ATOMIC ENERGY AGENCY

L, BCIENTIFIC AND CU LTURAL ORGANIZATION

TERNATIONAL CENTRE FOR THEORET

00 TRIESTE UTaLy) - P.O.B. 580 - MIRAMARE -

ICAL PHYSICS

- STRADA COSTIERA 1] - TELEPHONE: 2240-1
E: CAUBLE: CEXTRATOM - TELEX 40030 - 1

f

o

2

2

e
.\t;},

SMR/206-17

“*SCHOOL ON POLYMER PHYSICS"
27 Apr:l — 15 May 1987

YA COMPREHENSIVE EXPERIMENTAL STULY OF THE
RHEOLOGICAL BEHAVIOUR OF HDPE"
I. Entrance Effect and Shear Viscosity Results

Professor D. ACIERNO
Istituto di Ingegneria Chimica
Univarsitd di Palermo
Palermo, Italy

These are preliminary lecture notes, intended only for distribution to participants.
Missing or extra copies are available ir Room 231.






Rheologica Acta

Rheol. Acta 22, 299 - 307 (1983)

A comprehensive experimental stdy of the rheological behaviour of HDPE.
I. Entrance effect and shear viscosity results

F. P. La Mantia, A. Valenza, and D. Aciernc

Istituto di Ingegneria Chimica, Universita di Palermo €taly)

Abstract: Bheolozical properties of six high-density-polyethyiene (HDPE)
samples wit 1 known average molecular weight and molecular weight distribution
Fave beer. d2termined with the aid of two capillary viscometers over a wide range
cf temperaty res ard shear rates, Generalized relationships have been found for

tae entrance gorrection, the

zero-shezr viscosity and the shift factors of the

whole viszosty curve,

Aey woras: High-censity-polyethylene, end effect, shear viscosity

1. Introduction

It is well known that the rheological behaviour ef a
molten polymer depends strongly on st-uctural pera-
meters such as average molecular weight, molkealar
weight distribution, degree of branching, etc. [1 —4].
However, the dependence of shear viscosity, die swell,
elongational viscosity, etc. on the above parametess js
in most cases not even qualitatively ve-y well es:ah-
lished [3, 5].

We have undertaken a comprehensive researca -
gram on the rheological behaviour of high-density-
polyethylene (HDPE). In this paper, we attemp: Lo
assess, both qualitatively and quant tatively, he
entrance effects and the shear-viscosity dependence
on molecular weight and molecular weight distribu-
tion. The effect of temperature is also taker mto
account throughout.

2. Experimental

The materials used in this work were six high
density polyethylene samples differing in averzge
molecular weight and/or molecular weight distri—n-
tion. These characteristics, listed in table 1, had b=en
evaluated [6] with the usual chromatographic pmo-
cedures,

]

A constant force viscometer and a constant rate
viscometer have been empioyed for determining the
rheological characteristics of the above polymers:
more precisely, the former has been used in the low
shear rate region and the latter in the high shear rate
region. Four different capillaries have been adopted
in both cases: the diameter was always 1 mm and the
length to diameter ratios were 40, 20, 10 and 5; the
entrance angle was 80°. The test temperatures were
160, 170, 180 anc 190°C.

Table 1

Sample code M, A= M/M,
A 65,000 4.3

B 113,000 5.3

C 147,000 4.7

D 158,000 7.9

E 195,000 15.6

F 395,000 27

3. Results and discussion

Typical results are reported in the form of pressure
drop vs. flow rate for all the capillaries in figure 1 and
in the form of pressure drop vs. length-to-diameter
ratio at given flow rates in figure 2.
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Fig. 1. Pressure drop vs. flow rate for 4 capil-
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Following the Bagley analysis

[7), the latter type of
diagram enables one to evaluate the end correction
factor n, see eq. (9) below.

The factor n is shown in figure 3 for all the

polymers and test temperatures as a function of the
apparenl shear rate, Yapp+ Which is easily calculated
from the flow rate [8].

As one might e€xpect, n decreases with increasing
temperature. More quantitatively, a generalized de-
pendence on the temperature has been found through
the use of a single shift factor for all samples, defined
as [9]

Fig. 2. Pressure drop vs. length to-diameter
ratio for various flow rates

C(T -T,)

| = —— .
oBar C2 + (T - T,.)

m

The constants €, and C, take the values 2.4 and
=103, respeciively, for a reference temperature T, =
190°C.

The generalized curves, n vs, YapptT, are shown in
figure 4. From the data of figure 4 it appears that the
Bagley factor increases with both the weight-average
molecular weight and the molecular weight distribu-
tion parameter, § = M,/M,. A quantitative form for
this dependence has been found by constructing semi-



__ormmEEmeny A pbiviilal dlud ¥ O meneotog:call:chav.'(-urofHDPE.1.Entrancccfl"ccland shiear viscosity resulis 301
6 T T 1 T Y T T
= —
4 A - o »
B - 4 o .
- D 4 3 -
I g Ee ety "
ol = § 1 § £ i
1 1 1 ] 1 1 1
] i [ T 1 ) 1
s 8 - E a :
B T o
n 4 ol — o —
o a
- o o L] —4 8 n E 2 —d
2 |- . ’ a -+ 3 ._
NERE T ]
L 1 1 1 ] 1 1
1 1 1 K I ¥ 1
& - -+ F -
c o
L . —
4 | -—t -
| g 4 S A -
| ]
2 }- 5 ¥ B 4 i B E e o _
L E 4 - Fig. 3. End correction factor
o 1 1 1 1 I 1 as & funciion of the apparent
-- 3 G 19 >  shear rate at various tempera-
e ! 10 hd ¢ ! 10 0 tures, L) 160°C, ® 170°C,
¥ e sec’ C 180°C, W 190°C
[ [ 1 T
8 | -
-]
8 [ -
o c
L o, -
4 | %y . _
= L f‘oo.a ad 1
2 00 & g'e PO
— 80 Cogj o @ oa -
cop ° s Y. . . .
B f 23 fad y o T T -1 Fig. 4. Generalized curves for the end correction
o I | l i factor. & sample A, A sample B, ® sample C, B
16 1 10 10 1d i ¢  sample D, T sample E, O sample F

logarithmic plots of n vs. M_B at fixed values of

yappaT'

Since the best fitting curves through the experimen-
tal points are straight lines (see figure 5), one may
write

n=K,+ C,In(M_B). 2)
The constants X, and C, depend upon temperature

and shear rate through the product Yappdr in the
following form;
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Fig. 5. End correction factor as & function of M.p a
various shear rates. Key for symbols as in figure 4
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Ky = ~2.76 - 0.435 In(5pap),

Co = 0.271 (3, 0712,

&P, dynss /e m’

(3) In conclusion, it is possible, with the aid of eqs.
(1~ 4), to evaluate the end correction factor for any
(4) HDPE and for any working condition, j.e. any tem-
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Fig. 6. Entrance pressure drop as a function of the shear rate
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perature and apparent shear rate. It has to be said,
however, that should M,, become very smal’, 7 must
approach zero. Thus eq. (2) cannot hold in tha: limit,

A different way of considering entry ef fects, which
can also be used to estimate normal stresses {10, 11],
is that of determining the pressure drop at Lhe capil-
lary entrance. Thijs is obtained from the plos in fig-
ure 2 by taking the value of ap at L/p = ¢ 13].
Though this value is the sum of the entrance and the
exit pressure drops [3], since the ratio AP/ AD,,, is
very small, one may approximately assume AL 0.0
= Apyy,.

The vaiues of Ap.,, for all test temperatures and
polymeric samples are reporied in figure 6 as function
of the apparent shear rate. For each temperature and
polymeric sample one may write the relationship:

AP = K (j'app ), ()

where X depends both on the temperature and the
polymer while ¢ is 0.53 in all cases, in good agreement
with similar published results [12].

As in the case of the Bagley factor, curves fo- dif-
ferent temperatures may be collapsed into a single
one. The generalized curves, obtained by using the
same shift factor for al| malerials, are shown in fgure
7: the reference lemperature is 190°C. Also this shift
factor, ar, follows eq. (1) with C; = 3.12 and G =
- 230.

Once again the entrance pressure drop can be
shown to depend on structural parameters through
the M8 product (see figure 8):

APy = Kcm + Cemt ln(M,..ﬂ) ()]

and, also in this case, Kew and C,,, depend only on the
factor y, . a;:

Kew = = 5.3 (ppai)™*?, (7)

Come = 0.488 (,,a5)%% (8)

By the use of either the Bagley factor, n, or the
APer, one can calculate the shear stress a the wall as

Dap - D(ap - A4p.)

9

T=

AL + nDY 4L
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Fig. 10, Zero-shear viscosity as a function of the inverse of
absolute temperature. Key for symbols as in figure 4. Semi-
closed symbaols correspond to data evaluared through
eg. {11)
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Determining the slope n' in the logarithmic plots ¢

VS. Vupp allows one to perform the Rabinowitch cor-
rection for the shear rate | 13}:

i 3n'+1
app an' .
in figure 9, the viscosity evaluated through egs. (9)
and (10) is plotted against ¥ for all polymars at the
temperature of 180°C. One may note that the zero-
shear viscosity has not been attained for samples £
and F, In these cases, use has been made of the
Ferry’s relation to evaluate ne [14);
1

—=i+br.
n o

(10)

(11)

A good agreement has been found between the
values of n, obtained in this way and those deter-
mined experimentaily elsewhere [15] with a cone-and-
plate viscometer.

