D P E  (L 2 0 2 0 F )  m e lts  at tem p era tu res  

b e tw e e n  1 7 0 -2 3 0  ๐c .  F ig u res  3 .6 5 -3 .6 7  sh o w  th e  s tress  at th e  o n se t  o f  th e  s lip  
v e lo c ity  for  H D P E  (F I5 6 9 0 S ) m e lts  at tem p eratu res b e tw e e n  1 9 0 -2 3 0  °c. T h e  

v a lu e s  o f  th e  s tre ss  at th e  o n se t  o f  th e  s lip  v e lo c ity  fo r  L L D P E  (L 2 0 2 0 F )  and  

H D P E  ( H 5 6 9 0 S )  are su m m a r ized  in T a b le  3 .3 .2 .  F rom  th e  re su lts , th e  s tre ss  at 
th e  o n se t  o f  th e s lip  v e lo c ity  d e c r e a se s  w ith  tem p eratu re.

Figure 3.61 T h e  s lip  v e lo c ity ,  v s, as a fu n c tio n  o f  th e  w a ll  sh ea r  s tr e ss , Tw, for  

L L D P E  (L 2 0 2 0 F )  m e lts  at tem p eratu re  o f  1 70  °c.
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L L D P E  (L 2 0 2 0 F )  m e lts  at tem p eratu re  o f  1 90  ๐c .

0 .0  .3 .6 .9 1.2 1.5

Tw  * 1 O'6 ( d y n /c m 2 )

Figure 3.63 The slip velocity, v s, as a function o f  the wall shear stress, Tw, for
LLDPE (L2020F) melts at temperature o f  210 ๐c .
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Tw * 10"6 (dyn/cm2)
Figure 3.64 T h e  s lip  v e lo c ity ,  v s, as a fu n c tio n  o f  th e w a ll  sh ea r  s tr e ss , Tw, for  

L L D P E  (L 2 0 2 0 F )  m e lts  at tem p eratu re  o f  2 3 0  °c.

Figure 3.65 The slip velocity, v s, as a function o f  the wall shear stress, Tw, for
HDPE (H 5690S) melts at temperature o f  190 °c.
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Figure 3.66 T h e s lip  v e lo c ity ,  v s, as a fu n c tio n  o f  th e  w a ll  sh ea r  stre ss , Tw, for  

H D P E  (H 5 6 9 0 S )  m e lts  at tem p eratu re  o f  2 1 0  °c.

0 .0  .5 1.0 1.5 2 .0  2 .5

Tw * lO-6 (dyn/cm2)

Figure 3.67 T h e s lip  v e lo c ity ,  v s, as a fu n c tio n  o f  th e  w a ll  sh ea r  stre ss , Tw, for  

H D P E  (H 5 6 9 0 S )  m e lts  at tem p eratu re  o f  2 3 0  ๐c .
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3.3 .5 .2  E ffec t o f  M olecular Weight. F ig u r e s  3 .6 8 - 3 .7 0  s h o w  the  

stress  at th e o n se t  o f  th e  s lip  v e lo c ity  for L L D P E  (L 2 0 0 9 F , L 2 0 2 0 F  and  

M 3 2 0 4 R U )  m elt at tem p eratu re  o f  190  ๐c .  F ig u res  3 .7 1 -3 .7 3  sh o w  th e  s tre ss  at 

th e o n se t  o f  th e  s lip  v e lo c ity  for H D P E  (H 5 6 0 4 F , H 5 6 9 0 S  an d  H 6 2 0 5 J U )  m elt  

at tem p era tu re  o f  1 90  ๐c .  T h e  v a lu e s  o f  th e  stress  at th e  o n se t  o f  th e  s lip  

v e lo c ity  o f  L L D P E  (L 2 0 0 9 F , L 2 0 2 0 F  and M 3 2 0 4 R U )  and H D P E  (H 5 6 0 4 F ,  
H 5 6 9 0 S  and H 6 2 0 5 J U )  are su m m a r iz e d  in T a b le  3 .3 .3 .  F ro m  th is  r e su lts , th e  

stress  at th e  o n se t  o f  th e  s lip  v e lo c ity  d e c r e a se s  w ith  m o le c u la r  w e ig h t .

