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Abstract—Blends of low density polyethylene and nylon 6 were prepared in a screw extruder combined with
a static mixer. These immiscible binary blends were investigated considering the rheological properties and
phase morphology. The effect of hydrodynamic conditions such as shear rate, interfacial tension, viscosity,
and dispersed phase concentration on the number average size of the dispersed phase was studied. In order
to study morphological changes in the fiber cross-section during the attenuation process of the fiber, an experi-
ment by a lab-scale melt spinning equipment was carried out. The dispersed fibrils of nylon 6 or LDPE could
be made much thinner by increasing the stretch ratio, irrespective of elongational viscosity ratio of the dispersed
to continuous phases.

Keywords: Dispersed phase, Continuous phase, Shear viscosity, Interfacial tension, Elongational viscosity, Fibril-

lation
1. Introduction ble minor phase, and under the appropriate condi-
tions morphological structures such as spheres,
Immiscible blends have distinct potential adva- ellipsoids, fibers and plates or ribbons can be pro-
ntages because of their characteristic features. duced. Co-continuous phases may also be formed.
They form a multi-phase system with a deforma- In a suspension or emulsion of a liquid drop in
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a continuous phase fluid under steady or in an
extensional flow field, the liquid drop will be de-
formed due to the viscous (and possibly elastic)
stresses acting on the interface of the drop. The
interfacial tension will tend to resist the defroma-
tion and keep the drop in a spherical form.

Up to date, most studies have been limited to
Newtonian systems. The first such work was done
by Taylor [1,2]. This work provided the basis
for more extensive studies which followed by Bar-
tok and Mason [3, 4], Rumscheidt and Mason [5,
6], and Karam and Bellinger [7]. Similarly, such
studies have been used to describe the flow beha-
vior of polymer solutions and melts [8,9].

As will be shown, the breakup characteristics
in viscoelastic systems can be quite different from
those in Newtonian systems. With viscoelastic sy-
stems the deformation variables and the orienta-
tion angle can not be represented strictly in terms
of a Weber group and a viscosity ratio group as
with Newtonian systems. Additional groups should
be considered as a result of the more complicated
rheological properties of the viscoelastic phase.
For a viscoelastic drop in a Newtonian continuous
phase or for a Newtonian drop in a viscoelastic
continuous phase, Flumerfelt [10] and Tavgac
[11] formulated an expression by adopting the
Bird-Carreau viscoelastic model as rheological re-
presentation.

In order to investigate the effect of fluid elasti-
city on deformation of a viscoelastic droplet sus-
pended in another viscoelastic medium under a
steady elongational flow, Chin and Han [12,13]
obtained the first-order solution for predicting the
droplet shape, using the Coleman-Noll second-or-
der fluid. They also carried out a hydrodynamic
stability analysis for the breakup, using the classi-
cal Jeffreys model. Although they made theoretical
attempts to predict the deformation and breakup
of viscoelastic fluid droplets, their work has not
yet led to a general understanding of the pheno-
menon because their theoretical development has
severe limitations. Recently, for a viscoelastic sys-
tem, the problem of droplet deformation and brea-
kup was investigated by Wu [14] for blends of
nylon and polyester as the matrix and ethylene-
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proylene rubbers as the dispersed phase, proces-
sed by co-rotating twin screw extrusion at cons-
tant dispersed phase volume fraction. This system
is quite different from Taylor’s in many respects,
i.e., both dispersed and continuous phases are vis-
coelastic, and the strain field is a complex combi-
nation of nonuniform, transient shear and elonga-
tional fields. More recently, Serpe, Jarrin and Da-
wans [15] modified the Wu’s expression [14], ba-
sed on the influence of the dispersed phase con-
centration and blend viscosity on blend morpho-
logy.

The objectives of this study are to characterize
low density polyethylene/nylon 6 blends from a
rheological point of view, and to study the mor-
phology of the minor phase as a function of com-
position. The rheological properties of two-phase
polymer systems are investigated in oscillatory
shearing flow and in elongational flow fields. The
effect of the viscosity ratio on the phase size/com-
position dependence and the interfacial and rheo-
logical effects on the dispersion process will also
be discussed.