All the ny values are shown in figure 10 as a
function of the inverse of the absolute temperature.
By using the Arrhenius equation:

E
”0 = K" exp (‘—FF)

it was possible to evaluate the activation encrgy, E.
The values of E have been plotted against M_# (see

(12)

figure 11) and a simple relationship has been found,
of the “orm:

E= -3385+0.73 In(M_8). {13)

Follcwing [16], the best expression for the depend-
ence of the zero-shear viscosity on molecular weight
and molecular weight distribution was found to be

Inwo = -20.55 + 2.75In(M, 5919, (14)

The above relationship, specifically found for the
data a1 180°C and shown in figure 12, indicates a
dependence on both M, and # smaller than thar pre-
dicted by various theories {17, 18]. Of course, through
egs. (120 and (13), the relationship (14) can give the
2ero-shear viscosity for any HDPE sample at any
other temperature. ’

Figure 13 shows the generalized viscosity curves in
the formw of n/n, vs. ¥/af , obtained from data a dif-
ferent temperatures. The reference lemperature is T,
= 190°C.

The temperature shifi factor for all pelymers is
given by

e =1+ KT - T,), (s

where K™ is in turn a function of M, and 6. The
experimentally found relationship is

K'= ~0046 + 5. 10°3(M, 8) . (16)
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Fig. 14. Master curve for the dimensionless viscosity. Key for symbo!s as in figure 4
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A further superposition has been attempted, with
the data of figure 13 in order to obtain a single curve
for all polymers. A horizontal shift is suffic enl m
obtain the curve reported in figure 14 with 31 shit
factor which depends on molectlar weight | and
molecular weight distribution throwgh the reatior-
ship

(a7
Figure 14, togcthcr with eqS. (15—17) d=te-mines

the ratio #7/n, for any polymer as well as for anr value
of shear rate.

a, = 6.95-10% (M, 5)°%

4. Concluding remarks

By analysing rheological data obtained or. well
characterized HDPE samples, generalized relation-
ships have been found for the entrance corrections as
a function of temperature, weight-average molecular
weight and molecular weight distribution. Further-
more, generalized relationships have been fourd for
the zero-shear viscosity and for the sh ft factcrs of the
whole viscosity curve. The full set of these results is of
technological relevance insofar as it allows o 1o
evaluate not only the viscosity but also the irye
pressure drop for short capillaries, thus p-oviding
useful information for die design.
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IIL. Die-swell and normal stresses

F. P. La Mantia, A. Valenza, and D. Acierro

Istituto di Ingegneria Chimica, Universita di Palermo {italy)

Abstraci: Die-swell data have been cbtained for six high-density-polyethylene
(HDPBEysamples. The data are 5-esented in the form of generalized relationships
taking ir1o account both moleculzr and operational parameters.

Daia sbtained from annealad samoles have been used to calcutate the first
normal-stress difference by usiiz Tarner’s approach. An analytical expression
has bear fcurd correlating thz normal-stress difference with the shear-stress
taking irto account the molecular characteristics.

Key wois: High-density-polycthyiene, die-swell, normal stress

1. Introduction

In the first paper of this series “1] we menticned
that the dependence of the rheologizal characseristics
of molten polymers on structural parameters is in
many cases not even qualitatively well established [2,
3]. Studying six different high-deasity-polye . aviene
samples we considered quantitatively the inflLznce of
molecular weight and molecular wzight dist- buticn
on entrance phenomena and steady-shear v=cosity,
Generalized relationships were found which rey cer-
tainly be considered to be of technological importznce
in die design.

The aim of this paper is to further this 5 udy by
obtaining diameter data at the exit cf a capillzry {die-
swell) on the same HDPE sampies. The data a-2 again
presented in the form of generalized relatiznships
taking into account both molecular (molecula weight
and molecular weight distribution) and operational
(length-to-diameter ratio, temperature, flow rate)
parameters. Furthermore, by makimg use or a well-
known thoretical approach [4], some of the resalis
were used to calculate values of the first norme -siress
difference which were found to agree well w th the
literature [5, 6].

2. Experimental

The materials used were the six high density poly-
ethylene samples studied previously, whose me ecular
characteristics were reported in table 1 of [1].

The tests were performed at four different tempera-
tures (16C, 170, 180 and 190°C) in a conslamt rate
extruder 2quipped with various length-10-diameter
ratios (5, 0, 20 and 40) capillaries. The diameter was
always 1 mm and the entrance angle was 90°. The
velocity varied “rom 0.05 cm/min up to the appear-
ance of insraoility phenomena.

For the diameter measurements samples about 5 cm
long were cut to avoid changes in diamcter due 1o
their own wsight. These measurements were made
using a micrometer after the samples had solidified.

The sweliirg ratio, B, was evaluated as in [7):

D 1/1
B=—ipV,)". 1
ik ) (n

Ineq. (1) D" is the diameter of the exiruded sample, D
the die diaT.e.er, p the density of the polymer at room
temperature, and V,, the specific volume at the extru-
sion temperature. ¥, values (in cm*/g) were obtained,
following €], from the relationship:
Vim=1.1405 + 9.4.50°4T"! 2
with Tin °C, )
The samgles extruded through the capillary with a
length to-diametsr ratio L/D = 40 were annealed in
silicone oil for about 15 min at 150°C 1o obtain siress-
free samples [7] and to enable the normal stresses to
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be calculated. During the annealing operations
neither swelling nor dissolution of the polymeric
sample in the oil took place.

The swelling ratio after annealing, B,, was eval-
uated using eq. (1) in which of course D' was the dia-
meter measured after annealing and cooling to room
temperature.

3. Analysis of the results

Let us first discuss the die-swell results that are
more relevant in the processing operations, i.e, those
with frozen-in stresses,

Figure 1 shows the swelling ratio, B, for all the
polyethylene samples as a function of the shear stress
at various L/D. The use of this plot was suggested in
[2) as a means of climinating the temperature depend-
ence and indeed the data obtained at different tem-
peratures are found to fail on the same curve. The
dependence of B on the length to diameter ratio is
clearly evident with B increasing as L/D decreases.
The influence of the capillary length however be-
comes less and less important as L/D increases,

2

w0 10’ 10’
[
. | -%-:zo .
e .
- W —
14 | -
vz | N
= T, dymassem’
1 |
w0 10° 10

The data ir: figure 1 also show that 8 increases with
both the average molecular weight (M,, for instance)
and the molecular weight distribution B =M /M,),
in agreement with the resulis of Rogers [10] and
Romanini 11] but in conflict with the data of Men-
delson and Finger [12). A quantitative dependence on
both quantities is found through their product [11) as
shown by figure 2, at any L/D and for given shear
stresses. A relationship of the type:

B = kg + Cgln(M,pB) 3)
describes the data very well, kg and Cy depend both

on the shear stress and the L/D ratio, and their
dependence can be written analytically as:

2
kg = 13.125 - 0.725—L— + 0.014 (—L-)
D D

2
+ [-0.99 +0.584L _ 1 431.10-3 (£> ]
D D

«Int, {4)

18

wl L .
D "0
14 -

2 -

1 i %‘m' 7

1w’ 0 10

Fig. 1. The swelling ratio as a function of the shear stress for all the samples, Different symbols correspond to different tem-

peratures: O — 160°C; O

= 176°C; ® - 180°C; M - 1950°C. Polymers from top to bottom are: F, E, D C B A
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where 7 is expressed in dynes/cm®. The correlation
factor for both the above expressions is satis aglory
(>0.95).

The use of egs. (3-35) allows one to predizt the
swelling ratio for any HDPE sample as a func: on o’
the geometrical characteristics of the capillary W/D)
and of the operating conditions (either 7 or y and T
with the aid of the previous results [1]). Of course the
above expressions can only be used with confidece ir
the explored range of L/D and shear stre:z and
certainly cannot be extrapolated to cases where £/D
< 1.

In order to derive values of the first normakstress
difference from die-swell measurements it was aeces-

- (3

M_f

sary to anneal the samples to release the frozen-in
stresses, as described in the experimental section. B,
data for L/D = 40 are shown in figure 3. It is seen
that the swelling ratio after annealing also increases
with 7, M, and 3, as found by other researchers [7,
11, 12). Tte following evaluation of normal stresses
has been restricted to the L/D ratio of 40 for reasons
described im the literature [4).

Among -he several available theoretical analyses,
Tanner’s [2] has been chosen both because it can in
some sense be considered the more rigorous [2, 13)
and because it has already been successf ully employed
to produce results that agree favourably with in-
dependently measurements [13).