0 .0  .5 1.0 1.5 2 .0

Tw * 1 O'6 (dyn/cm2)
Figure 3.68 T h e s lip  v e lo c ity ,  v s, as a fu n c tio n  o f  th e  w a ll  sh ea r  s tr e ss , Tw, for  

L L D P E  (L2009F) m e lts  at tem p era tu re  o f  190 °c.
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L L D P E  (L 2 0 2 0 F )  m e lts  at tem p eratu re  o f  1 90  ๐c .

Figure 3.70 The slip velocity, v s, as a function o f  the wall shear stress, Tw, for
LLDPE (M 3204R U ) melts at temperature o f  190 ๐c .
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Figure 3.71 T h e  s lip  v e lo c ity ,  v s, as a fu n ctio n  o f  th e  w a ll sh ea r  stre ss , Tvv, for  

H D P E  (H 5 6 9 0 S )  m e lts  at tem p eratu re  o f  190  °c.

Figure 3.72 The slip velocity, v s, as a function o f  the wall shear stress, Tw, for
HDPE (H 6205JU) melts at temperature o f  190 ๐c .
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Table 3.3.2 T h e  v a lu e s  o f  G ° N  , th e zero  c o m p le x  v is c o s it y ,  ฦ 0, th e  zero  

sh ea r  v is c o s ity .  ฦ  0, and th e  stress  at th e  o n se t  o f  th e  s lip  v e lo c ity ,  

'โ*, for L L D P E  (L 2 0 2 0 F )  and H D P E  (E 15690S ) at tem p era tu res  

b e tw e e n  1 5 0 -2 3 0  ๐c

M a ter ia ls T
(°C)

g ° n

(dyn/cm2)
*ๆ 0 

(P)
 ๆ0

(P)
*X

(dyn/cm2)
L2020F 230 1.95E+07 6.31E+06 3.16E+05 0.84E+06

210 1.88E+07 7.94E+06 6.31E+05 0.99E+06
190 1.8E+07 1.00E+07 7.94E+05 1.03E+06
170 1.72E+07 2.51E+07 1.00E+06 1.14E+06
150 1.64E+07 3.98E+07 1.26E+06 *

H5690S 230 3.58E+07 1.26E+07 1.00E+06 0.98E+06
210 3.44E+07 2.00E+07 1.58E+06 0.99E+06
190 3.3E+07 2.51E+07 3.16E+06 1.19E+06
170 3.16E+07 3.16E+07 5.01E+06 *

150 3.01E+07 3.98E+07 6.31E+06 *

* e n ta n g le m e n t  r e g im e
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Table 3.3.3 T h e  v a lu e s  o f  G°1M , th e  zero  c o m p le x  v is c o s ity .  ฤ *0, th e  zero  

sh ea r  v is c o s ity ,  ฦ  0,and th e  stress at th e  o n se t  o f  th e  s lip  v e lo c ity ,  

I* , for L L D P E  (L 2 0 0 9 F , L 2 0 2 0 F  and M 3 2 0 4 R U )  and H D P E  

(H 5 6 0 4 F , H 5 6 9 0 S  and H 6 2 0 5 J U )  at tem p era tu re  o f  190  ๐c  o f  

d iffe r e n t m o le c u la r  w e ig h ts

Materials MFI
(g/1 Omin)

Mw
(g/mol)

g ° n
(dyn/cm^)

ท* o
( P )

ท O 
( P )

*T
(dyn/cm2)

L2009F 0.9 87,000 1.7E+07 - 1.26E+06 1.08E+06
L2020F 2.0 60,700 1.8E+07 1.00E+07 7.94E+05 I.03E+06

M3204RU 5.0 33,000 I.7E+07 7.94E+06 2.51E+05 0.96E+06
H5604F 0.04 133,000 2.3E+07 6.3 1E+07 1.00E+07 *
H5690S 0.9 107,000 3.3E+07 2.51E+07 3.16E+06 1.19E+06

H6205JE 5.0 98,000 3.2E+07 - 1.58E+05 0.88E+06

- ca n n o t b e  ex tra p o la ted  
* e n ta n g le m e n t  r e g im e
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3.4 Effect of Temperature on Slip

3.4.1 Slip velocity

Figure 3.73 The apparent strain rate, y-a, as a function of one over diameter of 
a capillary, l/dc, for HDPE (H5690S) at temperature of 190 °c .

