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Slip flow of non-plasticized PVC compounds *) 
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Abstract: Measurements on seven rigid PVC compounds were carried out with a slit 
rheometer working in combination with an injection moulding machine. Plastica- 
tion of the compounds occurred in the screw of the plastication unit, which also 
forced the melt through the die with a controlled forward velocity. The rectangular 
slit had a length of 90 mm and a width B of 20 mm. The height H could be varied 
between 0.8 and 3.3 mm. Pressures and temperatures were recorded at several 
positions in and before the die. Measurements were carried out at shear rates from 
10 to 2000 s-i. 

When the reduced volume output Vred = ~?~BH2 was plotted against the wall 
shear stress zw, only four compounds showed toaster curves independent of H, 
which is indicative of wall adhesion. In the other cases this plot did not produce 
such a master curve, but the plot of the mean velocity (1~BH against z W was 
independent of H (slip curve). This indicated that slip flow prevailed with a slip 
velocity v a ~ ~?~BH. 

When, in the case of wall slip, the smooth inner surfaces of the die were replaced 
by surfaces with grooves perpendicular to the direction of flow, slip flow was 
prevented and the flow curves l ) = f ( A p )  were shifted to much higher values of  Ap. 
Above a critical value of the wall shear stress (zwo) at which slip flow began, the 
output became nearly independent of r~v. From the measurements made below rw« 
a r vs. ? relation for the shear flow could be derived, which was used to calculate 
the superimposed shear flow /?s=f(rw) .  Exact values of the slip velocity were 
then given by v a = (I2-( /s) /BH. Wall slip only occurred for compounds with a 
high shear viscosity, which corresponds to a high molecular weight (K-value). 

Key words: Slip flow, PVC compound, injection moulding, grooved die surface, 
master curve 

1. Introduction 

The rheological  b eh av i o u r  of  PVC c o m p o u n d s  is 
strongly in f luenced  by addi t ives  [1-3] .  In the case of  
PVC compounds  not  con ta in ing  plasticizers (rigid 

PVC) slip flow m a y  occur due  to the presence of  lubr i -  
cants or stabilizers acting as lubricants .  Al though  this 
p h e n o m e n o n  is well k n o wn  in the case of  some poly- 
mer  melts [4, 5], there  has been  little work on the slip 
flow of  PVC and  in par t icu la r  on the quan t i t a t ive  
dependence  of  the slip velocity on the wall shear  stress, 

t empera ture ,  pressure etc. 
Probably the first detailed investigation of slip flow for a 

rigid PVC compound was carried out by Offermann [6]. He 

*) Dedicated to Professor H. Janeschitz-Kriegl on the 
occasion of his 60th birthday. 
123 

used an emulsion-type PVC with a K-value of 70 and a high 
concentration (3%) of lubricant. The measurements were made 
with a capillary rheometer in combination with a single screw 
extruder with a bypass. Optical observations showed that slip 
flow could be prevented by small grooves in the die surface 
perpendicular to the direction of flow. In this case, the volume 
output 1? is given by the shear flow alone /?=/?s. For a die of 
the same diameter but with a smooth surface one obtains a 
higher output for the same pressure gradient because of the 
superposition of slip (/?6) on the shear flow. The slip velocity 
v G may then be calculated by 

VG = (/?-- /?s)/A ' (1) 

where A = ~zD2/4 is the cross-section of the circular die. Offer- 
mann used the following equation to describe the dependence 
of v G on the wall sh¢ar stress r W: 

bGzw, vc = a6 rw + 3 (2) 

where a a and b a are constants. 
Chaffoureaux et al. [7] also employed grooved die surfaces 

to prevent slip flow. They used a slit rheometer in combination 
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ig. 1. Slit rheometer 

with a single screw extruder. From measurements with a 
special Couette rheometer, they found a slip threshold at 
shear rates below 1 s -l. Dies with grooved surfaces were also 
used in a recent study by Funatsu and Sato [8]. 