2. Experimental

2.1. Materials and Blend Preparation

Four low density polyethylenes (PE-1, PE-2, PE-
3, PE-4) with different molecular weights and a
nylon 6 (N6) were used. The characteristics of
these polymers are summarized in Table 1. The
polymers were blended by using a screw extruder
with a static mixer. A 30 mm¢ extruder was used
in order to feed and mix the material. A static
mixer (Sam Hwa MFG. Co.) with seven mixing
elements was attached to improve mixing efficie-
ncy. The polymer blends were prepared in com-
position ranges defined in Table 2. All the PE/N6
blends were blended at 260C . In order to keep
constant throat pressures and throughputs for all
the blends, screw speeds were changed according
to the types of polyethylenes.

2.2. Rheological Measurement
2.2.1. Dynamic Flow Properties
A Rheometrics Dynamic Spectrometer (RDSII,
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Table 1. Characteristics of polymers studied

Material Supplier MI° Density Mn’ Mw Mw/Mn
(g/cm?®)

PE-1 Hanyang Chemical 45 0.915 21,600 172,800 8.0
PE-2 z 24 0.915 23,700 218,000 9.2
PE-3 s 8.0 0918 23,900 258,100 10.8
PE4 ” 0.25 0.921 28,000 261,000 93

N6 Tongyang Nylon — 1.143 19,700 37,500 1.9

21907 /2,160 g/10 minutes

®Mn and Mw of LDPE’s were determined by GPC. Mn of NY6 was determined by end group analysis. Mw
of NY6 was calculated by the formula Mw=53788 (y/R.V.—1) where the R.V. is the relative viscosity measured
on a 1% w/v solution in 96% sulphuric acid at 25C.

Table 2. Blend systems investigated

Compostions Cpmel s

Polyethylene-1/Nylon 6 90/10, 70/30, 50/50, 35/65, 30/70, 10/90 100
(PE-1/N6)

Polyethylene-2/Nylon 6 90/10, 70/30, 60/40, 50/50, 40/60, 35/65, 50
(PE-2/N6) 30/70, 10/90

Polyethylene-3/Nylon 6 90/10, 70/30, 50/50, 45/55, 30/70, 10/90 20
(PE-3/N6)

Polyethylene-4/Nylon 6 90/10, 70/30, 60/40, 50/50, 30/70, 10/90 10
(PE-4/N6) g

“Values calculated by the formula y,=ndn/60h where d, n, and h are barrel diameter, screw speed (rpm),

and minimum channel depth, respectively.

Model 7700) was used to measure the complex
viscosity, n* and the storage modulus, G, as a
function of frequency at 260C . The experiments
were carried out in the dynamic mode in parallel
plate geometry at a strain of 10% and a gap of
2.0 mm. The RDS measurements were performed
under dry nitrogen.

2.2.2. Elongational Flow

The apparatus used (Capirograph) is essentially
a lab-scale melt spinning equipment, consisting of
a reservoir section with a capillary, a tensiometer,
and a take-off device. The capillary used had a
diameter of 1.0 mm, an L/D ratio of 20. An isothe-
rmal chamber (14-cm long) was attached to the
capillary in order to keep the temperature of the
molten threadline nearly equal to that of the melt.
A camera (PENTAX-MX, Asahi) was used to take
pictures of the threadlines. The temperature of
the reservoir was kept to be 230C and the resi-

dence time was 1 minute to minimize the coales-
cence of the dispersed phases. At that time, the
temperature of the isothermal chamber was 210+
5C. The diameter profile of the fiber inside the
isothermal chamber was recorded and measured
both by a laser beam and by taking pictures th-
rough the glass window of the chamber. The laser
beam was placed 10 to 20 mm distant from the
capillary. In order to project pictures on the sc-
reen, a projector (ELMO OPAQUE PROJECTOR)
was used. The magnitude was about 20. The th-
read tension was measured at 650 mm from the
bottom of capillary where the threadline solidified.
The actually measured tension for PE-1/N6, PE-
2/N6 and PE-3/N6 blends were determined at
take-up speeds of 20 m/min, while the data for
PE-4/N6 were measured at take-up speeds of 10
m/min because filament breakage occurred at the
speeds of 20 m/min. The extrusion velocity Vy was
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0.91 m/min.