Figure 3.73 shows the determination of slip velocity by using the 
Mooney equation according to equation (2.16). Figure 3.73, shows the apparent 
strain rate, y a, as a function of the inverse of diameter of a capillary, l/dc, of 
fixed wall shear stresses for HDPE (H5690S) at temperature of 190 °c . For 
each wall shear stress, a straight line can be drawn through the data points. We 
can obtain the slip velocity, v s, from the slope and the apparent strain rate 
without slip, y a s, from the intercept. The slip velocity as a function of the wall 
shear stress was determined for LLDPE (L2020F) and HDPE (H5690S) 
respectively. Figures 3.74 and 3.75 show the slip velocity, v s, as a function of
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the wall shear stress, Tw , for LLDPE (L2020F) and HDPE (H5690S) at 
temperatures between 150-230 ° c  respectively. In Figures 3.74 and 3.45, we 
find that the values of slip fall in the range of 0.1 -1.3 cm/s and the values of the 
wall shear stress, Tw , fall in the range of 1.0*10-6 - 2.3*10-6 dyn/cm2 . These 
values are in the same ranges of the wall slip for high density polyethylene 
melts in a capillary rheometer obtained by Hatzikiriakos and Dealy (1992) and 
the wall slip in viscous fluids and influence of materials of construction 
obtained by Ramamurthy (1986). Hatzikiriakos and Dealy (1992) found the 
values of the wall shear stress , Tw , fall in the range of 1.0*10-6 - 3.0*10"6 
dyn/cm2 and the values of slip velocity fall in the range of 0.1-2.0 cm/s. From 
Figures 3.74-3.75, the slip velocity increases with temperature at a given wall 
shear stress ('บ w). This is because at high temperature the viscosity of the 
polymer melt is reduced, therefore a lower friction between entangled chains 
and adsorbed chains possibly occurs resulting in an ease of slippage.

Tw* 10’6 (dyn/cm )
Figure 3.74 The slip velocity, v s, as a function of the wall shear stress, Tw, of 

ELDPE (L2020F) at temperatures of 150-230 °c .
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Figure 3.75 (a) The slip velocity, vs, as a function of the wall shear stress, 
TW , of HDPE (H5690S) at temperatures of 150 °c, 190 °c 
and 230 oc.

รo
C/Î>

'โw* 10'6 (dyn/cm2 )
Figure 3.75 (b) The slip velocity, v s, as a function of the wall shear stress, Tw, 

of HDPE (H5690S) at temperatures of 170 °c and 210 °c.
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For the quantitative analysis of the slip velocity, we can assume a power law 
model:

Vs = ATwm, (3.1)
where A is the slip coefficient, m is the exponent and Tw is the wall shear 
stress. Figures 3.76 and 3.77 show the slip velocity, v s, as a function of the 
wall shear stress, Tw , on log-log plot for LLDPE (L2020F) and F1DPE 
(H5690S) respectively. From Table 3.3.1, we find that the slip coefficient, A, 
increases strongly with temperature while the exponent, m, is practically 
independent on temperature. These results are in good agreement with the work 
of Hatzikiriakos and Dealy (1992). They investigated the effect of temperature 
on the slip velocity for high density polyethylene melts by assuming the power 
law model. They found that at several temperatures, the exponent m is 
practically constant, equal to 3.0; whereas the slip coefficient, A, is a function 
of temperature. The calculated values of the slip coefficient, A, and the 
exponent m for several temperatures and the critical wall shear stress, Tw  c, of 
LLDPE (L2020F) and HDPE (H5690S) are summarized in Table 3.3.1
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Figure 3.76 The slip velocity, v s, as a function of the wall shear stress, Tw, on 
log-log plot of LLDPE (L2020F) at temperatures of 150-230 °c .

Tw* 10"6 (dyn/cm2)

Figure 3.77 (a) The slip velocity, v s, as a function of the wall shear stress, Tw, 
log-log plot of HDPE(H5690S) at temperatures of 150 °c ,
190 oc and 230 oc.
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Figure 3.77 (b) The slip velocity, v s, as a function of the wall shear stress,
'โพ, on log-log plot of HDPE (H5690S) at temperatures of 
170 ° c  and 210 °c .