The exprzssion used for the calculations was f14}:

g =1y - Ty = 27[2(B, — 0.1)% - 2)°3 6
where the 0.1 term is, according to Tanner [14), 10
account for the limiting die swell,

The resu ts are shown in figure 4 as first normal-
stress difference vs. shear stress. Qualitatively we may
say tha, at fixed 7, g increases with M, and 8 in good
agreement with rzsults in the literature [9). Further-
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8 |, —
-]
‘-e = —
14 | _
12 L — . . . .
T.dynes/cm? Fig. 3. The swelling ratic after annealing as a
™ function of the shear stress for /D = 40. Symbols as
1 l in figure 1
10 10* 10’
! and
Co=082+567-10"2InM,,
E when 7 and o are given in dynes/cm?.
L
:
€ 4. Concluding remarks
7 h ]
L SO - Swelling ratios have been measured for six HDPE
] samples with frozen-in stresses. The data show an
increase of the swelling with both molecular weight
and molecular weight distribution. Analytical expres-
sions are found which may be used with high con-
fidence to predict the swelling ratio as a function of
the above molecular characieristics, the geometrical
characteristics and the operating conditions.
Data taken on annealed samples have been used to
T, dynesico derive values of the first normal-stress differences and
. again an analytical expression has been found cor-
10 ]

'

Fig. 4. First normal-stress difference, calculated from eq.
{6}, as a function of the shear stress. Symbols as in figure 1

more, the slope in the log-log & - 1 plot increases
with the molecular weight but does not seem to
change with the molecular weight distribution. Quan-
titatively, for the explored t range, we may write:

G =kyre M
with
ko = 0.42 pg; 0324 (8)

relating the first normal-stress difference with the
shear stress taking into account the molecular charac-
teristics. In this case however the influence of M,
seems to predominate over that of .
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Extensional flow of HDPE/LDPE blends

F. P. La Mantia, D. Acierno, and D. Curto

Istituto di Ingegneria Chimica, Universita di Pa <Imo

Abstract: Elongational viscosity data, obtained through the converging flow
analyzx by Cogswell, are presentec for 1wo types of HDPE/LDPE blends at

variow; compositions and differen: temperatures. The results relative to the
homoy olymer parents compare favourably with literature data obtained also
with cifferent and more soph_sticated techniques. Those relative 10 blends show

peculier featres for the :wo cases: when the newtonian viscosity of the LDPE is
highes 21l the blends skow a behavicur typical of the LDPE with a maximum in
7/ Ny enhanced at small percentage of HDPE; when the newtonian viscosity of
the LCPE is similar to that of the HDPE there is only a gradual change in the

prope- ies.

Key werds: Elongational viscosity, converging flow, polymer blend

1. Introduction

Extensional flow of polymer melts has recently
received more and more attention [1— 3] dueto its :m-
plications in many technological processes such as
fiber spinning, film blowing, etc. However th= techni-
ques adopted to study this flow are often very leng-hy
and difficult; therefore the data, especially z¢ steady-
state values are concerned, are sparse and some:imes
contradictory {1, 2, 4—6]. The situation :¢ partic-
ularly difficult in the field of polymer bknds for
which data are available only in [7], in spite =f thein-
creasing relevance that such materials are ga aing [8].

In this work the converging flow analysis bty Coes-
well [9] has been employed to evaluate the ex-msional
viscosity of HDPE/LDPE blends, which mag be con-
sidered of interest in the production of thoug= blown
films.

2, Experimental

The materials employed in this work were mm=r-
cially available high density and low density polyethy-
lenes manufactured and kindly supplied b Solvay
(HDPE) and Montedison (LDPE). The MF. o the
samples are reported in table 1,

782

98

Table 1

Sample code M.F.I.
HDPE-1 4.90
HDPE-2 0.98
LDPE-2 0.74
LDPE-3 0.07

Two types of blends (HDPE-1/LDPE-3 and
HDPE-2/1L.DPE-2) with various compositions of 20,
40, 60, 80 weight percentage of LDPE were prepared
by melt mixing the homopolymers parents in a
laboratory mirer (Rheocord, Haake) at 210°C at
about 20 rpm. The mixing time was approximately
20 min, sufficient to obtain in all cases steady-state
temperature and torque. The homopolymers were
also subjected 10 the same procedure.

3. Rheological characterization

A constant-force viscometer and a constant-rate
viscometer havz been employed for determining the
rheological characteristics of both the blends and the
polymer parents: more precisely the former has been
used in the low shear-rate region and the latter in the
high shear-rate region.
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Three different capillaries have been adopted in all
cases: the diameter was always 1 mm and the length to
diameter ratios were 40, 10 and 5; the entrance angle
was 907,

The test temperatures have
200°C,

been 160, 180 and

4. Analysis of results andldiscussion

Following the analysis of Cogswell [9], the elonga-
tion viscosity can be found through the relation:

4Pk,
yn

9
'i¢1=-3:2—(" +1)? (1)

where 4P,,, is the loss pressure due to the entrance
cffect, y is the apparent shear rate 32Q/D% 5 the
shear viscosity and n the slope in the log-log shear
stress-shear rate plot.

The stretching rate is

-2
é= 4 7 y_.
3(n+ 1) 4P,

)

It is generally considered that 4P,,, can be found
by extrapolating a straight line to L/D = OinaAPvs,
L/D plot. It is however true [10] that the so found
value, is the sum of both entrance and exit pressure
losses:

AP g = APy + AP, . (3

It has been further shown that 4P, is propor-
tional to the principal normal stress difference [11],
and 4P, is the sum of the first and second normal
stress difference [12], so that

AP, = aagy,, (€)]

&)

APm‘. =0y + Gy .

The value of & has been found = 2 for many poly-
mers [11], and o, is a negative fraction of Iy

On = —&06y, ©)
where ¢ is between 0 and 0.6 [12, 13).
Shortly from egs. (3)-(6):
a-1+¢
APem = p APench ' (7)

The value of ¢ is very uncertain, and however in ac-
cordance with Han [14] we have taken the values of
0.4 and 0.5 for LDPE and HDPE respectively. For
want of experimental data relative to the blends we
have considered for g a weighted average of the values
of the polymer parents.

With the zbove assumption, from the 4apP,,,. values
taken in the AP vs. L/D plots, 4P, have been
evaluated th-ough eq. (7). With these values and the
rheological characteristics of the same blends already
reported in |14], 5., and & have been evaluated, Fig-
ures 1 and 2 show such data for both types of blend at

HDPE-1 [LDPE-3

-

L
10 -]
L o
.
- 4
.
-
e
o 2
=
- =
10’ 4
o '._"N\
E.sec
10‘ | 1 1
16 1 1

Fig. 1. Elongational viscosity vs, stretching rate for HDPE-1/
LDPE-3 at 180°C. o LDPE, M 80% LDPE, A 60%
LDPE, [J 40% LDPE, A 20% LDPE, ® HDPE

10’ T T

1
HDPE-2/LDPE-2

x-

W@ . éi sec”’

1) 1 10 10

10" %"

¢
T)et.poise

Fig. 2. Elongational viscosity vs, stretching rate for HDPE-2/
LDPE-2 at 180°C. Key for symbols as in figure 1
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T=160 "=

i

Fig. 3. Elongational viscosity vs, stretching
rate for HDPE-1/LDPE-3 at 160°C. Key for
symbols as in figure 1

Also a shif- of the maximum toward higher stretching
rates is evident decreasing the Trouton value.

The data of the HDPE show only a very slight
maximum in the case of HDPE-2, which has a higher
viscosity. all these features are in good agreement
with literatare results [4].

The viscasities of the blends lie for all the cases
between thse of the pure polymers. However there
are typical Features peculiar of each type of mixture.
When the sqear viscosity of the LDPE is much higher
than that of the HDPE, all blends show a behaviour
very simila- to that of the low density polyethylene
and the ratib 7,/ 3 5, becomes much larger increasing
the HDPE content. This unexpected result is probably
due to the fact that the blend behaves like a LDPE
with a lower molecular weight. The shift of the
maximum soward higher stretching rates seems to

—]
10° |- -
-
]
-O- "3
a
&
e
10| -
E.sac
1 i i
16° 10" 1 10 10"
J i |
T=200%¢
_o_-/_“\\\
y N /—\ -
+/_‘\
O~ »
s 3
10 ~ o -
S
=
8- -~ e .
£, sec'
| 1 ]
1¢' 1 1 w’

Fig. 4. Elongational viscosity vs. stretching rate for HCPE-1,

LDPE-3 at 200°C. Key for symbols as in figure 1

T = 180°C. Figures 3 and 4 further show dats for
HDPE-1/LDPE-3 at 160 and 200°C respectively. In
all cases the Trouton value 37, has been reported in
the figures for comparison. '
The curves relative to the pure LDPE show n all
cases a significant maximum whose value, relative to
the Trouton viscosity, increases when 1o decreases,

confirm thi: hypothesis.

The system HDPE-2/LDPE-2 with similar new-
tonian viscesities, shows a gradual change from one
type of behaviour to another, and indeed, when the
concentration of the high density polyethylene is
80%, the maximum almost disappears.

Such a behaviour can be explained with the hypo-
thesis that im this case, where the molecular weights of
the two homopolymers are not too different, the
primary effzct is on the average a decrease in the
degree of bmanching with increasing HDPE content.

Qualitatively figures 3 and 4 confirm the above
indication with the obvious quantitative differences
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due to the temperature (and therefore newtonian
viscosity) variations. The same features are present
also in the data a1 different temoeratures for the
system HDPE-2/LDPE-2 not reparted here.

This work has been carried out with the financial suppor!
of “Progetto Finalizzato del C.N.R. Chimica Fiie e Sceon-

daria”.
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Short communication

The rheological behaviour of
HDPE/LDPE blends. ill. Melt
strength and extensibility

Abstract: Melt strength (MS) and breaking siretching ratio
(BSR) data of some HDPL/LDPE blends are given.

