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ABSTRACT: Polypropylene (PP)-type resins with narrow molecular weight distribution,
such as PP-type thermoplastic elastomer PER and controlled-rheology PP (CRPP) made
by peroxide degradation of high molecular weight PP, have a problem of easy genera-
tion of skin roughness at extrusion. To examine the present state, the occurrence of skin
roughness in PER and CRPP at extrusion was investigated with a capillary rheometer
in a shear rate range of 12-6100 s ' and a temperature range of 180-280°C. A
homo-PP (HPP) and a block-PP (BPP) with usual molecular weight distributions were
used for comparison. HPP and BPP with usual molecular weight distributions show
smooth extrudates at low shear rates and abruptly generate severe skin roughness
“elastic failure” originating at the die entrance at a higher shear rate. PER and CRPP
with narrow molecular weight distributions easily generate “sharkskin” melt fracture
originating at the die exit, from a shear rate nearly one decade lower than rates of
elastic failure of HPP and BPP. The sharkskin becomes more severe, with increasing
shear rate, and attains to the elastic failure. The critical shear rate at which sharkskin
occurs increases with increasing extrusion temperature. The critical shear rate is about
20 s~ ! at 180°C and about 120 s~ ! at 280°C, which is in the range encountered by the
molten resin at extrusion processing. © 2002 Wiley Periodicals, Inc. J Appl Polym Sci 84:

2111-2119, 2002

Key words: polypropylene-type resins; extrusion; sharkskin; elastic failure; critical

shear rate

INTRODUCTION

Polypropylene (PP)-type thermoplastic elastomer
P.E.R. (PER, produced by Tokuyama Corp., Ja-
pan) is a reactor-type thermoplastic elastomer
and is used in fields of injection molding and
film/sheet extrusions.'™ PER has a problem of
easy generation of sharkskin melt fracture at ex-
trusion and is expected to suppress it, given that
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PER has a narrow molecular weight distribution
compared to that of usual PP. The controlled-
rheology PP made by peroxide degradation of
high molecular weight PP also has a narrow mo-
lecular weight distribution and hence possesses
the same problem.

Various types of skin roughness occur at poly-
mer melt extrusion: scratches, sharkskin, bam-
booing, spiraling, irregular fracture, and so forth.
The sharkskin and irregular fracture frequently
appear. PER and CRPP also generate these two
types of skin roughness as shown later.

Two types of theories are proposed for the
mechanism of “sharkskin.” One is based on the
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Table I Characteristics of Samples

Sample Code PER CRPP HPP BPP
Grade T310E KPP-1 YD121 MS624
Ethylene content (wt %) 22.4 0 0.5 4.0
M, 119,000 111,000 65,800 66,700
M, 244,000 342,000 461,000 441,000
M, /M, 2.1 3.1 7.0 6.6
MFTI (g/10 min) 1.77 1.71 1.75 1.70
Die swell ratio 1.40 1.11 1.26 1.16

stick-slip at the die wall*'° and the other is
based on the periodic growth and relaxation of
tensile stress at the extrudate surface at the die
exit.'’2° The sharkskin is considered to occur at
a constant extrudate velocity and its critical velocity
increases with increasing temperature.!1%21:22 Tt
occurs at a lower shear rate for a resin with nar-
rower molecular weight distribution.®1222-24 A]-
though molecular weight does not influence the
sharkskin as much as its distribution does, a
resin with higher molecular weight more easily
generates the sharkskin.???? Recently, a trial of
explaining the sharkskin on a molecular basis
was proposed. Wang et al.?>?% proposed an “inter-
facial molecular instability mechanism,” which
states that the sharkskin occurs because of a local
conformational transition at the die exit wall
where the absorbed chains trap a layer of inter-
facial chains. This layer oscillates between entan-
glement and disentanglement states attributed to
a reversible coil-stretch transition. The shark-
skin generally occurs from lower shear rate or
stress than those from elastic failure mentioned
below. These experimental facts were obtained
mainly for high-density polyethylene, linear low-
density polyethylene, and polydimethylsiloxane,
with relatively narrow molecular weight distribu-
tions.