79

Table 3.4.1 The values of power law parameters A, m and the onset of wall 
shear stress, T*, at temperatures between 150-230 °c for LLDPE 
(L2020F) and HDPE (H5690S)

Materials Temperature
( ° C)

'บ* X 10‘6 
(dyn/cm2)

A
(dyn.cm~2)-m. cm/s

m

LLDPE
(L2020F)

150 0.08 3.00

170 1.14 0.09 3.00
190 1.03 0.20 3.00
210 0.99 0.22 3.00
230 0.84 0.40 3.00

HDPE
(H5690S)

150 0.036 3.06

170 - 0.042 3.00
190 1.19 0.067 3.00
210 0.99 0.800 3.02
230 0.98 0.810 3.09

- entanglement regime
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3.4.2 Extrapolation Length
Figures 3.78-3.82 show the extrapolation length, b, as a function of 

the slip velocity, vs, at temperatures between 150-230 °c for LLDPE 
(L2020F) melts. Figures 3.83-3.86 show the extrapolation, b, as a function of 
the slip velocity. vs, at temperatures between 170-230 °c of HDPE (H5690S) 
melts. The extrapolation length was calculated from equation (2.22). From 
these figures, we find that the values of the extrapolation length, b, fall in the 
range of 0.005-0.02 cm. This result is in qualitative agreement with the study of 
stick-slip transition at polymer melt/solid interfaces by Drda and Wang (1995). 
They found that the values of the extrapolation length, b, for high density 
polyethylene were approximately 0.02 cm. Our results are also in good 
agreement with the study of the role of attached polymer molecules in wall slip 
by L. L’eger and coworker (1997); they found that the values of the 
extrapolation length, b, fall in the range of 0.0002-0.05 cm. In the present 
results, we find that at low temperature the entanglement state in which the 
adsorbed chains are weakly elongated, occurs. At high temperature, the 
marginal state in which the adsorbed chains have been fully extended or 
disentangled, occurs as predicted by Brochard and de Gennes (1992). This is 
because at low temperature, there are many adsorbed chains attached to the 
surface assuming random coil configuration or they are weakly elongated; due 
to a relatively large friction coefficient they strongly reduce the slip velocity. 
But at high temperature, the adsorbed chains have been fully extended or 
disentangled; due to a lower friction coefficient, the extrapolation length 
increases linearly with the slip velocity.

The extrapolation length in marginal regime is predicted 
(Brochard and de Gennes 1992) to be

b = cvs, (3.2)
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where vs is the slip velocity. The parameter c can be determined from the 
relation (3.3)

c = (ทุ/!). (3.3)
where ฦ is the zero shear rate viscosity and I is the stress at the onset of the 
slip velocity.

We find that the parameter c is slightly dependent on temperature. 
This is because the parameter c depends on the viscosity of the polymer melt. 
At high temperature the viscosity of the polymer melt is reduced therefore a 
lower friction between entangled chains and adsorbed chains occurs and 
therefore the decrease in the parameter c. The calculated values of the 
parameter c for several temperatures of LLDPE (L2020F) and HDPE 
(H5690S) are summarized in Table 3.3.2.

Vs (cm/s)
Figure 3.78 The extrapolation length, b, as a function o f  the slip velocity, v s,

o f  LLDPE (L2020F) at temperature o f  150 °c .



b (
cm

)
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Figure 3.79 The extrapolation length, b, as a function of the slip velocity, vs, 
of LLDPE (L2020F) at temperature of 170 °c.

Figure 3.80 The extrapolation length, b, as a function of the slip velocity, vs, 
of LLDPE (L2020F) at temperature of 190 oc.
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Vs (cm/s)
Figure 3.81 The extrapolation length, b, as a function of the slip velocity, v s, 

of LLDPE (L2020F) at temperature of 210 °c .

Figure 3.82 The extrapolation length, b, as a function o f  the slip velocity, v s,
o f  LLDPE (L2020F) at temperature o f  230 °c .



b (
cm

) 
Jg 

b (
cm

)

84

Vs (cm/s)
3.83 The extrapolation length, b, as a function of the slip velocity, v s, 

of HDPE (H5690S) at temperature of 170 oc.