Some peculiarities are shown when one looks at the va les
of MS and BSR as a function of the compositian: more pali-
cularly a large synergistic effect and an antagonistic effect are
shown by the melt strength and the breaking stretching ratio
data, respectively. This suggests the possibility of employmg
some blends instead of the homopolymers to obtain easier
processing.

1 Introduction

The blending of polymers is a very important routc
for obtaining materials with ad hoc tailcred proper-
ties, both in the solid state and during melt p->
cessing. The rheological properties of the polvmr=r
blends play an important role. Nevertheless, only a
few experimental indications rather than gene-il
theoretical considerations are present in literature )3

Polyolefine blends, and in particular blends of

various polyethylenes, are of remarkable interest in
view of the production of transparent tough films,*
but their rheological characterization is s-ill lacking,
although a number of papers have been devoted -
this subject.5-?

More particularly, elongational data relative o
these systems are certainly scarce and only on:
paper deals extensively with this subject.!® In that
paper, however, the extensional behaviou- is investi
gated by means of the theoretjcal treatment of shear
data.

The aim of the work reported is to study the noa-
isothermal tensile behaviour of HDPE/LDPE blenc;
in spinning experiments by using a new melt tension
tester already presented.! 12

Although much more difficult to interpret fror
a scientific point of view and to correlatz to other
rheological characteristics, non-isothermal tensik
data appear interesting both because they can bz
obtained quite readily, experimentally, and especiall
because the processing operations for whizh elonge-
tional flow is relevant (fibre spinning, film blowing)
are performed under non-isothermal conditions,

2 Experimental
The materials employed were commercially available

high-density and low-density polethylenes, manufac-
tured and kindly supplied by Solvay and Wacke:

PLASTICS AND RUBBER PROCESSING AND A2PLICATIDNS VOL. §, NO. 2, 1385

'HDPE) and Montedison (LDPE). In the following,
the samples w ) be awdicated as HDPLE-X and LDPE-X
with X increasing as the Melt Flow Index decreases
isee Table 1).

Table 1. Samples used

Sample code MF!
HDPE-2 0.98
HDPE-4 01
LDPEA1 3-90
LDPE-2 0-74

Two types of Etlends werc prepared: HDPE-2/
LDPE-2 and HDPE-4/LDPE-1. The blends of the
first type have already been complctely characterized
in shear Mow®? and some in extensional flow.!° The
system HDPE-4/LDPE-1 is different from those
previously stucied, but its behaviour in shear is very
similar to that of the blends HDPE-3/LDPE-1 of the
previous papers % ° In both cases, one of the polymer
parents (LDPE-2 a-d HDPE-4} is used for film
blowing while :he other polyethylenc has a viscosity
too low to use .n this technological operation.

Various compositions have been considered in all
cases: more pirticu.arly the values of the weight
percentage of LDPE, o, were 0, 20, 40, 60, 80, 100.

The blends were prepared by melt mixing the
polymer parents in a laboratory mixer (Plasticorder
Brabender modzl PLE 330) at 210°C and 20 revmin”!,
The mixing time was approximately 20 min, sufficij-
ert to obtain steady-state conditions for temperature
and torque in all cases, The homopolymers were also
subjected to the same procedure.

All the expe-imental runs were carried out on a
new capillary rleome‘er, a Rheoscope 1000, manu-
factured by CEAST (Turin, Italy), equipped with a
tensile module. Here, the extruded monofilament
passes through z puiley system and is then drawn by
iwo counter-rotating rolls. The run is carried out by
pulling the monofilament, extruded at a given flow-
rate O, at a rotztional speed which increases with a
linzar acceleration of I rev min™! s The test ends
with the breaking of the filament.

The force in the molten filament at breaking is
read directly ard is known as melt strength. The
breaking stretching ratio was calculated as the ratio
tetween the drawing speed and the extrusion velocity
at the die,

All the data were collected at an extrusion
temperature of 180°C: the capillary employed was
}mm in diamete-, with L/D = 10 and a flat entry.
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Fig.4 Breaking stretching ratio as a function of the blend
composition et fixed flow rate for the system HDPLE-4)

LDPL-1. Key of symbols as in Fig. 1.

0 i I 1 I I | a function of the blend composition, with the flow

rate as parameter. )
Fig2 M ? R function of the blond 100 For both blends a large synergistic effect is shown
ig. elt strength as a function of the blen composition by the melt strength, but the maximum is present at
at fixed flow rate for the system HDPE-4/LDPL-1. Kzy of different compositions and, in particular, is nearer

symbois as in Fig. 1. . .
to the homopolymer having the higher melt strength.
On the contrary, an antagonistic effect is shown
3 Results and discussion by the breaking stretching ratio which shows a minj-
mum mostly at the same composition as the maxi-
Figures -4 represent the melt strength and the mum in the MS-p curve,

breaking stretching ratio values for all the samples as Now, recall that a polymer can be processed
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Lanily Hld Him blowing operation waien it has an
clevated melt strength to sustain the mechaqicel
stress due to the process and a high cxtensibility i1
order 10 achicve the desired thickness. For this
reason the polyethylenes used in lilm blowing pre-
cesses are low MITT polymers such as HDPE-4 and
LDPE-2 among high density and low density pelw
cthylenes, while HDPL-2 and LDPE-] have melt
strength values too low to be used as film blow:ng
materials.

It scems possible, from the abowe data, tha:
blends of these polyethylenes having high MFI with
film blowing grades of polyethylenc can give rise to
materials with a convenient melt strenzth and witt
a breaking stretching ratio not significantly reduced

In particular, one may employ in the film blowing
process either HDPE (HDPE-2) samplss with MFI]
values larger than those usually considerad (HDPE-4;
by adding small amounts of LDPE, cspecially bece usc
of the increasc in MS, or LDPE samples with arather
low viscosity (LDPE-1) with some quantity of
HDPE with a low MF] obtaining BSR vzlues that 2re
not too small and high melt strength values. Of
course, because these blends have a lower viscos ty?d
than that of film blowing grades they are casier to
process and an interesting encrgy saving is also
obtained.
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Flow Properties of Low Density/Linear Low Density

Polyethylenes
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Rheological data have been coliecled both in shear and
non-isothermal elongational MNow on three different types
of blends, mad= rom one low density rolyethylene sample
and three linezr low dersily polyethylene samples.

In addition to the NMlow curves, data are presented on the
extrudate-swell phenomenon, on the instabiity arising In
capillary flow and on tae Lleasile behavior in the molten

state.

INTRODUCTION

The rheological behavior of polymer blends
has in recent years been widely studied in
view of the growing Interest in such systems
and in view of the relevance to processing (I-
16). Of course, the flow properties of blends
may heavily depend on the mutual compatibility
in the molten state of the parent polymers,
which in turn should depend on their structure.

Following a rather complete study of the
rheology of high density polyethylene‘low der-
sity polyethylene blends, HDPE/LDPZX, (13-1%)
the aim of this work Is to present a set of data
on blends obtained by melt mixing linear low
density polyethylene, LLDPE, and low density
polyethylene samples. From a fundamenté:
point of view it is interesting to evaluate the
influence of LLDPE short chain branches, and
from an applications viewpoint the data are cf
great importance because of the possibility cf
employing 'such blends in the preparation cf
improved films without drastic changes in proc-
essing equipment and conditions.

Data have been collected both in shear and
(non-isothermal) elongational flow on three di.-
ferent types of blends, made from one low der -
sity polyethylene sample and three linear low
density polyethylene samples. Part:cular en.-
phasis has been given to the more relevar:t
aspects of the applications, and thus, in add:-
tion to the viscosity curves, dala are Jresented
on the extrudate-swell, on the instabilities aris-

ing in capi’lary flow, and on the tensile behavior
in the rmol:en state,

EXPERIMENTAL

Three samples of LLDPE, polymerized with 1-
butee as comonomer and already character-
ized both from a physico-chemical and a rheo-
logical point of view [17), and one sample of
LDPE also previously considered (18) have been
employzd in the preparation of blends.

In ihe following the samples will be indicated
as LD and LL instead of LDPE and LLDPE. The
nom=nclature of the LL samples will comprise
the approximate {ndication of the melt flow in-
dex {MF1). The main physico-chemical charac-
teris:ics of the samples are listed in Table I.

The density, p, was measured at 23°C, accord-
ing to the ASTM-D-1505/68 method. The melt
flow index, MFI, was evaluated according to the
ASTM-D-1238/73 method, procedure B, with a
CEAST apparatus. The weight average molec-
viar weight, M., and the dimensionless polydis-
pers:ty. B = M,./M,, were determined by GPC in
o-dichlorobenzene, ODCB, at 135°C, with a Wa-
ters nstrument.