The irregular fracture, on the other hand, is a
phenomenon in which stored elastic energy at the
die entrance cannot be held anymore and released
at the die exit, called “elastic failure”.'>2” The
critical shear rate and stress of the elastic failure
are the higher as the molecular weight is the
lower and the extrusion temperature is the higher
and the dependency of the critical shear stress on
the molecular weight and temperature is by far
less than that of the critical shear rate.'»?® The
elastic failure occurs from lower shear rate as the
molecular weight distribution is broader.?*

To examine the present state of melt fracture
behaviors of PER and CRPP, they were extruded

with a capillary rheometer at an extrusion tem-
perature interval of 20°C in a temperature range
of 180—280°C and the extrudates were observed.
Furthermore, to clarify the mechanism of shark-
skin of PP-type resins with narrow molecular
weight distributions such as PER and CRPP, cap-
illary extrusion experiments were carried out by
using three dies with the same capillary length
(L)/diameter (D) ratio and different D values and
by using three dies with the same D and different
L values. A homo-PP (HPP) and a block-PP (BPP)
with the usual molecular weight distributions
and similar melt flow indices (MFIs) to those of
PER and CRPP were used for comparison.

EXPERIMENTAL

Samples

Table I shows characteristics of the samples used.
PER used was P.E.R. T310E (M,,/M,, = 2.1) man-
ufactured by Tokuyama Corp. (Japan). CRPP
(M, /M, = 3.1) was made by peroxide degradation
of an ultrahigh molecular weight PP with a screw
extruder. HPP and BPP used were Tokuyama
Polypro YD121 (M,/M, = 7.0) and MS624
M,/M, = 6.6) manufactured by Tokuyama
Corp., respectively. Because PER is a kind of pro-
pylene/ethylene block copolymer with high con-
tent of EPR copolymer portion,' 2 it is preferably
compared with BPP. Meanwhile, because CRPP
is a degraded homo-PP, it is preferably compared
with HPP.

Extrusion Test with Melt Indexer

To characterize the samples, melt flow index, flow
activation energy, and die swell ratio were mea-
sured with a melt indexer (X416 Type; Takara
Thermistor Instruments Co. Ltd., Japan) under
2160 g load at 200, 230, and 260°C.



MELT FRACTURE BEHAVIOR OF PP-TYPE RESINS. I 2113

Table II Dimensions of Dies

Length Diameter
NO L (mm) D (mm) L/D
1 5.0 0.5 10
2 10.0 1.0 10
3 20.0 2.0 10
4 5.0 1.0 5
5 20.0 1.0 20

Extrusion Test with Capillary Rehometer

Capillary flow properties were measured with a
capillary rheometer (Capirograph 1B Type; Toyo
Measurement Instruments Co. Ltd., Japan). The
dimensions of stainless steel dies used are shown
in Table II.

For all samples in Table I, the flow curves were
measured with no. 2 die (L = 10 mm; D = 1 mm;
L/D = 10) at an extrusion temperature interval of
20°C at a temperature range of 180—280°C under
extrusion speeds of 1-500 mm/min, and the ex-
trudate surfaces were observed with a magnifier.

For PER and CRPP, extrusion tests were car-
ried out by use of three dies (1, 2, and 3) with the
same L/D (=10) and different D values, and the
slip velocities at the die wall were evaluated by
the Mooney method.?® At the same time, whether
the sharkskin occurs at a constant extrusion ve-
locity or at a constant shear rate was examined.

The influence of capillary length L on the melt
fracture behavior of PER was examined by use of
three dies (2, 4, and 5) with the same D (=1 mm)
and different values of L.