Vs (cm/s)
Figure 3.84 The extrapolation length, b, as a function o f  the slip velocity, v s,

o f  HDPE (H 5690S) at temperature o f  190 °c.
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Vs (cm/s)
Figure 3.85 The extrapolation length, b, as a function of the slip velocity, v s, 

of HDPE (H5690S) at temperature of 210 °c .

Figure 3.86 The extrapolation length, b, as a function o f  the slip velocity, v s,
o f  HDPE (H5690S) at temperature o f  230 oc.
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Table 3.4.2 The values of the parameter c , at different temperatures for 
LLDPE (L2020F) and HDPE (H5690S)

Materials Temperature ( °C) Parameter c
LLDPE (L2020F) 170 0.016

190 0.016
210 0.015
230 0.014

HDPE (H5690S) 190 0.025
210 0.022
230 0.020

3.5 Effect of Molecular Weight on Slip

3.5.1 Slip velocity
Figures 3.87 and 3.88 show the slip velocity, v s, as a function of 

wall shear stress, Tw, for LLDPE (L2009F, L2020F and M3204RU) and HDPE 
(H5604F, H5690S and H6205JU) of different molecular weights respectively. 
We find that the slip velocity decreases with molecular weight. This is because 
the polymer chains of a higher molecular weight are longer and there are more 
entanglement loci and therefore slip decreases with molecular weight. A similar 
effect occurs in the study of molecular characteristics of wall slip for high 
density polyethylene by Hatzikiriakos and Dealy (1992).
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Figure 3.87 The slip velocity, v s, as a function of the wall shear stress, Tw, of 
LLDPE of different molecular weights.
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1.5
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O  H 5 6 0 4 F , M F I 0 .0 4 g /1 0 m in  
□  H 5 6 9 0 S , M F I 0 .9 g /1 0 m in
A  H 6 2 0 5 J U , M F I 5 .0 g / l0 m in

cP3>
ฟ ้:[

0.0
□  1=0 
■ ๐ I

0.0 1.0 1.5 2.0 2.5 3.0
X * 10’6 (dyn/cirf )

Figure 3.88 The slip velocity, v s, as a function of the wall shear stress, Tw, of 
HDPE of different molecular weights.
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The slip velocity can be assumed to follow a power law according 
to equation (3.1). Figures 3.89 and 3.90 show the slip velocity, v s, as a function 
of the wall shear stress, Tw , on log-log plot for LLDPE (L2009F, L2020F and 
M3204RU) and HDPE (H5604F, H5690S and H6205JU) respectively. We find 
that the slip coefficient, A, and the exponent m increase with molecular weight 
and depends on molecular structure. This is because a branched polymer will 
have a larger friction coefficient between the entanglement loci than a linear 
polymer chain. Therefore slip is easier to occur for the linear chain. The 
calculated values of slip coefficient, A, and the exponent, m, of different 
molecular weights of LLDPE and HDPE are summarized in Table 3.4.1.

Èo
CO> . 1

.01

O L2009F, MF1 0.9g/10min 
□  L2020F, MFI 2g/10nim
A  M3204RU, MFI 5g/10min

1
Tw * 1o"6 (dyn/cm2 )

Figure 3.89 The slip velocity, v s, as a function of the wall shear stress, Tw , on 
log-log plot of LLDPE of different molecular weights.
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Figure 3.90 The slip velocity, v s, as a function of the wall shear stress, Tw, on 
log-log plot of HDPE of different molecular weights.

Table 3.5.1 The values of power law parameters A and m at the temperature of 
190 ° c  for LLDPE and HDPE of different molecular weights

Materials Mw
(g/mol)

m A
(dyn.cm"2)-m .cm/s

L2009F 87,000 2.20 0.12
L2020F 60,700 3.00 0.20

M3204RU 33,000 3.80 0.22
H5604F 133,000 3.05 0.057
H5690S 18,000 3.15 0.062

H6205JU 10,700 3.49 0.295
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3.5.2 Extrapolation Length
Figures 3.90-3.92 show the extrapolation length, b. as a function 

of the slip velocity, vs, at the temperature of 190 °c for HDPE (H5604F, 
FI5690S and H6205JU) melts of different molecular weights. Figures 3.93-3.95 
show the extrapolation length, b, as a function of the slip velocity, V8, at the 
temperature of 190 °c for LLDPE (L2009F, L2020F and M3204RU) melts of 
different molecular weights. We find that at a high molecular weight the 
entanglement state is more likely and is seen to occur because there are many 
entanglement loci in high molecular weight and a larger friction coefficient 
between the entangled chains.