Blends (-om each LLDPE and LDPE have been
prepared at various LDPE content, ¥. In all
cases Lhe polymers have been mixed for about
20 min at 20 rpm and 210°C in a Brabender
Plasticorder equ:pped with a cam mixer. The
torqus valaes have been recorded at the end of
the miring runs.
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Rheological measurements in shear flow were
carried out in the low shear rate region with the
ald of a rotational viscometer in a cone and plate
mode (Rheotron, Brabender} and in the high
shear rate reglon with the aid of a constant rate
caplilary viscometer (Rheoscope 1000, CEAST).
For the former apparatus, cone and plate were
5 cm in dlameter and the cone angle was 2°; far
the latter apparatus a flat entry capillary with
D=1 mmand L/D = 40 was used in most of
the cases. For one type of blend {LLO.5/LD)
three different capillaries were used in order to
evaluate the entrance and exit effects: the di-
amcter was always 1 mm and the length to
diameter ratios were 40, 20, and 10. All the
above tests were performed at 180°C.,

Extrudate samples, cooled to room tempera-
ture, about 5 cm long, were cut for diameter
measurements which were made by means of 2
micrometer after solidification of the samples.

The swelling ratio, B, has i al] cases been
evaluated as (19):

’

B = % (oUm)¥a (1)

where D’ Is the diameter of the extruded sam-
ples, D the die'diameter, p is the density of the
polymer at room temperature, and v, the spe-
cific volume at the extrusion temperature,

Visual observation of the collected samples
has been done in order to evaluate the critical
parameters, Le., the shear rate and the shear
Stress at which the extrudates appear irregular,
even only superf Icially. In most cases this cor-
responds to the sharkskin in the LD rich sam-
Ples or to the periodical swelling accompanied
by pressure fluctuations inthelLl rich samples.

Non-isothermal elongational experiments
were carried out, also with the aid of the Rheo-
scope 1000, equipped with the tensile module,
In this mode the extruded monofilament passes
through a pulley system and is then drawn by
two counter-rotating rolls, the rotational speed
of which can be continuously varied with a
linear acceleration of 1 rpm/s.

The melt strength, MS, the force in the molten
fillament at breaking, is directly read. The
breaking stretching ratio, BSR, can be calcu-
lated as the ratio between the drawing speed at
break and the extrusion velocity at the die. The
extrusion temperature was 180°C. The caplllary
employed was the one with an L/D = 10and the
tensile system was situated 25 cm below the
die.

RESULTS AND DISCUSSION

Let us first discuss the entrance and exit
effects in the capillary, studied for the LLO.5/
LD blends, containing the most viscous linear
low density polyethylene.

Figure I represents the end correction or Bag-
ley's factors, e, evaluated in the usual way (20),
as a funclion of the shear stress 7. One notices
Lhat the correction factors of the blends lie be-
tween the values of the parent polymers: at low
shear rates the e values for the blends are sim-
llar to those of the LLO.5 sample rather rapidly
Increasing with r as evident especially for the
LD rich blends.

On the basis of the above results and of the
large L/D ratio used, one may hypothesize that
neglecting e values for the other blends (LL1/
LD and LL4/LD) should imply minor errors in
viscosity evaluations and, as will be apparent
In the following, should be of no consequence
In the qualitative observations of the present
work.

Before presenting and commenting on the vis-
cosity curves let us also say. again with refer-
ence to the capillary data, that the Rabinowitch
correction to the shear rate has also been per-
formed (21).

The viscosity data are reported in Figs. 2 to 4
as a function of the shear rate, One may observe
that in the low shear rate region, the low density

st /g

4 }

L

10 '

Flg. 1. End correction Jactor as a_function of the shear
Stress.

d ) ¥ ¥ L] [)
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Fig. 2. Fiow curves for the LLO.5/LD blends,

Table 1. Physico-Chemical Properties of the Raw Materials.

Resin Sample code Density (kg/m*) M.F.l. (/10 min) M,.107° MM,
LDPE LD 82s 0.27 310 73
LLOPE LLO.S 822 0.53 167 47
LLDPE LLs 824 1.10 136 42
LLOPE Lis 938 4.30 87 4.3
POLYMER ENGINEERING AND SCIENCE, MIDJANUARY, 1985, Vol 26, No. 1 29
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polyethylene has values larger than those of all
the linear low density polyethylene samplzs,
However, due Lo the typically different depend-
ency of the viscosity on the shear rate for the
two polymers, the flow curves cross at different
% values. For LL4/LD this occurs at the shear
stress at which the {rregularities appear. As “or
the blends. one may say that in the low shear
rate region their viscosity values are mostly
between those of the pure polymers. The gbsz2r-
valions at higher ¥ values were rather difficult.

To better elucidate the composition deperd-
ence, the viscosities have been also plotted ws.
¥ on a semilogarithmic scale, at constant stress
values (see Figs. 5 to 7). The behavior of LL0O.5/

«
1 T ] ¥ ]
LLL/ LD v
"_ .
. .
[}
l-:'
o -
F.o
‘ vl ] L ] i
18 w' 10’ 1 10 1w ¢
Flg. 3. Filow curves for the LL1/LD blends.
»
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Flg. 5. Viscosity as a_function of the composition for she
LLO.5/LD blends at fixed constant stress.
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Flg. 6. Viscosily as a function of the composition for the
LLI/LD blends ¢t fixed constant stress.

T
LLafLD

£.3-10" P

1. 1
o 50 w0

Flg. 7. Viscosity as a function of the composition for the
LL4/LD biends at flxed constant stress.

LD and LL1/LD qualitatively is similar. In both
cases, at Jow stresses the LD has higher viscos-
ity than the LL samples with the values for the
blends in between, The variation of » is neither
linear nor exponential with ¥; in both cases the
opposite Is also true at the highest stresses, l.e.,
LD has the lowest viscosity and no simple de-
pendency with @ is seen. In the Intermediate r
region the viscosities of the parent polymers are
similar and a maximum Is present at about ¥ =
75 percent. As for the LL4/LD system only two
cases are present and again a synergistic effect
Is evident at high stress, when the viscosities
of the parent polymers are similar while inter-
medlate viscosity values are shown by the
blends at lower stresses when LD has a signif-
icantly higher viscosity. Similar observations
have previously been made with regard to the

30 POLYMER ENGINEERMG ANZ SCIENCE, MID-JANUARY, 1986, Vol. 26, No. 1
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high density polyethylene/low density polyeth.
ylene systems (13). We must recall also that the
torque values recorded during the preparation
of the discussed blends, and reported in Fig. &,
show a synergistic effect only In the case of
values simllar to those of the parents (17).

The swelling results which should not be con-
sidered of course as truly rheological data are,
however, Indicative of elastic effects in the pol-
ymer. In particular, Fig. 9 represents B us, ¢ ai
two different r vajues for all the systems. Al
the blends show B values lachr than the parent
polymers and the effect is o Increasing impor-
tance going from the LLO.5 to the LL4.

Figure 10 and 11 summarize the results on
the appearance of Irregularities in the extru-
date. More particularly, Fig. 10 represents the
critical shear rate as a function of the blend
composition for the three systems. it is evident
that a primary role is played by the component
present with a high concentration and thus for
¥ = 25 percent the Yc values are mostly the
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Fig. 8. Torque values as o Sfunction of the coemposition,
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Flg. 9. Extrudate-swell as a function of the composition
at two fixed constant stress.
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Fig. 10. Critica! shear rate as a_function of the composi-
tion.
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Flg. 11. Critlcal shear Stress as a function of the compo-
sition.

Same as those of the pure LL samples while for
¥ = 75 percent, the Ye @re very similar to the
value corresponding to the pure LD. Figure 11
represents then the critical shear stress as a

although the differences are much smaller. It
is, Incidentally. well known that r. does not
depend strengly on the type of polymer.

Finally, regarding the non-isothermal elon-
gational tests, Fig. ;2 shows the melt strength
values, MS, as a function of the flow rate in the
capillary, fcr all systems. When the low density
Sample (which has a MS value in allcases much
higher thar. those of the pure LL samples) is
mixed with LLO.5 or LL], the blends exhibit a
large increase in melt strength. At some com--
position, MS for the blends is even larger than
for pure polvmers. The same is not true for the
LL4/LD, in which blends have Intermediate MS
values. The above data are replotted in Fig. 13
as melt streagth vs, the composition at a con-
stant llow rzte,

Figure 14 represents the breaking stretching
ratio, BSR, data as a function of the flow rate,
again for all systems. As is already well known,
one observes that the LL samples have a much
higher extensibility than LD, An antagonistic

POLYMER ENGINEERING AND SCIENCE, MID-JANUARY, 1986, Vo, 26, No. 1 31
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Fig. 13. Melt strength as a_function of the composition at
glven flow rate.

effect §s now present for the blends containing
LLO.5 and LL1, and the minimum in the BSR
can be better seen in Fig. 15. As expected, the
minimum appears at the composition where a
maxim.am was present in the MS-¥ plot. For the
LL4/LD system although an evident decrease of
the BSR with the LD content is present, the
values are always larger than those correspond-
ing to the pure low density polyethylene sample.

CONCLUSION

From the full body of rheological data pre-
sented, one may conclude that the blend LL4/
LD containing about 25 percent of linear low
density polyethylene is the most Interesting in
view of the substituting of the low density poly-

— T T

T T
LLo.s/Lo L1 /o tus /Lo
3
L 4 wp 4 10 _\ 7
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-] \
;g\\\‘;;\“ —t——, .
\\ Q.cm/s \N G, cnmy's \
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Fig. 14. Breaking stretchmg ratio {BSR) as a_furction of the flow rate.
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Fig. 15. Breaking stretching ratio as a Juncticn of the
composition at glven flow rate,

ethylene in the production of films by filre blow-
Ing. It shows a similar shear viscosity, at the
shear rates usually found in production, a mel*
strength only slightly lower., and a brzaking
stretching ratio larger than that of the LD sam-
ple. This should allow the production of thinner
films without a too much larger consuription
increase, somehow expected also because of the
necessary rise of gie temperature. Some mrelime-
Inary results indicate that these blends also
grescnt interesting mechanical properties (17,
2).
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NOMENCLATURE

€ = Bagley's correction factor.