Here, we describe rheological measurements on 

seven rigid PVC compounds of practical importance in 
a range of shear rates from 10 to 2000 s -1. The PVC 
compounds with low K-values showed wall-adhesion 
and those with higher K-values slip flow. Measure- 
ments were carried out with a slit rheometer in com- 
binat ion with a commercially available injection 
moulding machine. To prevent slip flow grooved dies 
were also used. The aim was to obtain data for cal- 
culating flow rates and pressure gradients that occur 
under the conditions of extrusion l). 

2. Rheometer 

The injection moulding machine (Engel ES 55/22) 
had a plasticating unit  with a 22 mm diameter screw 
and a maximum shot volume of 27 cm 3. The max imum 
pressure exerted on the melt at the screw tip was 
2000 bar. A metering screw with an L/D-ratio of 17 was 
used. The length of the metering section was 5 D and 

\ 

1) A short description of the rheometer and some pre- 
liminary results with HDPE and two PVC compounds were 
presented at the IXth International Congress on Rheology in 
Acapulco [9]. 

the channel depth was 1.75 mm. The max imum clamp- 

ing force was 220 kN. The plastication unit  was posi- 
tioned vertically as shown in figure 1, and the clamping 

unit  worked in the horizontal direction. 
Figure 1 shows a cross-section of the rheometer. The nozzle 

of the plastication unit A was forced against the die inlet B. 
The two stainless steel blocks C and D formed a slit with a 
length of 90 mm and a width of 20 mm. The angle of the die 
inlet was 30 °. The blocks C and D were held by the plates H 
and I, which could be kept at constant temperature by cir- 
culating oll through the bores K. The two plates of the clamp- 
ing unit, F and G, forced together the plates H and I and the 
blocks C and D. After separating F and G the height of the 
slit could easily be set (with an accuracy of 0.02 mm) between 
0.8 and 3.3 mm by displacing the wedge E. 

Five pressure transducers (Dynisco and $taiger-Mohilo) 
were used to measure pressures and pressure gradients (denot- 
ed PE, P1 , . . , P4  in figure 1). The error in the pressure 
measurements was always smaller than 10 bar. T 1 was a probe 
used for measuring the melt temperature in the middle of the 
die inlet. Its tip pointed upstream into the flow [10]. Four 
thermocouples (T2) were placed near the die wall. In addition, 
the pressure transducers P2 and P3 were combined with 
thermo-couples. During the experiments the deviations from 
the mean temperature remained smaller than 1 K. 

The calibration of the pressure transducers was carried out 
in the rheometer at a temperature of 160 °C. In this case block 
D was replaced by a calibration device covered with a special 
rubber membrane, which exerted a known hydraulic pressure 
on the transducers. This was done to avoid errors arising from 
dislocation of the transducers. 

During the measurements the forward velocity of the non- 
rotating screw was held constant by the hydraulic control 
system of the injection moulding machine. The resulting 
volume output was measured by the displacement of the 
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Fig. 2. Grooved die inserts 

Table 1. Composition (by weight) of compounds showing wall adhesion 

Material Trade name Compounds (parts per weight) 

C1 C2 C3 C4 

S-PVC, K-value 58 Solvic 258 RD 100 
stabilizer Irgastab 17 MOK 1.5 
external lubricant AC 316 A 0.2 
internal lubricant Radia 3200/4 1.0 
colorant blue U-blau 54 0.05 
colorant red PV-echtmarron FM01 - 
colorant green PV-echtgrün GG - 
colorant yellow PV-echtgelb HR - 

100 100 100 
1.5 1.5 1.5 
0.2 0.6 0.6 
2.0 1.0 2.0 

0.05 - - 
- 0.05 - 
- - 0.05 

piston M against a constant force, which could be varied by a 
hydraulic counter-pressure; approximately 60 bar was used. 
The electrically heated cylinder L could be emptied by 
opening the valve N. 

The geometry of the die surface could be varied by chang- 
ing the blocks C and D. Besides a smooth surface, two sur- 
faces with geometrically similar grooves of different depths 
were chosen, see figure 2. 

3. Materials  

The granulated compounds were supplied by Halvic, 
Hallein (Austria). Table 1 lists the composition of  the 
four compounds C1 to C4 in parts per weight. These 
compounds showed wall adhesion. They are typical of  
compounds used for the extrusion blowing of  bottles, 
etc. 