The extrapolation length in marginal state was calculated from 
equation (3.2). We find that the parameter c depends critically on molecular 
weight. This is because for high molecular weight, there are more entanglement 
loci due to large viscosity between the entangled chains therefore the parameter 
c increases with molecular weight. The calculated values of the parameter c of 
different molecular weights are summarized in Table 3.4.2



b (
cm

)

Vs (cm/s)

Figure 3.91 The extrapolation length, b, as a function of the slip velocity, v s 
at temperature of 190 °c  for LLDPE (L2009F).

Vs (cm/s)
Figure 3.92 The extrapolation length, b, as a function o f  the slip velocity, v s

at temperature o f  190 ° c  for LLDPE (L2020F).
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3.93 The extrapolation length, b, as a function of the slip velocity, v s 
at temperature of 190 ° c  for LLDPE (M3204RU).
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Figure 3.94 The extrapolation length, b, as a function o f  the slip velocity, v s
at temperature o f  190 ° c  for HDPE (H5604F).



V 5 (cm/s)

Figure 3.95 The extrapolation length, b, as a function of the slip velocity, v s 
at temperature of 190 ° c  for HDPE (H5690S).

Vs (cm/s)

Figure 3.96 The extrapolation length, b, as a function o f  the slip velocity, v s
at temperature o f  190 ° c  for HDPE (H6205JU).
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Table 3.5.2 The values o f  the parameter c  for LLDPE and HDPE o f  different
molecular weights.

Materials Mw (g/mol) Parameter c
L2009F 87,000 0.031
L2020F 60,700 0.016

M3204RU 33,000 0.007
H5690S 18,000 0.030

H6205JU 10,700 0.005

3.6 Scaling

Brochard and de Gennes (1992) predicted the extrapolation length in the 
marginal regime to be

b = CVS. (3.2)
The parameter c was predicted to be

c  — T| / T* , (3.3)
where ฦ is the viscosity and X is the wall shear stress at the onset of slip.

3.6.1 Effect of Temperature
Figures 3.97 and 3.98 show the extrapolation length, b, vs. 

(ๆ,0v s)/x* for LLDPE (L2020F) melts and HDPE (H5690S) melts at
temperatures between 170-230 °c. From these figures, we found that the data 
of b vs.Vs in Figures 3.17-3.20 and Figures 3.22-3.24 can be brought into a 
single straight line as in Equation 3.2, as suggested by Brochard and de Gennes 
(1992). However, our results do not agree with the results of studied of the slip
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transition at the polymer-solid interface by Migler (1993); he found that the 
extrapolation length, b a  v sn where the exponent ท was 0.87± 0.05. The 
discrepency between the present results and Migler result may be due to the 
fact that the latter study covered many orders of magnitude of b and V  8.

( 'ๆVร)/!* (cm)
Figure 3.97 The extrapolation length, b, vs.(ฦ 0VS)/T for LLDPE (L2020F)

melts at temperatures between 170-230 ๐c.
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(ๆ 0Vs)/x* (cm)
Figure 3.98 The extrapolation length, b, vs.(ฦ 0Vs)/T for HDPE (H5690S) 

melts at temperatures between 190-230 °c.

3.6.2 Effect of Molecular Weight
Figures 3.99-3.100 show the extrapolation length, b, vs. (ๆ >s)/T*

for LLDPE (L2009F, L2020F and M3204RU) and HDPE (H5690S and 
H6205JU) melt at temperature of 190 °c. From these figures, we also found 
that b is approximately equal to (ฦ 0V5)/ โ * ,  as suggested in the theory of 
Brochard and de Gennes (1992).
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(ฦ 0v s)/x* (cm)
Figure 3.99 The extrapolation length, b, vs.(ฦ 0Vs)/T for LLDPE (L2009F,

L2020F and M3204RU) at temperature of 190 ๐c.

and H6205JU) at temperature of 190 ๐c.
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