Um = Specific volume at the extrusion temper-
ature.

B = Swelling ratio,

BSR = Breaking stretching ratio.

D = Capillary diameter.,

D’ = Extrudate diameter.

L = Caplliary length.

M, = Average number molecular weight,

M., = Average weight molecular weight,

MF] = Melt flow index.

MS = Melt strength.

QO =Flow rate,

¥ = True shear rate.

Yapp = Apparent shear rate.

Y = Critical shear rate.

n = Viscosity.

P = Density at room temperature.

v = Shear stress.

Tc = Critical shear stress.

¥ = LDPE content,

DISCUSSION: D. CURTO

L. A. Utrackt: Could You please explain what
are the BSR and MS and how are they mea-
sured? Are they related to each other?

D. Curto: The BSR is a ratio of two velocities,
the highest stretching velocity at break divided
by the melt velocity in the die. The MS is given
by the force at break. The instrument gives us
directly both the velocity and the force at break
We note that as BSR Increases MS decreases.
Both are very important processing parameters,

D. Froelich: Apparently you measured the New-
tonian viscosity at low rate of shear. Did you try
to plot these as a function of composition to see
what type of dependence they follow?

D. Curto: In Figs. 5 to 7 the curves relative to r
= 3-10* Pa correspond to the Newtonlan viscos-
ity as a function of the composition. In all cases
neithera linear nor a logarithmic rule is obeyed.

No. 1 k]
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e Bt properties may he obtadned (1),
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Instead of wsing water, we wdided ACA divectly
us initistor, It is likely that in the carly stage of
wlymeriantion EPM-g-SA may be al Jeas| panrtialty
nvolved In the fullowing side ‘equitib fum:

—CH—COOI + 1N
L) o4

Cly—COOI ALA

FEPM—yg—5A

~Av pntter of fuet, 1R analysis of (he 1ablny
tumiponent recovered liom the senction mixiue f4
thee emly slagen of the polya bzation sheows -
- pnesence of butl witde sand el - = 4) shielehing
absorptions at 1705, 1645 wnd 1535 em g IO
went with stiaeture |, .
Bulwocurntly Intesmediate | will e pebbly o
volved tn n polycordensation equitidn i with AR
prowlng, chalns ghving ise 1o 1 lotumtion of §
(KI'M g SA) g PAG gl copolyane
Appaptinte ncilications of the stundind con
ditlons used 1o home mlymerize PAG were (osted
I dhe preparation of Wends of PAG and EPM aely
or EIM-g-5A I ordes 1o ensine Lot u hig)y podvn.
erlautlon degree wud gowl disperston of e sl Y
component, b Tubde 1 e s ed Wend oy,
compostliong sl peepmative wetlinls of liveent|
goled binasy wodd ey Dlewds, o b of )
Jen by Dve luy Jaepied w 1'AN lumm_lmh e
!umplﬂ' il i e e e nend ol vinglingen
Weeitise JoA il 0N ¢ HA mee Dty Bt
Wil CLy i e v lieg o et eneening e
sepmatlon ol blemde with 10 g by wedplil vl
’ulul vibhet, the “lmgendslion” ol tHies 1enetem
mbdime was wecomplished Ly figal thisseil g JuirAl
mnlfui BN #HA B evhene 100 mid by wigl)
bequeitly il CLoand ACA ('8 el setrs),
Thec temgmyut o Iie Hl T gl Jon 8000 i @ f071)
- While pglone shenilivdd uf |
oAb hie ilufgu, Wl 4, il it bl s piil vl

COMNl =

- #lirfegl, i L T T e LY

whilein the binm v CL/EPM inistuee o com se phise
sepatalion was founid to vecur, These lindings we
likely to be velnted to some emulsifying effect of

- cons o 1 (see Ey 4),
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Suall womounls of waley, deriving hony Mige 1,
were found to distill togethes with wWhene, This ainl
the o nissmpon of ACA viw equililnivm 1 eauaes o
Fowes g ol Withator coneentigtion which wis hl
mneed by wdding nine ACA.

The CL palyiserization was subsequently vuried
anl ab 260 10 2707 Tor e widey Ny atimonplien o
wed dgonons mechanieat st ing, Alnenee ul' oy
RO v necessaey i onder 1o avold vellowing ol
i podvinerization milhne,

Viswal obsersvutions o the molten mivtig e nt the
el o the polemestration imdicated that e dis.
persian of the vabbery donmins into the Wend in.
crenses goaduslly with the amount of e added
lnmmsmh‘il'hl.

Avirslie on anliggons hlendy preputed by el
tulelng (1 9) tlm\\'mhlml highes costeate of total
robidies were e v o stgnlleantly iprove Hhe
el popen e, we fusesdigated Hhe epmnlion
(LI uf Iyl teriay Dlvands BT
Lt 94 peseent anldier by n byl e poceas,
ol e, noomler dy D g experimental vony
it ebone tos Mo s i 1 Gandisty al [inehy
of the lvdioly e poly et uthn ol Clowe e
tho i estigatod e mepeation of the nlune
Bbenarbe vy o bl o ewvnn ¢ Il" ot Blogylad

O‘H_'Ii! |‘inuh D sty Hisit nbet fale waepee iyl
lgetlit, sl v o she, il €. ("l
pulion e pet otsued s dosy gt oy gl 5 sl
(e Do et e elition ol ACA 16 aha) g i
110 {k1is).
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diapresion ol copponeta,

I dterosting o nole it e oy e
lm!ullllut-limll!lun.ta st widings i hiend wined Wy
a eylindiienl glass vinl, Jlends with w totnl yolidses
cuntent of 20 percent in which the rtjo IKPMg-
SA/total rubber exceeds 0.25 were 10o viscous By
be efficiently stirred. Thesefore anly terwary blen s
contalning 2 andd 5 pereent modificd subler cou
be prepared. The yields of the crude polymeriz -
tion products are almost quantitative. A methane |
soluble fraction was found, as generally oveurs )
PAG sumples prepured by ving opesing of I, (1..
This fraction is matnly Tormed Iny eqquililinm mo -
omer wid lower eyelie oligomers, In Tasle 2 s »
charucterization data of the blends are repurled,
Formle ueld extenctions of the iethunol fnsalul, o
ooty iy Le used 1o olialy prve PAS Lo 1) o
Lh'mls 15 PAG s soluble while EPM separates as a
supernatunt solid phase. "This technique was found
suituble only for S, S5, Ba. ind B Dlendls, wlhiere
litthe or wo (EPM-g-SA )1 PAG ual) copolyiner
present. u B the Larger amount of (1M SA)-1,
PAG graft copolymer, acting us cemulsifior, canse:
such a delay of the plase separation phenomeno
that clear solutions cannot be obtained vven aftes
months, On the other hand, a clear solution i
ebtained in the case of 854 blowd indicatioag that ol
e PAG/EEM giralt copaolyiner is sobilised in e
Fovanbe neld o dsat Jewst vory finely gl
2 hese pesnlin, whiel, ity b vegpranidind ae Molos
tests (4), clearly show e emulsilving efivet uf the
(I'M 2 SA) g PAG copulvines, 'Thie mobeculan s
ot pedvuedecsmnples evovered o S, S,
el By Dlvanby e wobinde oy anl prasctieally hlen
Heal t that of w pse PAG sople pepaoed oy
test-experiment {see Table 1),

Spt;t‘lnn'n Churncteriznion
Tensile Mechanival Py oper ey

Stress-stiadn evves al yanmn lemperaline b PAG
homapolymey wd for ) e By el ey
blends ivostigated are sepotted b e 1 e
Lushiaslon o Trom vy chlilu- lacture ol page
PAG o n dess duetibe ane. e ending, on e bilend
type s composttion. e Yonig ol (k) ol
Wleneds s Joser i i ol plali PAG 1 ) b1yl
catseen devreases with m inerense of the ove all b
by eontent, Vhis byl 1e obubly e 1o the
deviewse ol W verall vy yain) Iy vemtent ol e
Hntlorg .