The apparent shear rate at the die wall ¥,
apparent shear stress 7,,, and apparent shear vis-
cosity 7, are given by egs. (1), (2), and (3), respec-
tively:

4Q
Yo = RS (D
PR )
o= 9L =
= T 3)
Me™ 5,

where L (cm) is the capillary length, D (=2R) (cm)
is the capillary diameter, @ (cm®/s) is the volu-
metric extrusion rate, and P (Pa) is the extrusion
pressure.
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Figure 1 Temperature dependence (Arrhenius plot)
of melt flow index (MFI).

Observation of Extrudate

Optical micrographs of PER extrudates extruded
with a die of L = 10 mm, D = 1 mm, and L/D = 10
at 240°C were taken under a magnification of x30.

RESULTS AND DISCUSSION

Characterization of Samples

Figure 1 shows the temperature change (Arrhe-
nius plot) of MFI. Although the activation energy
AH, of HPP is 45 kJ/mol and a little higher than
that of the others (37-38 kdJ/mol and nearly the
same), it may be regarded that the temperature
dependency of viscosity of PER is nearly the same
as that of PP.

Figure 2 shows the temperature change of die
swell ratio D/D,. Given CRPP’s narrow molecular
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Figure 2 Temperature dependence of die swell ratio
D/D,,.
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Figure 3 Optical micrographs of PER extrudates. 240°C, Die: L = 10 mm, D = 1 mm,

L/D = 10.

weight distribution, its die swell ratio is smaller
than that of HPP. In spite of narrow molecular
weight distribution, PER shows large die swell
ratio because PER is a blend of PP and EPR and
shows a multiphase network structure.?

Melt Fracture Behavior

Figure 3 exemplifies optical micrographs of PER
extrudates extruded at various extrusion speeds
at 240°C by use of a die with L = 10 mm, D = 1
mm, and L/D = 10. The extrudates are smooth at
shear rates of 12.2 s™! and 24.3 s}, a weak
sharkskin appears at 60.8 s~ !, grows gradually
with increasing shear rate, and attains to an elas-
tic failure at 1220 s~ 1. Accordingly, for this sam-
ple under these extrusion conditions, the critical
shear rate at which a sharkskin begins to occur,
%.(SS), is 60.8 s~! and the critical shear stress
7.(SS) is 9.08 X 10*Pa. Similarly, the critical
shear rate for elastic failure ¥.(EF) is 1220 s !
and the critical shear stress 7.(EF) is 2.91 X 10°
Pa. It can be said that the higher the value of
¥,(SS), the wider the extrusion speed range where
fine extrudates can be obtained.

Figure 4 shows the temperature changes of
¥.(SS), ¥.(EF), 7.(SS), and 7. (EF). As shown in
Figure 4(a), for PER %.SS) increases with in-

creasing extrusion temperature and is about 20
s 1at 180°C and about 120 s~ ! at 280°C, which is
in the shear rate range that a molten resin en-
counters at extrusion processing. y.(EF) also in-
creases with increasing extrusion temperature at
a slope similar to that of ¥,(SS) and is about 400
s~ ! at 180°C and about 4000 s~ * at 280°C. 7,(SS)
and 7, (EF) are independent of extrusion temper-
ature and are 1 X 10° Pa and 3 X 10° Pa, respec-
tively. Other grades of PER also show similar
melt fracture behaviors to those of this grade. The
experimental results for temperature dependency
of ¥,(SS) of PER show similar tendencies to those
of HDPE by Howells and Benbow,!! by Clegg,?!
and by Staubler et al.?2 Furthermore, it has been
shown that the value of 7.(SS) is 1-3 X 10° Pa,
independent of the kind of polymer and extrusion
temperature, agreeing with the present value
of PER.

Figure 4(b) shows the results of CRPP. CRPP,
like PER, also shows a sharkskin. This is as-
sumed to be because of its narrow molecular
weight distribution. As stated in introductory re-
marks, the sharkskin easily occurs when the mo-
lecular weight distribution is narrow. Given that
the sharkskin also occurs for homo-PP with a
narrow molecular weight distribution like that of
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Figure 4 Temperature changes of critical shear rate
at which sharkskin begins to occur, ¥.(SS), critical
shear stress 7.(SS), critical shear rate at which elastic
failure begins to occur, y.(EF), and critical shear stress
7,(EF). (a) PER, (b) CRPP, (¢) BPP and HPP.