Table 2 lists the composition of  the compounds C5, 
C6 and C7, which showed wall slip. Compounds of  this 
kind are used in the extrusion of  window frames and 
pipes. Compared to C6 and C7 the compound C5 had 
a greater concentration of  fillers. All three of  these 
compounds had higher K-values than C1 to C4. 

The PVC compounds all had the same compounding 
history. Dry blends were produced with a fluid mixer 
from PVC powder and the additives. These blends 
were then extruded and granulated. This method of  

preparation is similar to that used in the IUPAC 
experiments on the rheological properties of  rigid PVC 
[16]. Because a second plastication took place in the 
rotating screw of  the injection moulding machine, it 
was expected that the melt would be homogeneous and 
no particle flow would occur. The homogeneity was 
evaluated by immersing the compound,  which re- 
mained in the die after the experiment, in CH2C12 (the 
so-called "Methylenchlorid-Test" [17]). This gave similar 
results to the acetone test carried out in the work of  
den Otter etal. [18]. At a melt temperature o f  190 °C 
none of  the compounds showed any significant effects. 
However, at 175 °C the compound C6 showed strong 
deterioration as indicated by swelling and the occur- 
rence of  flakes. 

4. Experiments  

In preliminary experiments, the injection moulding 
machine was adjusted (in particular, the temperatures 
of  the cylinder, the rotational speed of  the screw and 
the plastication time) so that for a low volume output 
of  0.4cm3/s the melt temperature (at probe Tl)  was 
either 190 or 175 °C. In all cases a rotational speed of  
35 min -I and a plastication time of  approximately 80 s 
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Table 2. Composition (by weight) of compounds showing wall slip 

Material Trade name Compounds (parts per weight) 

C5 C6 C7 

E-PVC, K-value 72 Solvic 172 RB 50 50 - 
S-PVC, K-value 64 Sotvic 264 GA 50 50 - 
S-PVC, K-value 68 Solvic 268 RC - - 100 
stabilizer Naftovin T 90 3.0 - - 
stabilizer Austrostab 122 - 3.0 3.0 
stabitizer (+ lubricant) Austrostab 112 1.5 1.5 1.5 
lubricant (+ stabilizer) Austrostab 310 0.5 0.5 0.5 
lubricant Austrostab STS 0.3 - - 
lubricant Loxiol G-21 - 0.2 0.2 
chalk Omyalite 95 T 10.0 - - 
chalk Hydrocarb 90 - 4 4 
pigment TiO 2 TLP 2 - 4 4 
colorant brown Sicopalbraun K 2795 2.0 - - 
colorant violet PV-echtviolett RL spezial - 0.1 - 
colorant red PV-echtrot B - - 0.1 
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Fig. 3. Records of temperature, pressure and piston position 
during a measurement 

were used; higher  speeds led to an increase in melt  
temperature  due to frictional heating. The use of  con- 
stant temperatures  provided  a constant thermal  history 
during plastication, which is comparable  with the 
conditions in practical  extrusion. 

After the screw had reached its rear  posi t ion (end of  
plastication),  ninety seconds was al lowed for the melt  
to reach thermal equi l ibr ium. Then the melt  was 
forced through the slit of  the rheometer  by the forward 
movement  of  the non-rotat ing screw with a constant 
velocity, which could be changed by setting a hydraul ic  
valve. The volume outputs lay between 0.2 and 18 cm3/s, 
corresponding to wall shear rates from 10 to 2000 s -1. 

During flow through the rheometer  the tempera ture  
T l ,  the pressures P1, P2, P3 and P4 and the posi t ion S 
of  the piston M (see figure 1) were recorded. Figure  3 
shows an example of  such a record. The ma x imum (or 
overshoot) in all pressure traces, which may be at tr ib-  
uted to adiabat ic  compression and non-stat ionary ef- 
fects at the beginning of  the flow, is followed by a slow 
rise in the pressure, p robab ly  caused by friction in the 
cylinder L. Towards the end of  the cycle, when the 
screw reaches its final position, the forward velocity 
and therefore the output  and pressure decrease. The 
magnitude of  the overshoot  was found to increase with 
increasing output.  