Tl olimate s s ynd g el by dhes e
gl b Lok () neem T boe o leresting ng
S0 0 8-t Do i o By g Jnt i )
wliren Vv gy alies i) pevcent ol ol dledy
it leni) e l'/(!l (et e 1] s &) i e
b b il Eowsssgnant ity ot ey, ol %
il By muu;n]n-# ey v |y gt 10l LEIRE um‘
LTI TR [TTRTER T ST sl jdo -
st Jirebily ol 1o e R T T
e bl i fedey ol g iomgattn b ly
et i ’lll'll"l o 1 se nl iy, legd w THI
R A W AR gl vedci eand ard e

bleinds,

2 p—

Componitiug

S RVRIRTRNTH IV | R EMM. g BA

. Bioml CTLITIE LY {PAB/EMIEPM g BA)
cods pescen Initial Final M,
P 0.3 100/0/0 100/0/0 22.100
So 15.2 90/10/0 88/12/0 18.400
S; 18.2 80/8/2  87.5/10/2.5 21600
S 15.2 80/0/10 88/012 f—
a, 220 B0/20/0  74.4/256/0 21.000
B, 4.7 80/18/2 74.4/23/26 18.500
By 21.0 80/15/5 74.7/19/6.3 -

* Nurbet average molssuiar waighl of PAS recaveisd hom the bisnd, determined
scooeding to Rel, 4,
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P 1 Meewe st cnnees fon FAG, Biiirgg amd fermge bndy

Intesbuctal wgent bevwisr i KM aliber nopresent,
e elongation st break of the S Dlond is owere
to about 65 procent This low o, vidue s due to the
ifluenee ol the high EPM-R-SA) g PAG content,
whieli venders e sesten imore stoougly intereon
neeled and therelore less alie 1o winderga the cold.
dvawing, pracess (see Fip, de),

For the B Wlewds, containing 20 peteent Lol
tubbiea, tae elomgatim al bieak values ace 0 Pl
eemd lor Ba, B pescent o Hy, and 110 peteent bin
o Muewver the By gecimens ehibit o slipht
siress whitening, elfesl due o g muliiple vrazing
teclnaiom acting o he et il during its elon
pation Tl emae forumtion praliees an el
vl fmerease of I ||||-||Jum| lienee penvndes
b alinen Bighes (i those eonesponding G, and
I wnnagden, b wlideh no steess whitentng eltevt s
hiserye, .

The ower oy values ol #, sy depewd oy
dillerent easons B My Blonds, i s v ol
V0 T AL i s il ol i b6 e g
y urh& toie P A0, ey Lot the vl i g
b bt e et Qe il e specises
e comtws degeasdon ol vuhley gt don v D
b o] qu 1 Wil sl gt o the aslei
it ) wt it il ol |m|mu Prentione Fup M,
Y | T T PR a0k iy
prcbsde meestbonal, e i ooty sl W uls
Weensee willy foensiog ) 1A | S colent al

. I T

thiir b, in ihie I,




‘ |dﬁ:|unmuu (v iy 7). hhuvulriulhwn!pnﬂtd
Ui lllm*Hnnu“zl'tl mam 19 vomverlod 1o (N
BA)- e PAG, whicl, Hetlng ns an foen b wizenl -
tweew mntely mul dispeg s plinse, temlers the 'y
lem locally more interconneeted g hence less
eapable ol cold-flow, ‘
tmerical values ol F, e aned of the altigte

teusllee shropgpi), (s} st seported Iy Subie 3 we i
function of the 1ot) vabber sumonnt fy e Idends,

From these data it cmesges that blewds fiave
vilhuen of o, Jower thim it of PAG, This elews tiae
seerm o be b per iy the ense of Blewds wit highey
SPM-g-SA content (8, winl 1in).

Morphology of Microtomed Bled S fuces

Scauning electro, ICTOSCOPY in sl eases is H
powerlul technique for iy vistuslization of dis-
Linet phases in heterogencous blends, but some-
times, when the contrast i low, it is umlle to
provide detailed information ahout the composition
and microphase stiucture of (e sysien,

A u.wliJ techinique i suel cases s 1o vl etively
remove one plise o the blend s face by eteh.
g or by dissolution il sl gy exmanbning
the tesulimn topography, Snel wn appronels was
followed by thye present study,

Simnples of biv y and Fernimy Demds were fneed
Iu an ullrmnicrulmm- al room temperature; subse-
quently the smooth surlaces were exposcd to hojl-
g xylene vapors or e sed i boiling xylene
belote helng pepoed or SEM examination The
rubbiery plime sleetively divlved I wvlene
whereas e I'AG muti i vemlued wimtfed fo).

Murphology of § eoded hlvandly

Fiyan o Da shiows §1M mlernprapdy of i witrealia)
st sy fiee of the s, wople A cun e g,
the EIM sy opinten Iemst the 1A G iy I spuny
leully  shopid ot by distyibagedd
lluuuulmnl Hie whole st e, Fapnmnge 1) lmilillu
sylene vapors foe 340 i prnduces holey ey e
sponding (0 the dissolution of {1 EPM iy ehusions
el evidenees 1 widde sisp distriliation of sy
dumming, PANRING Jeom 5 gt abont 90 T )

The complete dissolution of EPM seens 10 vap
gorsd it theres I o jllyenden o the baterdy v o with
Hie IAD v g et lighon Je styony )y by
pated by gy Basectagiaphy wadvtn o e
I‘IM'“"N'M‘ W Lhig Japer, b the guge ol b, 'l'l'lll"i.
Prolniisiogs et plug o dinginsy gyl vl

Iabin 3. Jupialln i, sy ity, wnt wingning m lanuh ay
ittt of s snivgpn
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The etebing of the antiee with buifing o
viapors iy ahle 1o disady e only pant of e wate il
contained in the dispersed domains, feaving the
Prolrosion stouetires practically mieiged aipl
solated from the vest of the mnterial (see Fig i
il o) Koveover, sl shuchines are vonneeted
o the  derdving ey Such observations
strongly indicate that in 82 Dlends the dispersed
doiming e ol mnltipluse tyqe, § e they contain
notabbeny phase that (s peomeated by el
polvamide stenctig e Probiwding oo the mati
wnk strong v bondded to i,

The presence of @ certain amount ol (EI'M-p.8A).
B FAG gradt copolyaner may contribie, together
with the shear stresses induee] by the sirring NV
tem, to the formation of suck » complicated overall
murpholopy,

Smooth surfaces of the Sta binary bleuds show
e presence of dispersed domaing randomly dis.
tribnted i oughout (e whole sumple {see Fig da),
Iis 1o he empliasized that he reltive arew oeey.
pivdd by sueh donming seen 10 e lower than e
telitive volime of the titially added 1A I SA

Asshown in Pig. h builing vylene vaporsane able
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polymer is finely dispersed in the PAB matris with
no comection to the rubbery domainz must b= also
taken into consideration. This phenoraenon of “dis-
solution™ could produce drastic modifications in
some intrinsic matrix properties such as PA6 spher-
ulite size and thus in the crack propagation rech-
anism.

Impact Propertics
Fractographic Analysis

With the view of elucidating the influen-e of
composition and test temperature on the mod-= and
mechanism of fracture of “S™ and “B™ blemds. a
morphological analysis of fracture surfaces by
means of SEM has been performed.

S-coded Blends

The fracture surfaces of PA6 homopolymer bro-
ken at —=20°C (Fig. 5a) show no induction zon= but
only a fast crack propagation zone throughout the
specimen. At —2.5°C. a limited induction zon= be-
gins to appear (see Fig. 5b) indicating that a transi-
tion from brittle to ductile behavior is occurriag.

The S blend at =20°C (Fig. Y4) sho-vs a fracture

Y

R\ s e
=t ",’,':;3‘ ". h‘g@ 4 ] lf; _

Fig. & M\ wictoprptin of fracisn e s o e of 1A wmply at
ffl:ﬂr‘u—uf fest tewperefuras
w2 140
TR sy

200

meel anisim that is very similar to that ol PAG withy
a fast cruck propagation zone extended to the whole
sample but with a rougher surface indicating a
slizhtly higher energy dissipation than in the case
of PAG. Spherically shaped domains of EPM copol-
ymer with a diameter ranging from 5 um to 20 am,
randomly distributed throughout the whole surface
are observed (see Fig. 9b).
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Figt 10 5L miicvagrapls of 5, Hracture surfuees ot different test

fosipn vetin e
at =20 ¢ 1t

Noadhesion seems to evist hetween the lispersend
particles and the PA6 matrix as evidenced by the
very smooth walls of the cavities. The fracture
process and. in turn, the morphology of the frae-
tured surfaces of such a binary blend are crastically
changed by increasing the test temperature.

SEM micrographs of broken sur}:lces o” samples
tested at 11°C show a distinct induction zene start-
ing from the notch and covering a discrete ares
where the sample undergoes a plastic sheas vielding
wechanism (Figs. 9¢ and 9d).

The remainder of the sample exhibits—as in the
previous case—a sudden erack propagat . The
area of the induction region increases wit'- e seas-
ing test temperature.

At =20:C the S, ternary blend also fractares in £
brittle manner. The fructure surface of such a mix-
ture shows a macroscopic roughness (sce Rg. 10a).

From a careful inspection of high-magmfication
SEM micrographs. there seems to he evidence of
rubbery domains very well emhedded intothe PAG
matrix at suggested by the presence of regioms with
a very smooth surface strocture (Fig. 101 ). With
increasing test temperature a distinet induction re-
gion of plastic deformation by a shear vielding

Fie ML) =2 t1250%)
o =g indurtion region (640x
o +35°C (2300% ).

mechanism appears (Fig. 10c). In this region irreg-
ularly shaped rubbery domains connected 10 the
PAG muatrix by mems of fibrils are observed (Fig.
10e). The woove findings are further evidence that
the formed (EPM-g-SA).g.PAG copolymer may act
as an “interfacial agent” promoting the adhesion
between the PAG matrix and the rubbery dispersed
phitse,

Fignee 11 shows SEM micrographs of fracture
surfaces of &, hinary blend. Ay =20°C the macro-

201



Fig 11 SIS e tapiplng of 5, Bractine i fuciy oy ebterent
fompn st e
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[,
Fig M dy+9.5°C propagation region (5000 )

the glassy mature both of the matrix and copolviner
al the te nperature and rate of Iracture.