2.3. Morphological Analysis

A scanning electron microscope (type JEOL 35
CF) was used to examine samples and to verify
the morphology. The blended samples were mic-
rotomed to create a plane face using an ultramic-
rotome equipped with a glass knife. The samples
stretched by spinning were fractured under liquid
nitrogen and the fracture surfaces were examined.
In order to observe fiber formation or fibrillation
of dispersed phases, the stretched samples were
extracted by using toluene or formic acid. Extrac-
tion in toluene would remove the polyethylene
and leave the nylon 6. Extraction in formic acid
would remove the nylon 6 and leave the polyethy-
lene. The characteristics of the extracted filaments
were also investigated.

3. Results and Discussion

3.1. Rheological Properties

In Fig. 1, complex viscosity (n*) is plotted ver-
sus angular frequency () for the four commercial
polyethylene samples and nylon 6 at 260C . The
nylon 6 sample exhibits nearly Newtonian flow
behavior and shows a higher viscosity than PE-
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Fig. 1. n* versus © for the homopolymer samples:
PE-1 (»), PE-2 (v), PE-3 (O0), PE-4 (¢) and
N6 (O).
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1, PE-2, and PE-3 over the frequency range obser-
ved. Fig. 2 shows that the elastic property repre-
sented by the storage modulus (G') is similar for
four LDPE’s and the LDPE’s exhibit higher sto-
rage modulus than nylon 6 over all the range of
shear stresses (T).

3.2. Analysis of Dispersion Process

3.2.1. Dependence of Phase Size on the
Blend Compsition

SEM photomicrographs of the fracture surfaces
of PE-1/N6 extrudates produced in this work are
shown in Fig. 3. It is seen that at high polyethy-
lene content levels the nylon 6 forms the disper-
sed phase and at high nylon 6 contents the polye-
thylene is the dispersed pahse. At intermediate
compsoitions, co-continuous phases are obtained.
The phase dimensions are in the range of 3 to
45 um. The number average dispersed phase di-
mensions have been determined by observing a
blend containing 80 to 250 dispersed globules for

G’ (dynes/cm?)

L
10% 104 108 106

T (dynes/cmy)
Fig. 2. G’ versus t for the homopolymer samples:
PE-1 (2), PE-2 (¥), PE-3 (O), PE4 (¢) and
N6 (O).
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Fig. 3. SEM photomicrographs of PE-1/N6 blends: (a) 90/10, (b) 70/30, (c) 50/50, (d) 35/65, (e) 30/70, (f)

10/90, (wt%/wt%).

each system. These results are plotted versus ny-
lon 6 content in Fig. 4. This shows the dependence
of the number average diameter with composition.
The composition dependence for the blend is cha-
racterized by the curves which display asymptotic
behaviour at intermediate concentrations. At low
nylon 6 concentrations, there is a gradual increase

of phase dimensions with increasing nylon 6 con-
tents. ’

3.2.2. Dual-phase Continuity

Recently, a semi-empirical expression was pro-
posed to predict the point of co-continuous phases
based on the viscoisty ratio [16]:

mE)/Mey)~ D1/ D, )
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Fig. 4. Dependence of phase size on composition for
blends: PE-1/N6 (2), PE-2/N6 (v), PE-3/N6
(0), PE-4/N6 (©).

