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The phenomenon of electrification is the accumulation
of electric charge in a material. Polymers may become
electrified when subjected to intense friction during their
processing or under working conditions and the accu-
mulated electric charge may change their adhesion and
friction properties. In this work, a study of the influence
of molecular weight and chain mobility on the electrifica-
tion of linear low-density polyethylenes under continu-
ous extrusion is presented. The use of different die
materials, polymer processing additives, as well as slip
and no slip flow conditions allowed the identification of
two different mechanisms for electric charge generation
in the melts; namely, the stripping of an electrical double
layer acting in the absence of slip, and dynamic frictional
electrification, or tribocharging acting under strong slip
conditions. The magnitude of the electric charge was
found to increase with polymer molecular weight and die
length, and exhibited a local maximum as a function of
the average velocity of the melt in both cases. The height
of the maximum increased along with the molecular mo-
bility. The experimental results were compared with the
numerical solution of the equation of continuity for
charge transport and it is shown that it does not
describe the experimental results because it does not
consider the additional mechanism of charge generation
introduced by strong slip at the die wall. POLYM. ENG.
SCl., 48:386-394, 2008. © 2007 Society of Plastics Engineers

INTRODUCTION

The phenomenon of electrification is the accumulation
of electric charge in a material. The electric charge on a
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DISCOVER SOMETHING GREAT

polymeric surface is usually removed by the air with the
help of antistatic agents commonly added during its pro-
cessing. Therefore, in the presence of a low density of
charge in an insulator the electrification phenomenon is
scarcely visible. Nevertheless, the electric charge accumu-
lated in a polymer may be substantially increased when it is
subjected to intense friction during processing or under
working conditions. Such an electric charge build-up in a
polymer may be annoying or represent potential explosive
hazards [1]. In addition, it may produce sticking to equip-
ment in post-processing operations [2], and it is not surpris-
ing that the presence of trapped charges at a polymeric
surface affects its adhesion and friction properties [3].

The phenomenon of electrification in polymeric solids is
well known and depends on the chemical nature of the sur-
faces into contact, as well as on the working conditions as
temperature, sliding velocity and environment [4, 5]. The
charge transfer in polymer-metal contacts is generally
assumed to be due to electrons, but ion or material transfer
might be also relevant.

The phenomenon of electrification has been scarcely
studied in the case of polymer melts. The first systematic
studies in this field where those by Vinogradov and co-
workers [6, 7], who used measurements of electric charge
on extrudates to evidence wall slip in the spurt flow regime
during the capiliary extrusion of flexible polymers, mainly
rubbers. Also, by the same time Taylor et al. [8] measured
the electrification of polystyrene, low-density polyethylene,
and polycarbonate melts under stable capillary flow.

The electrification of polymer melts during extrusion
was first attributed to a process of dynamic friction arising
from a failure of the no slip boundary condition at the die
wall [6]. Dreval et al. [7] showed that the accumulated
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charge density varied with the die length, reaching eventu-
ally a maximum, and increased along with polymer molecu-
lar weight. Such a maximum was also observed as a func-
tion of the sliding velocity. Lastly, Dreval et al. [7] showed
that the time—temperature superposition principle was ap-
plicable to their data, which evidenced the contribution of
segmental mobility of the chains to electrification of the
melt.

On the other hand, Taylor et al. [8] ascribed the electrifi-
cation phenomenon during extrusion to the separation by
flow of an electrical double layer formed at the interface
between the polymer melt and the die wall. Also, Taylor
and coworkers reported a maximum in the electric charge
for polystyrene filled with Al,O3;, which was attributed to
an increase in electrical conductivity, as predicted by the
continuity equation for electric charge transport in a tube
(see the next section).

The electrification phenomenon in polymer melts did not
receive further attention until recently, when Pérez-Gonza-
lez and Denn [9] reported for the first time the electrifica-
tion of linear low-density polyethylene (LLDPE) under
continuous extrusion through a brass die. In agreement with
the hypothesis by Vinogradov et al. [6] and Dreval et al.
[7], the phenomenon was attributed to strong slip occurring
at the die wall. In contrast, the electrification phenomenon
was not observed for the same polymer when using a stain-
less steel die where slip was absent at even higher shear
stress values. Thus, the electrification of the melt was sug-
gested as a signature of slip at the die wall. This fact was
later verified and used by Pérez-Gonzilez [10] and Pérez-
Trejo et al. [11] to study the slip and triboelectrification
phenomena of LLDPE melts. In these last two works, there
was a systematic coincidence of the simultaneous appear-
ance or disappearance of both, strong slip conditions and
electric charge on the extrudates. The same electrification
phenomenon has been identified in a series of experiments
with other linear polyethylenes through dies made up of
copper alloys, as well as in the presence of fluropolymer
polymer processing additives (FPPA). In all cases, electrifi-
cation was accompanied by strong slip conditions [12-14],
and Pérez-Gonzilez [10] reported an empirical relationship
between the slip velocity and the electric charge in the sta-
ble flow regime prior to the stick-slip. On the other hand,
the magnitude of the electric charge was reported to
increase with temperature [11].