Except for some cases with high outputs and short 
test times, there was usually a constant pressure gra- 
dient  between the transducers P1 and P4. For  the 
rheological calculations, only the middle  por t ion of  the 
plots was used (i.e. for pis ton posit ions between 13 and 
36 mm indicated by the dashed vertical lines in tig- 
ure 3). In this region there was a slight rise in tempera-  
ture. Griff i th numbers  were between 0.1 and 13, 
indicating that deviat ions from isothermal flow were 
significant. Despi te  this, no significant deviat ions from 
a l inear decrease in pressure over the slit length were 
found. The melt  temperatures  were not corrected and 
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the quoted values were these prevailing with an output 
of 0.4 cm3/s. For more details of  the errors in measur- 
ing melt temperatures see [11]. 

5. Calculations 

The pressure drop Ap (= P 1 - P 4 )  was measured for 
various outputs (/ and slit heights H. A reduced 
volume output was defined as 

(/red = (~~BH 2 = f ( z w ) ,  (3) 

where B is the width of the rheometer  slit. The wall 
shear stress was calculated by 

Zw = A P  H / 2  L ,  (4) 

with L equal to 75 m m  the distance between the pres- 
sure transducers P1 and P4 (see figure 1). The data 
were then plotted as l/red versus zw. If  a single toaster 
curve was obtained, this indicated that wall adhesion 
was present for all experimental  conditions. 

A computer  program was used to approximate  the 
points of  the toaster curve by the following functions: 

1) Prandtl-Eyring formula (PRA-EYR) 

)> = C sinh ( r / A ) ,  (5) 

where ~ is the shear rate and A, C > 0 are constants. 
2) Ostwald-deWaele  formula (OST-WAE and 

OST-VAR) 

~, = ~ r " ,  (6) 

where ~ > 0 and n > 1 are constants. 
3) Weissenberg-Rabinowitsch formula (WEI-RAB) 

~)= a z +  bz  3, (7) 

where a and b are constants. 

The best approximat ion was that having the smallest 
sum of squared deviations according to 

z 
2 (Ab) 2 = • (~ed, meas- ~ed, calc) 2 -+ m i n .  (8) 

i=1 

Here (Ab) are the differences between the measure- 
ments ((/red, meas) and the values given by the approxi-  
mation function ((/red, oalc) for a constant wall shear 
stress. Z is the number  of  measurements.  

Two different approximat ion methods were used for 
eq. (6): OST-WAE and OST-VAR. In the case of  OST- 
WAE the approximat ion was made in double-logarith- 
mic coordinates, whereas for OST-VAR the best ap- 
proximation was found by an iterative process, as also 
for eq. (3). More details are given in [11]. 

œ PVC-C1;  190  °C;  s m o o t h  
H: g 1 . 5  mm - - - P R A - E Y R  

- 2 . 0  mm I - - - O S T - W A E  Il 
x 2 . 5  mm . . . . .  OST-VAR I 
* 3 .O  mm I - - -  - W £ I - R A B  4 ]  

/ / /  

I ~ I I 
o. oo t .  «o 3 . 2 0  « so 

WRLL SHERR STRESS [ b a r  l 

Fig. 4. Reduced flow curve Vred versus z W for C1 

Figure 4 shows results for the compound C1. The 
experimental values give a toaster curve corresponding 
to wall adhesion. The calculations indicated that the 
Prandtl-Eyring formula (PRA-EYR) was the best ap- 
proximation. This was also found in earlier work by 
Görmar  [12]. 

If it is assumed that shear flow may be neglected 
(ideal plug flow), then the slip velocity is given by 

va = ( / / A .  (9) 

In this case the flow curves obtained for various slit 
heights H also produce master  curves (slip curves): 

va = ( / / ( B H ) = f ( z w ) .  (10) 

Since the measurements with compounds C5, C6 and 
C7 produced toaster curves when plotted in this form, 
it may be concludcd that slip flow prevailed. Figure 5 
shows such a slip curve for C6. 

In the same way as for the reduced volume outputs, 
the data for C5 to C6 were approximated  using the 
following functions: 

1) SINH (analogous to the Prandtl-Eyring formula) 

VG = Ca sinh (Zw/ AG) (11) 

with constants Aa and C6 ; 
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va = ¢ c r ~  (12) 

with constants ~0c and na ; 
3) POL (analogous to the Weissenberg-Rabinowitsch 

formula) with constants ac and bG, see eq. (2). 