With “mercasing temperature the sanples un-
dergo censiderable plastic deformation and the
fracture surface shows an induction region invol-
ig a larzar area than in the case of .the S, blend
(Fig. 11b). In this region rubbery domains strongly
adherent to the ratrix are observed

Such observations may have a more general sig-
mficaiee o8 they indicate that the maorphology of a
multiphase blend appears to be resolved into its
structural elements, on lzod broken surfaces, only
when the rate of crack propagation is low: in turn
this (Ic-pvu'ls upon testing temperatiere and tvpe of
haciure mechanism, It s inleresting nevertheless
that even i case of resohedd morphiology the ele.
menls g appear strongly deformed becanse of
the fracture process and different morphological
features vy be seen in different regions of the
broken sunples surfaces according to the local rate
of crack popagation. It may be concluded that the
in pact strength and mechanical properties of a
nedltiphase blend should he more vorrectly corre-
lated with morphological paramelers that result
fram micro omed surfaces or thin sections etched
Dy using saitable solvents, where (he structural
clements that emerge underge only small defor-
nusicns, '

B Coded Blends

The mor shological features olserved on broken
srfaces and the factore mechanisme exhibited by
the By by Blewd we quile simikir 1o those e
setdwdd by e Sy st e, However i the cawe of
By blends the merape dismeler of 1I°6 chamtrain i
barpen, Vhis Binding is pntly e to the insulfivient
Mivahag of e wdstire dunlg the mvethesis {eom
Pwve Mg 12wt fag ),

Pt Ll iy WA levogeaphs of B e
snb s AL e Jow ot temperntuee (1= o)
the Blewd evtighinrg an el multicrach g
Pirtim proncw B panailide 1 tote, i ael, mulml
Flin t’l\'llllﬂ Hons atend e lupest tnlibery (o
Bl T his o ol ween i amomt ol et e
energy dissipation evey ol sicha tempesaline,
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Spherically shaped domains of the rubbery phase,
randomly dispersed througliout the whole surface,
with o wide sise distribution can he observed (Fig.
13B). A increane of tew temperate drastieally
champes the fracting mechanisn. In facl, the whole
snple undergoes o plastic deformation inlieating

Fig 13 0)45°C (q0x)
dI+5'C  (640x).

a transition to a more ductile fracture behavior (Fig.
13¢) consistent with a shear yielding fracture mech.
anism.

The frac:ure surface of the B, sample, broken at

=20°C, ext ibits a rough stepped topography typical

of a fust frimture (see Fig. 14a). Because of the high
rate o” eraek propagation, at this test temperature
no distinetion hetween (he phises can he detected,
A trusition from a brittle 1o 5 ductile impact be-
havior by imcreasing temperature is produced,
SEM micrograplis of broken surfaces show a clear
limiteo induction region plastically deformed {Fig.
hY with € 1e material volune involved increasing
with increasing (est temperature. It is important to
note tte presence, in the slow crack propagation
region. of well-defined rubbery domains, randomly
distributed, showing a certain degree of adhesion

to the PAG miatyiy (Fig. 1)

Izod Tests )

The Eod mmpact strength values (R) for all the §
and B codec blends wre reported as a fimction of
the testing &emperature in Figs. 15a and 15b, re-
spectively, The PAG homopolymer (curve P) ex-
hibits very  aw B values a temperatures below
=1 Ty suel vivpions the hinary andl ternary §
blends show (e Fige 15) emly a slight incresse of
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R. This is certainly due to e total rubber content Fig. I5. Dupart resiswnce (R) for PAS, hinary and terary blends
(1 pereent in weigh) which is insufficient 1o at different testing tesiperatures, @) "5 sumples; by B samples.
reinforee suitably the PAG a1 those lemperatures,
Such belavior iy iy sgreement with the fracto. Moreover, for § Dlends the brittle-ductile transi.
graphic analysis hat shows fracture mode cliarac tion temperature seems to be scarcely dependent
terized I a fust erack propagiation involving (he on the rubber coatent as well as on the nature of
whole samplee (see Figs S, g, Ha). i addiedd vilieer, For all 1 rnge of temperatures
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Bee iy S, 00 ad 10O whewe 11 4s pridbale: b
tllhl-lp.l'l- [} lallua- st wt b vhicipy |u\ M 14
e e lonmation

Tl it progention of the By Wewd we sha
actenteond, ot lawen temperatio s, by 1 valiea nidy
slightly higher than thase of the S Dlenl i
AR b Lo biethe il it shilval g
Wabds a lemperatuie that s Wgghes thau 1t o any
other vestigatesd et Sucl Bl o o e
velated don the Lgge dinensisns o tye: vy ol
peesed oty and o the very oo adheaton wiil)
the PAG mutiiy,

As shown by Fig. 15h, the By und By coded L)- nels
show, at temperatures helow the transition, i val-
ues about 3 and 2 times higher than that of mre
PAG vespeetively, At highey temperutines beyod
the transition, the B vihie of Hyis ubva Jper
that ol A,

His somew it surprising that the p, Ilewnd, vy
tatudng only 2 pereent of (he netisinalized yaly o,
shows better impaet properties than the Iy Dle al,
The linding that the B, Mend, cunlaluing onke 2
peseent madified EPM g SA tublier, ehibits leter
impact propertios than sy other Wend ivestipibed
cannot be accounted for by a particularly Ligl
degree of adhesion between matrix and dispersed
domains, as the latter are completely removed hy
hoiling svlene (see Fig. 6). Such behavior is m-re
likely 10 he related to an optimum size distributisn
of dispersed domains produced together with a
rather drastic modification of fntrinsic malrix prip-
erties following a process of “dissolution” of (s
B-SA)-2-PAG copolymer and/or nucleation ellexis
that gives vise 1o PAG spherulites with lower dimes-
sions and different structure of the intersphernlitic
boundary regions (3). Optical observitions of th'n
sections of PAG and B, blends show that in the cise
of the blend sample the dimensions of the PA6
spherulites are indeed smaller than those obsery «
in plain PAG,

For the sake of comparison, in Fig. 16, the impoet
behavior of By and By blends is compared with thet
of a ternary PAG/EPM/EPM-g-SA 80/15/5 blea:|
prepared by melt-mixing of components {3). Fronn
the examination of the trend of the curves in Fir.
16, it emerges that the impact properties of By ard
B; are slightly better than those of blends obtaing)
by melt-mixing, This finding is in agreement with

the SEM observations that indicate a rather simila«»i 4

overall morphology of the samples (3),

, s

CONCLUDING REMARKS' |
Caprolactum polonerization via ab-hvdrolvii;
process may be carried ont i (he presence of
rubbery components such as EPM and/or modifiel

1

|
1
1]
o e
i !

h
b 000 Compar i of tmguss £t s of 14 it My Wy Moy
wathow IAWSEPRLEA A LN ey Wiy ognss el By
el i g puaens (Curie 00 Mo € " e nhh.flm-r/ Iy mt-l:
sbvbg the ringunenty Iy Bralienedes fike appratin at 2604(;
with a wendng fine of 20 min and setational speed rollers of 32
1pn

FEMUEPM 1 SA). Two diffevent methods of Dlends
prepoation were fullowed: the fya [solution
ethond, 8™ conled) Bleds) fvodved u preliminary
dispwaston ol the taliua i o suitable stelvent ulils
to dlissolve the caprolictam and (e iltiator, ‘The
second dbulh wethod, “8” el Wends) Is eharae.
bevized T the et it the rbiber s irectly arkded
o coprolactum and itiator and tispersed by me-
chanical stirring hefore polymerization. It is found
that the degree of conversion of caprolactam to
PAG and malecular mass are practically independ.
ent of the content of functionalized EPM.g-SA.

Tensile strengths and elongations at break of bi-
wiry and ternary blends are slightly lower than
these of puve PAG. A more sirked positive eflect
on the impact properties of PA6 is foumnd when a
stall amount of EPM-g-SA (2 and § percent) is
added 1o binary PAG/EPM (50/18) or (K0/1 5)
blends. Better impact hehavior wag obtained in the
case of the B, blend (PAB/EPM/EPM-g-SA 80718/
)

Evidence mainly supported by morphological and
stroctural analysis shows 1}t EPM-g-SA acts as an
enmbsifier and interfacial stabilizer between the
matrix PAG and the dispersed main component
EPM. As a matter of fact, 2 more fine dispersion of
the rubbery component is ohserved in blends con-
Laining & certuin amount of functionalized EPM.g.
SA rubber,

The interfacial activity of EPM-g-SA is due to a
true chemical reaction with growing PA6 chains
through the formation of a graft copolymer of the
{EPM-g.SA)-¢- PAG 1ype,

Finally it must be pointed out that the main

dvimtage of the method of e preparation de-

Serilwee i i present paper resfedes on the faet 1)at
with wsuitaile reactor the mber of overall oper-
atioms is redoeed with vespred 1o e met-mixing
preparation. Nevertheless, the properties of the
blends obtained are similar. We wish to emphasize
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that with better control of the re
should be possible 1o produce
modes and stales of dispersio
ponents simply by chang
stirring
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