Table 3. Concentration for dual-phase continuity

Dy (pred.) Dys (obs.)
PE-1/N6 0.88 0.60
PE-2/N6 0.82 0.55~0.60
PE-3/N6 0.67 0.50
PE-4/N6 0.21 0.35

where @’s designate the volume fraction of a two
phase system. According to Eq.1, the region of
dual-phase continuity would be theoretically pre-
dicted (Table 3). Using the approximate Cox-Merz
rule, n*(®@) may replace n(y) in Eq.1 [17]. The
predicted values are calculated under the proces-
sing conditions previously described in Table 2
and Fig. 1. Experimentally, however, co-continuous
phases are observed with a large deviation. These
experimental results may be supported by those
of Favis and Chalifoux [18], who observed co-co-
ntinuous structures at 40~50 vol% for polypropy-
lene/polycarbonate blends, compared with the
68~87 vol% predicted by Eq.1. We can also see
the difference between the predicted and obser-
ved values for dual-phase continuity in this study.
This may be due to the storage modulus of polye-
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Fig. 5. Dependence of number-average diameter of
dispersed phase on the viscosity ratio: PE-1
/N6 (»), PE-2/N6 (v), PE-3/N6 (1), PE-4/N6
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thylene being larger than that of nylon 6 for PE-
1/N6, PE-2/N6, and PE-3/N6 blends. However, for
PE-4/N6 blends processed with very high shear
stresses, the condition for dual phase continuity
can be predicted fairly accurately using the rela-
tion because the storage moduli of PE-4 and N6
may be almost the same at high shear stress.
Therefore, the morphological data concerning the
region of co-continuous phases appear to be rela-
ted to the relative elasticity of the components
in the blend as well as viscosity ratio for these
systems.

3.2.3. Interfacial and Rheological Effects

Fig.5 shows plots of the number-average parti-
cle diameter (a,) versus the viscosity ratio (p=
No/ne, where nc and np are the continuous and
dispersed phase viscosities, respectively) at the
effective shear rate of the extruder and the extru-
der melt temperature. For all blends obtained we
note that the number average diameter of the dis-
persed phase (N6 or PE) is a function of the rela-
tive viscosities as well as the concentration of the
dispersed phase. It seems that the influence of
the mixing conditions on PE/N6 blend morphology
may be described by Wu’s expression [14] or Se-
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Fig. 6. Dimensionless curves of Weber number ver-
sus viscosity ratio: PE-1/N6 (», &, A), PE-
2/N6 (v, v, ¥), PE-3/N6 (O, m, W), PE-4/N6
©, o).
- Wu’'s curve, -+~ Serpe-Jarrin-Dawans cur-
ves.

rpe et al’s modification [15].

The critical Weber number (n¢ya,/o) is plotted
versus the viscosity ratio p in Fig. 6, over a wide
range of composition. In this study, we used 10.7
mN/m for the interfaical tension (o) of the PE/N6
system, measured by means of the spinning drop
method at 250C [19]. For the same compositions
of blends, the data points fall nearly on straight
lines which are parallel to Wu's curve. Thus, in
this case it appears that the dispersed phase con-
centration is an independent parameter of blend
components for the same blending process and
the average diameter of particles increases with
the dispersed phase concentration. Wu [14] pro-
posed that there was a critical value of the Weber
number below which particle deformation would
no longer occur, and therefore there was a critical
particle size determined by the rheological effects.
At that point the emulsion system achieved the
minimum interfacial area possible by a critical
average particle size of the dispersed phase for
a fixed composition. Therefore, if one changes the
mixing conditions or the system composition, the
system follows a V-shaped curve parallel to Wu's
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curve according to Serpe ef al’s modifications
(15]. In Figs.5 and 6, there are deviations from
the curves or straight lines for PE-4/N6 blends.
Such deviations may be due to high pressures
applied in preparing the blends with very high
viscosity PE-4.

3.3. Deformation in Elongational Flow

Elongation of droplets can take place in a shear
field with a non-uniform velocity profile. However,
more efficient is the extensional stress. In other
words, drop breakup occurs much more easily in
an elongational field than in a shear field. Exten-
sional flow was also found to have a stabilizing
effect on the breakup of liquid threads. At high
extensional rates, very small diameter thread
could be maintained before the final breakup oc-
curs [20].