Independent measurements of electric charge during the
injection moulding of polypropylene [15], and during the
capillary extrusion of LLDPE [16], have been recently
reported. Tonon et al. [16] detected electrification in the
sharkskin regime during the extrusion of LLDPE and sug-
gested that both mechanisms, slip and a double layer effect,
could be acting, even though they did not provide conclu-
sive evidence of slip. These authors also found that the elec-
tric charge data followed an Arrhenius behavior, which
according to Dreval et al. {7] makes a link with the molecu-
lar mobility of the polymer chains. In a more recent work
[17], Flores et al. attributed the electrification observed in
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LLDPE extruded with processing aids to the effect of an
electrical double layer.

Finally, Pérez-Gonzalez [18] showed that there is indeed
an electric charge in the sharkskin regime of LLDPE, but it
is smaller in magnitude as compared with that measured
under true slip flow for comparable shear rates. This result
suggested a mechanism different from tribocharging in the
sharkskin regime. Also in the same work, oscillation of the
electric charge during the stick-slip indicated that there are
flow conditions in which the generated electric charge is
drastically decreased or may change its polarity, which is in
agreement with the existence of more than one electrifica-
tion mechanism during the extrusion of linear polyethy-
lenes.

In the present work, we report a study of the influence of
molecular weight on the electrification of metallocene cata-
lyzed linear low-density polyethylene (mLLDPE) melts
under continuous extrusion. The use of different die materi-
als, as well as FPPA allowed the promotion of slip and no-
slip flow conditions, from which two different mechanisms
of charge generation were identified; the stripping of an
electrical double layer one acting in the absence of slip and
dynamic frictional electrification (tribocharging) acting
under strong slip conditions. The magnitude of the electric
charge was found to increase with polymer molecular
weight and die length, and exhibited a local maximum as a
function of the average fluid velocity. Finally, we solved
the equation of continuity for charge transport and show
that it does not describe the experimental results because it
does not consider the additional mechanism of charge gen-
eration introduced by strong slip at the die wall.

THEORETICAL CONSIDERATIONS

The charging process at a solid/liquid interface is
assumed to arise from the presence of an electrical double
layer, which in commercial polymers may appear by the
presence of additives and impurities. The electric charge
density g(r,z) in a liquid flowing through a capillary is de-
pendent on its radial (r) and axial (z) positions (Fig. 1), and
satisfies the general equation of continuity [19]:

vl aqérz, 2 _ % (raqgr, 2)) L q(: D) _o

1)

where v,(r) is the fluid velocity profile for a fully developed
flow, D, is the diffusion coefficient of the charged species
and ¢ = ¢p is the dielectric relaxation time of the liquid
given by the product of its permittivity (¢) and resistivity
(p), respectively. Equation I includes the contributions of
diffusion, conduction, and convection to the total electric
charge density in the fluid. Then, Eq. I needs to be solved
with proper boundary conditions in order to determine the
charge distribution across the capillary (see Fig. 1). Ana-
lytic solutions of Eq. I are limited to cases where the veloc-
ity is independent of the radial and axial positions. Gavis
and Kosman [19] obtained a solution for a flat velocity
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FIG. 1. Schematic representation of the electrification process and bound-
ary conditions.

profile, and Taylor et al. [8] for a Newtonian parabolic one
in limiting cases. However, in the more general case of a
non-Newtonian velocity profile, Eq. / has to be solved
numerically. Once Eq. ! is solved for g(r,z), a charge rate or
streaming current (i) may be calculated by [8]:

R
i= Zn/ rq(r,L)v,(r)dr 2)
0

In which, R and L are the radius and length of the capil-
lary, respectively. Usually, it is the electric charge rate or
streaming current given in Eq. 2 what is measured during
the experiments. Ideally, ¢g(r,z) obtained from the solution
of Eq. 1 and put into Eq. 2 should be the same as the stream-
ing current determined by experiments.

EXPERIMENTAL PROCEDURE

The polymers used in this work were a family of
mLLDPE produced by Aldrich. These are copolymers of
ethylene and butene whose main characteristics are reported
in Table 1. The polymers were provided in pellets and
reported with antioxidants, only. Unfortunately, the same
type of polymers with the same melting point was not avail-
able. The variations in the melting points are likely due to
differences in the comonomer contents.