CRPP, it is assumed that the cause of sharkskin
of PER arises from its narrow molecular weight
distribution. ¥,(SS) and ¥.(EF) of CRPP are

nearly the same as those of PER, whereas 7.(SS)
and 7,(EF) of CRPP are slightly higher than those of
PER and nearly the same as those of BPP and HPP.

Figure 4(c) shows the results of BPP and HPP.
These PPs do not generate the sharkskin and
abruptly generate an elastic failure when the ex-
trusion speed is increased. y.(EF) and 7.(EF) of
these PPs are considerably lower than those of PER.

Effect of Capillary Diameter on Melt Fracture
Behavior

The effects of capillary diameter D on the critical
shear rate and critical shear stress is shown in
Figure 5(a) for PER and in Figure 5(b) for HPP.
These figures show that the melt fracture behav-
ior is scarcely affected by D.

If the melt fracture occurs at a constant extru-
sion velocity, ¥, X D must be constant.'* How-
ever, the experimental results show that it is not
the case, although ¥, is constant. Accordingly, it
may be said that both the sharkskin and the
elastic failure begin to occur at a constant shear
rate or stress.

As mentioned in the introductory remarks, a
cause of the sharkskin is considered to be a slip at
the die wall. If a slip at the die wall exists, the
following Mooney equation®® holds with v, for the
slip velocity:

49 1 4
Vw:W:4UoE+?i Tf(ndr (4)

0

Accordingly, apparent flow curves are first mea-
sured by use of dies with the same L/D and dif-
ferent values of D (=2R) and then ¥, = 4Q/=R? at
constant 7, is plotted against 1/R for each T,
which gives linear relationships. The slip velocity
v, is obtained from the slope.

Representative apparent flow curves at 200°C,
240°C, and 280°C are shown in Figure 6(a)—(c) for
PER and in Figure 7(a)-(c) for HPP. It is seen
from Figures 6 and 7 that for both PER and HPP
the influence of D is more remarkable at lower
temperatures, which means that the slip occurs
more easily at lower temperatures. From the fact
that the slip is observed for HPP even as it is for
PER, the sharkskin of PER cannot be explained
only by the slip at the die wall.

Effect of Capillary Length on Melt Fracture
Behavior

Figure 8 shows the effect of capillary length L on
the melt fracture behavior of PER as an example.
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Figure 5 Dependency of critical shear rate and critical shear stress on capillary

diameter D. L/D = 10: (a) PER, (b) HPP.

Although ¥,.(SS) and 7.(SS) are scarcely affected
by L, ¥.(EF) and 7.(EF) are higher as L becomes
shorter. This is assumed to be because an appar-
ent shear stress without end correction is used as
the shear stress and, hence, the shear stress mea-
sured with the shorter die is calculated appar-
ently the higher. That the effect of L is scarcely
observed for sharkskin, whereas it appears re-
markably for elastic failure, is assumed to be
partly because the former begins to occur at a
low shear rate where the end correction term is
small.

Moynihan et al.'* studied the effect of L on the
sharkskin of LLDPE and found that long L sup-

pressed the sharkskin. They concluded that the
die entry region plays an important role and a
longer die damps the fracture generated at the
entry region more than it does at the die land
region. L scarcely affected the sharkskin in the
present experiments for PP-type resins, not
agreeing with that of Moynihan et al.,'* whose
reason is not clear at the present time.

CONCLUSIONS

Polypropylene (PP)-type resins with narrow mo-
lecular weight distribution, such as PER and
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plots). PER: (a) 200°C, (b) 240°C, (c) 280°C.