The best approximation was found by using eq. (8) 
with vG substituted for Vred- In case of  eq. (12) the 
abbreviation POT denotes a linear regression in a 
double-logarithmic plot analogous to OST-WAE; 
POTV corresponds to OST-VAR. As can be seen from 
figure 5, the POL approximation using eq. (2) provides 
the best fit, in agreement with the results of  Offermann 
[6], although SINH and POTV also fit the data quite 
well. 
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6. Results 

The influence of  additives on shear flow may be seen 
in figure 6, which shows the flow curves I?=f(AP) for 
the four compounds with wall adhesion (C1 to C4). 
Increasing the concentration of  either lubricant shifted 
the flow curves to lower pressure gradients. With a rise 
in concentration from 1.2% (C1) to 2.6% (C4) the pres- 
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sure drop for a given output was lowered by just 8%. 
The curves in figure 6 were calculated from eq. (5). For  
all compounds, the value of  the constant A was 0.58 bar 
_+ 2%, whereas C rose with increasing lubricant concen- 
tration from 1.58 to 2.49 s-I.  

Some measurements were carried out with com- 
pound C4 at a melt temperature of  175 °C. Figure 7 
compares the flow curves for the two temperatures and 
various slit heights H. At 175 °C there is a steep rise in 
output above a critical wall shear stress of  about 
4.3 bar, which can be attributed to the onset of  slip "~ o 
flow. Above the critical value, the slip velocity seems ~ ~ 
to be independent of  the wall shear stress. In addition, - -  
when wall slip occurred there was no significant devia- 
tion from linearity in pressure drop over the length of  
the slit. 

Plotting the reduced volume output 12rea against the 
wall shear stress in double logarithmic coordinates, one 
obtains figure 8. Above the critical wall shear stress the 
values measured at 175°C do not lie on a toaster 
curve. There is also a shift of  the critical wall shear 
stress to lower values with increasing H. In the range of  
wall adhesion both curves are similar and may be 
shifted vertically (~ = const) to give a master curve. 

Table 3 shows the activation energies E~ for various 
shear rates calculated according to the equation 

r~,r~ = r~,r0 exp  [ - - R - - \ - T - - ~ - õ 0  . (13) 

This table shows that the activation energies decrease 
with increasing shear rates. The values are near those Oo 
for plasticized PVC [13, 14]. w 

As mentioned above, figure 5 and eq. (10) show that 
the compounds with wall slip can be characterized by a 
slip curve if slip flow prevails. This is the case for the ~ 
compounds C5, C6 and C7, whose flow curves are < 

E shown in figure 9. In spite of  some remarkable differ- o 
ences in composition (see table 2), the flow curves are 
almost coincident for all three compounds. 

Table 3. Activation energies of C4 at various shear rates 

Range of temperatures [°C]: 175-190 

Shear rate Activation energy 
[s- l] [kJ/Mol] 

50 48.0 
100 43.5 
150 41.9 
200 41.2 
250 40.1 

Plotting the measured values as slip curves, the 
deviations from the toaster curve are less than 5%, see 
also figure 5. The best approximation for the slip 
curves is given by eq. (2) (POL). In figure 10 these 
curves are plotted for C5, C6 and C7, and the corre- 
sponding constants are listed in table 4. 
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Table 4. Constants in eq. (2) describing the slip curves for C5, C6 and C7 shown in figure 10; 
data analysed using eqs. (4) and (10) 

Com- Die Melt ~o 6 n e aa be 

pound surface tempera-ture [ ° C] ( c ~ ]  [-] [ Cs@ar ] [ Cs@ar3 ] 

T w [bar] 

C5 smooth 190 0.187 2.30 ( 0 . 3 4 8 )  (0.0569)*) 
C6 smooth 190 0.427 0.0595 
C7 smooth 190 0.612 0.0454 
C6 smooth 175 0.0722 0.0400 

1.78-4.70 
1.05-6.00 
1.04-5.97 
1.86-6.70 

*) In this case the POT approximation is slightly better than the POL approximation. 