In the fiber spinning process, a rheological pro-
perty of direct relevance is elongational viscosity.
Using the melt spinning process, the elongational
viscosity can be determined by

np= —/AG) ®

dV(x)/dx

where ng is the elongational viscosity, F, the force
required to deform a threadline, x, the direction
of the fiber streching, A(x), the corss sectional
area of a threadline at position x and dV(x)/dx
or yg, elongation rate at position x. In the melt
spinning process, the forces involved in deforming
a threadline are: the rheological force (F,.,), gra-
vitational force (F,..), drag force (Fu,,), and inertia
force (Fiun). The overall force balance around a
threadline may be written as

Frhea = FL + Fgmv - Fafrag - Finert (3)

The gravitational force may be determined
from

Fyw=] pgn/4D(* dx @

where g is the gravitational constant, p, the fluid
density and D(x), the thread diameter at position
x. In the case where the take-up velocity is very
low, inertia and air drag forces are negligibly
small [21]. With the measured tension (F;) and

The Korean ]. of Rheology, Vol. 5, No. 1, 1993
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city for PE-1 (») and N6 (O).

the calculated values, F,., can be calculated, which
will then permit one to determine the elongational
viscosity from Eq. 2.

Fig. 7 shows the profiles of the thread diameter
and thread velocity along the spinning way for
the PE-1 and N6. The velocity profile is determi-
ned by use of the equation of continuity. Apparent
elongational viscosity-elongation rate data for four
polyethylenes and nylon 6 are shown in Fig. 8.
For polyethylenes, the mg values increase with
elongation rate. In particular, the value of PE-4
increases strikingly with elongation rate. For ny-
lon 6, the ng value increases slightly with elonga-
tion rate.

From SEM photomicrographs of the fiber samp-
les of PE/N6 blends at a stretch ratio of 11, the
number-average fibril dimensions have been dete-
rmined using 60 to 300 dispersed fibrils for each
system. The values so determined are summari-
zed in Table 4. Fiber formation is observed after
extractions of LDPE in toluene or nylon 6 in for-
mic acid. Fig.9 shows SEM photomicrographs of
the longitudinal section of toluene- or formic acid-
extracted fibers. The values of the average fibril
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Fig. 8. nz versus vx for the homopolymer samples:
PE-1 (»), PE-2 (v), PE-3 (O), PE4 () and
N6 (O).

lengths and aspect ratios of the nylon 6 or LDPE
fibrils calculated at take-up speeds of 10 m/min
(V./Vy=11), assuming no breakup of the disper-
sed phase during the spinning process, are given
in Table 5. The assumption of no breakup may
be valid. As discussed, Rumscheidt and Mason
[5,6] and Lee [20] observed that very fine dia-
meter threads were made before the breakup was
observed in extensional flow. Shimizu et al. [22]
also observed that the dispersed fibers could be
made thinner with higher take-up speeds.

On the other hand, Han and Kim [23] observed
that the deformation of droplets in an extensional
flow was possible if ngp/nec<1 for polystyrene/
HDPE blends. In other words, when the dispersed
phase has an elongational viscosity lower than the
continuous phase, the suspended droplets can be
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Fig. 9. SEM photomicrographs of longitudinal section of solvent-extracted PE-1/N6 blend melt-spun fibers (V,/V,
=11): (a) 90/10, (b) 70/30, (c) 50/50, (d) 30/70, (e) 10/90, (Wt%/wt%).

expected to elongate much more easily. In the
opposite situation, the suspended droplets would
elongate much less than the continuous phase. In
that case, it should be noted that both polystyrene
and HDPE show tension-thinning. However, for
the PE/N6 blends investigated in this work, the
deformation of droplets is different from Han and

Kim’s result. In all cases, the dispersed phase (N6
or PE) elongates with stretch ratios irrespective
of the elongational viscosity ratio of two homopol-
ymers. For only the PE-4/N6 blends (30/70, 10/90
blends) with a very high ng value, the dispersed
PE droplets are less elongated, and thus the fib-
rils have low aspect ratios.