CRPP, have a problem of easy generation of skin
roughness at extrusion. To examine the present
state, the occurrence of skin roughness in PER
and CRPP at extrusion was investigated with a

capillary rheometer in a shear rate range of 12—
6100 s~ ! and a temperature range of 180-280°C.
HPP and BPP with the usual molecular weight

1.0E+06 5
HPP cL o
200°%C
L/D=10 b A

icse
o
A
- 1.0E+05 = AEt[
© oA
a o
z o
[ [u}
1.0E+04
1.0E+03
1.0E+00 1.0E+01 1.0E+02 1.0E+03 1.0E+04 1.0E+05
4Q/ 7R (s
(@)

1.0E+06
HPP \
240°C o o)
L/D=10 N

A
(u)
1.0E+05 O
— fleea
© m]
o =FA
E a A
P
O
1.0E+04 Fr
O D=0.5mm
AD=1.0mm
0 D=2.0mm
1.0E+03
1.0E+00 1.0E+01 1.0E+02 1.0E+03 1.0E+04 1.0E+05
4Q/ nR* (s7)
(b)
1.0E+06 -
HPP
280°C o
L/D=10 Jo
A A
1.0E+05 P
< AEDQDT
a s
~ (m]
x N
- oul
1.0E+04 =
- OD=0.5mm
al AD=1.0mm
0 D=2.0mm
1.0E+03
10E+00 1.0E+01 1.0E+02 1.0E+03 1.0E+04 1.0E+05
4Q/ 7R* (s7")

(©

Figure 7 Flow curves measured by use of three dies
with same L/D (=10) and different D values (Mooney
plots). HPP: (a) 200°C, (b) 240°C, (c) 280°C.



2118

FUJIYAMA AND INATA

1.0E+04 rsem | ,L 1.0E+06
D=1mml J *
- A x ﬁ A A i
" A ' A A i
2 ] I L g
(™ . ; : pud
oy 10E0s pa— . o 1.0E+05 [
o a A A %
b2 S i o
- [ P
T 2 5
) o O O 759 i\ 6 =
~ 10E+02 |4 & A FEP) 1.0E+04 @
‘é’, i e o @ 7 (EP | 3 12
<, A A A T EP © © i
o 5 10 L20 L(mm‘)
© ©
i i
1.0E+01 @ 1 1.0E+03
160 180 200 220 240 260 280 300

Temperature (°C)
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length L. PER: D = 1 mm.

distributions were used for comparison. The fol-
lowing results were obtained:

1. HPP and BPP show smooth extrudates at
low shear rates and abruptly generate se-
vere skin roughness “elastic failure” origi-
nating at the die entrance at a higher shear
rate. PER and CRPP easily generate
“sharkskin” melt fracture originating at
the die exit, from a shear rate nearly one
decade lower than rates of elastic failure of
HPP and BPP. The sharkskin becomes
more severe, with increasing shear rate,
and attains to the elastic failure. The crit-
ical shear rate at which sharkskin occurs
increases with increasing extrusion tem-
perature.

2. Melt fractures such as sharkskin and elas-
tic failure are scarcely affected by capillary
diameter and, hence, do not occur at a con-
stant extrusion velocity but at a constant
shear rate or stress.

3. Although the slip of resin at the die wall is
more remarkable at lower extrusion tem-
peratures, the slip of PER does not differ
very much from that of HPP. Accordingly,
the occurrence of sharkskin cannot be ex-
plained only by the slip.

4. The critical shear rate and stress at which
the elastic failure begins to occur are lower
as the capillary length is longer, whereas
those of the sharkskin scarcely depend on it.

The melt fracture behaviors of PP-type resins

with narrow molecular weight distribution gener-
ally agree with the previous information obtained
mainly for LLDPE, with some exceptions. The
mechanism of sharkskin of PP-type resins cannot
be presumed only from the present investigation
and further study is needed, which will be re-
ported in a following study.

The authors thank Tokuyama Corp. for permission to
publish this study.
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