Tabte 5. Activation energies of C6 for various slip velocities 

Range of temperatures [°C]: 175-190 

Slip velocity Activation energy 
[cm/s] [k J/Moll 

1 54.8 
2 40.8 
4 30.5 
8 22.4 

12 18.5 

In the case of C6 measurements were also carried out 
at a melt temperature of 175 °C. Both the slip curves 
for 190 and 175 °C are shown in figure 11. Instead of 
eq. (4), the following equation was used for calculating 
the wall shear stress: 

A P H B  
T w -  (14) 

2 L (B + H) 

This resulted in a better toaster curve because in the 
case of plug flow the errors in calculating rw by the 
approximate eq. (4) are greater than for shear flow. 

Analogous to eq. (13) an activation energy for slip 
velocity E~~ can be calculated from the equation 

T~~,rl= T~~,r0 exp I--R-- \--~ - ~ • 

Table 5 lists the activation energies calculated from the 
measurements shown in figure 11. There is a remark- 
able decrease in E~ o with increasing slip velocity. 
Therefore the influence of temperature on slip velocity 
become smaller with increasing slip velocity. In the 
case of shear flow there is less influence of the shear 
rate on the activation energy of shear viscosity, see 
table 3. 

The results described above were all obtained for 
smooth die surfaces. To evaluate shear flow in the case 
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Fig. 10. Slip curves for C5, C6 and C7 

of prevailing wall slip, measurements were carried out 
with the grooved surfaces shown in figure 2. Flow 
curves for C4, a compound showing wall adhesion, 
with three die surfaces are shown in figure 12. In case 
of the grooved surfaces the slit height H is given as the 
distance between the tips. In all cases the grooved 
surfaces led to larger volume outputs than the smooth 
surfaces for equal pressure difference and equal values 
of H. Doubling the depth of the grooves produced only 
a small rise in output. 

In figure 13 the reduced flow curves for the three 
different surfaces are given, approximated by eq. (5) 
(PRA-EYR). With increasing output the discrepancy 
between the curves increases. A fictive enlargement of 
H by a constant value A H  in case of the grooved 
surfaces did not'lead to coin_cidence of the curves. 
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It is assumed that the transport of dissipated energy 
from the melt to the die wall is restricted by the melt in 
the grooves. Therefore the melt temperature near the 
grooved surface is higher than with a smooth surface, 
which leads to a lower viscosity near the surface and 
hence to an increase in output. Although this effect 

may be important, it cannot explain the small differ- 
ences in the effects caused by grooves of different 
depth. 

The prevention of slip flow by grooved surfaces was 
proven with two compounds that showed wall slip 
(C5 and C6). Figure 14 shows the flow curves for C5 
with smooth and grooved die surfaces. It is seen that 
using grooved surfaces the flow curves are shifted to 
much higher pressure differences and end with a 
vertical slope, indicating wall slip. The two different 
groove geometries do not produce significant differ- 
ences in the flow curves. 

Figure 15 shows the reduced flow curves correspond- 
ing to figure 14. As expected, the flow curves obtained 
with smooth die surfaces and with wall slip do not 
coincide in figure 15. However, the flow curves with 
the grooved surfaces give a master curve, which can be 
well approximated by eq. (5) (PRA-EYR) up to a 
critical wall shear stress of about 5.5 bar. 

Using this technique one can find the part of the 
shear flow that is superimposed on the slip flow. As 
figures 14 and 15 show, the fraction of volume output 
due to shear flow r/s~ f~ is small in relation to that due 
to slip flow and is about 10%. Therefore the slip curves 
in figures 5 and 10 are good approximations. The frac- 
tion due to shear flow becomes larger with increas- 
ing H. 

If we compare the r rs. ? relations for C1 to C4 with 
the r vs. ? relations obtained for C» and C6 by prevent- 
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ing wall slip, we obtain figure 16. All the curves are 
approximations using the Prandtl-Eyring formula, 
eq. (5), which gave the best fit of  the experimental 
results. The differences in the curves for C5 and C6 are 
within the limits of experimental error. 

With these results we are able to correct the slip 
velocities found by assuming ideal plug flow, see 
figures5 and 10. To a second approximation, slip 
velocities can now be calculated using eq. (1), since 
l?s may be derived from the T rs. 3? relation found with 
the grooved surfaces. 