The Korean J. of Rheology, Vol. 5, No. 1, 1993
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Table 4. Number-Average fibril diameter by spinning process

Stretch ratio

Composition (PE/N6, um)

System (V/Vo)
90/10 70/30 50/50 30/70 10/90
PE-1/N6 11 1.0 19 25 22 14
22 0.6 11 14 12 1.0
PE-2/N6 11 1.0 17 2.2 2.1 1.2
22 ) 0.6 1.1 14 14 0.7
PE-3/N6 11 0.9 14 2.0 1.7 11
22 0.5 0.8 12 13 0.8
PE-4/N6 11 0.5 0.8 2.3 2.8 32
Table 5. Dimensions of nylon 6 or LDPE fibrils
Calculated Composition (PE/N6)
System dimension
90/10 70/30 50/50 30/70 10/90
PE-1/N6 length (mm) 1.30 2.95 10.52 4.56 0.60
aspect ratio (X107?) 13.02 16.40 42.07 20.71 4.30
PE-2/N6 length (mm) 0.57 2.49 8.68 3.73 0.67
aspect ratio (X107%) 5.72 14.65 3947 17.74 5.57
PE-3/N6 length (mm) 0.56 2.02 8.04 2.81 2.8
aspect ratio (X1072) 6.23 1441 40.19 16.51 2.56
PE-4/N6 length (mm) 0.09 1.98 - 0.20 0.03
aspect ratio (X107%) 1.75 3.13 - 0.71 0.10

It is a well-established fact that the tension-thi-
ckening group, which is a flexible polymer, shows
less aligning and more stretching in extensional
flow fields and the tension-thinning group, which
is less flexible (rod-like), shows more aligning and
less stretching [24, 25]. Both nylon 6 and LDFE
investigated in this study exhibit tension-thicke-
ning. It may be, therefore, concluded that the dis-
persed fibrils of nylon 6 or LDPE can be made
much thinner by increasing the stretch ratio, irre-
spective of the elongational viscosity ratio of the
dispersed to continuous phases. For the 70/30
(PE/N6) blends, the average diameters of the ny-
lon 6 fibrils obtained at take-up speeds of 10m
/min are measured to be 0.8~1.8 ym and the ave-
rage fibril lengths are estimated to be 2~3 mm.
The ultrafine fibrils obtained in this manner have
aspect ratios reaching 10°. For the 30/70(PE/N6)
blends, the average diameters of the LDPE fibrils
are measured to be 1.7~2.8 um and the average
fibril lengths were estimated to be 0.2~4.5 mm.

4uig, A5 Al13E, 1993

The ultrafine fibrils have aspect ratios reaching
102~10% It can be also seen in Table 5 that the
aspect ratios become larger with increasing the
content of the dispersed phases. This trends may
fit to the deformation equation of Choi and Scho-
walter [9].

4. Conclusions

The deformation and breakup processes of dis-
persed phases in the immiscible binary blend sys-
tems of polyethylene and nylon 6 under shear
flow and elongational flow fields have been stu-
died.

The formation of a dispersed phase during melt
blending with a single screw extruder and a static
mixer shows composition dependence. The analy-
sis of the PE/N6 blend morphology reveals the
size of the minor phase to display a strong inc-
rease in the dispersed phase size when the minor
component concentration is increased, especially
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in the vicinity of dual-phase continuity. The expe-
rimental results of the dispersion can be descri-
bed by a curve relating the Weber number to the
viscosity ratio. A shift in the region of dual-phase
continuity is also observed for blends of different
viscosity ratios. The morphological data concer-
ning the region of co-continuous phase appear to
be related to the relative elasticity of the compo-
nents as well as the viscosity ratio.

The ultra-fine fibril formation is observed in
a uniaxial elongational flow. For the 70/30(PE/N6)
blends, the average diameters of the nylon 6 fib-
rils obtained at take-up speeds of 10 m/min are
0.8~18 um and the average fibril lengths, 2~3
mm. For the 30/70(PE/N6) blends, the average
diameters of the LDPE fibrils are 1.7~2.8 um and
the average fibril lengths, 0.2~4.5 mm. Therefore,
very thin diameter fibrils of nylon 6 or LDPE can
be obtained, irrespective of the elongational visco-
sity ratio of the dispersed to continuous phases.
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