Since slip flow takes place only at the surface of  the 
die wall, a rauch stronger influence of  the wall tem- 
perature Tw should be expected than in the case of  
shear flow with wall adhesion. Measurements were 
carried out with a HDPE at a melt temperature TM of  
220 °C. With constant outputs, given by the forward 
velocity of  the screw, we measured the dependence of  
the pressure differences A P  on Tw, which could be 
changed by the temperature of  the circulating oil. In 
figure 17, A P  is plotted for constant TM and constant 
output against the difference T w - T M .  For  HDPE 
with an output of 1.3 cm3/s there was only a slight 
dependence of  AP on T w - T M ,  as expected. With an 
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output of 4.6 cm3/s the influence of T w - T M  also 
remained small. It is possible that the change in slope 
at the left-hand side of the curve is caused by the 
greater dissipation of energy. 

On the other hand, for the compound C6 a strong 
influence of the wall temperature is seen. Since slip 
flow prevails, the melt temperature should have little 
influence on AP and in fact AP should only depend on 
the temperature of the melt at the wall. Therefore the 
AP-value from the slip curve for 175 °C is nearly the 
same as AP measured with TM = 190 °C and Tw = 
175 °C, see figure 17. Also the AP-values taken from 
the slip curve for TM = 190 °C agree well with the plots 
of figure 17, which shows the good reproducibility of 
tfie measurements. 

7. D i s c u s s i o n  a n d  c o n c l u s i o n s  

The combination of an injection moulding machine 
with a capillary rheometer had a number of advantages 
over a capillary rheometer used in combination with a 
single screw extruder with a bypass. For example, the 
thermal history of the plasticized compound did not 
change when the pressure drop or output was varied. 
Furthermore, a much greater range of pressures and 
outputs were obtained than is possible with a single 
screw extruder. The height of the slit could be quickly 
changed after opening the clamping unit. Therefore, 
the time and material requirements were smaller than 

for an extruder with a bypass. The advantages of a slit- 
rheometer have been described by Eswaran et al. [15]. 
The reproducibility of the pressure differences was 
such that the errors were smaller than 4%. 

When the slip flow component of the flow is small, 
the method of Mooney [19] for evaluating the slip 
velocity leads to considerable errors, see [4, 6]. The 
master curves in this work corresponded to both 
extreme cases of the Mooney method: eq. (3) for 
~2c = 0, and eq. (10) for l/s = 0. In these cases one has 
the advantage that the results of all measurements, 
independent of H and Tw, can be used for the master 
curve, which reduces the errors in the results. It was 
found that the slip velocities calculated by the Mooney 
method did not deviate more than 15% from the values 
derived from the master curves presented here. 

The toaster curves for slip and shear flow and the 
corresponding equations can also be used for calculat- 
ing pressure-output relations in extrusion dies by an 
iterative method. 

On the basis of our experiments we cannot generally 
predict when slip flow will take place and when not. It 
seems that slip flow is favoured by a rather high shear 
viscosity, corresponding to high K-values. Our com- 
pounds C1 to C4 had K-values of 58, and slip flow was 
not observed at 190 °C. This agreed with the IUPAC- 
experiments [16], which showed that slip flow could be 
excluded for a K-value of 52 and temperatures higher 
than 180 °C. Offermann [6], on the other hand found 
slip flow with a K-value of 70. Further experiments are 
necessary with compounds having various K-values 
(molecular weight) but containing the same additives. 

The slip effects cannot be explained by Coulomb 
friction as this would lead to an exponential decrease 
in pressure over the length of the slit [5], whereas in 
these experiments a linear decrease was always found. 
A possible explanation could be the presence of a thin 
layer of lubricant caused by flow-induced diffusion 
[20]. 

From the experimental results given here it can be 
seen that the energy dissipated during flow is not 
decisive for shear or slip flow. For a given power dissi- 
pation during flow either wall slip or wall adhesion is 
possible. However, for a given output, the power 
dissipated in a flow with wall slip was found to be 
lower than in a flow with wall adhesion. This was 
verified experimentally with grooved dies of equal 
dimensions [11]. 
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