The molecular mass distributions (MMD) of the poly-
mers were calculated from oscillatory shear experiments in
a MCR 301 Physica rheometer and the associated software
Rheoplus™ 2.81. The oscillatory experiments were carried
out in the linear viscoelastic regime at different tempera-
tures to construct a master curve, from which, the continu-
ous relaxation time spectrum was calculated. From this, the
MMD for each polymer was obtained by using the Doi’s
kernel, which consists of a sum of single exponential relax-
ation terms. The obtained MMDs for the different polymers
are consistent with those reported by other authors using gel
permeation chromatography for similar melt indexes
mLLDPEs [20].
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TABLE 1. Characteristics of the polymers used

MFI T M,, M, Density
Polymer (g/10 min) (°C) (g/mol) (g/mol) (g/cm®)
A 0.8 60 93,200 49,930 0.880
B 1.2 92 89,670 45,450 0.900
C 3.0 60 69,430 37,200 0.878
D 45 98 62,510 25,370 0.905

Flow experiments were performed at a temperature of
200°C in the die with a computer operated Brabender single
screw extruder of 0.019 m in diameter and a length to diam-
eter ratio of 25/1. The temperature profile for the four dif-
ferent heating zones of the extruder was as follows, 160,
180, 200, and 200°C, respectively. Because of the low melt-
ing point of the polymers, a constant air flow was provided
in the feeding section of the extruder in order to avoid melt-
ing of the polymers in such region.

The pressure drop between capillary ends was measured
with a Dynisco™ pressure transducer. Two capillaries
made up of 464 naval brass and stainless steel, respectively,
both with L/D = 20 and D = 0.001 m were used. Slip and
no slip flow conditions were investigated. A fluropolymer
polymer processing additive (FPPA, FX-9613 from 3M)
was used in order to promote slip. Since the magnitude of
slip depends on the cleanness of the die internal surface, the
extruder and dies were first cleaned with a purging com-
pound (Unipurge™ from Union Carbide). Then, either the
pure polymers or their blends with 0.1 wt% of FPPA was
allowed to flow in the system for more than 1 h before start-
ing the measurements, in order to remove residuals of the
purging compound. Slip flow was recognized by the disap-
pearance of sharkskin distortions, by a decrease in the pres-
sure drop at constant screw velocity and by the presence of
electric charge on the extrudates.

The procedure for the electrical measurements was simi-
lar to the one used and described in detail by Pérez-Gonza-
lez [18], this is sketched in Fig. 2. The only difference in
the present work was the use of a Faraday cup instead of the
probe to detect the charges on the extrudates. In contrast to
measurements by using a probe, the use of the Faraday cup

Pressure
&« transducer

FIG. 2. Schematic representation of the experimental set-up.
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FIG. 3. Flow curves obtained for the polymers A and C with and without

FPPA using a stainless steel die (S-S). Dark symbols represent the average
shear stress values in the stick-slip regime.

permits the determination of the absolute density of charge
on the extrudates. The charge acquired by the Faraday cup
and the pressure drop were monitored simultaneously via a
data acquisition board coupled to a computer. In most cases,
the charge and pressure drop data presented in this work
were acquired at a rate of 10 points/s, but this rate was
changed to 100 points/s to study the unstable stick-slip flow
regimes.

RESULTS AND DISCUSSION

Flow Curves and Slip

The standard formulas to evaluate the capillary flow
behavior of non-Newtonian liquids are 7,, = DAp/4L for
the wall shear stress, and j,,, = 32Q/aD? for the apparent
shear rate. In these formulas, D and L are the diameter and
length of the capillary, respectively, Ap is the pressure drop
between capillary ends and Q.. is the experimentally
measured volumetric flow rate. To obtain the true shear rate
for a non-Newtonian fluid the Rabinowitsch correction must
be performed, but this is not relevant for the purposes of this
work, since the whole analysis of the electrification of the
melts is performed in terms of the average and slip veloc-
ities. The flow curves obtained using the stainless steel die
and different molecular weight (M,,) polymers are shown in
Figs. 3 and 4. The plots have been arranged to compare poly-
mers with different M,, but similar melting points (polymers
A and C, and polymers B and D, respectively). This allows
for the comparison of the flow behavior at similar condi-
tions of chain mobility. Data obtained when using the FPPA
are also included in both figures.

Several aspects of the flow curves may be distinguished
in Figs. 3 and 4. First, it is evident that the polymer viscos-
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ity increases with increasing M,,. Also, polymers A and B,
Figs. 3 and 4, respectively, show a stick-slip behavior that
is not present for the smaller M,, ones, C and D. It is likely
that the critical level of entanglements is not reached in the
two smaller molecular weight polymers, which prevents the
stick-slip to occur [21]. Then, there is a clear difference
between the flow curves for the pure polymers and with
FPPA, since the shear stresses are higher for the pure poly-
mers at a given apparent shear rate; this is an evidence of
slip when using the FPPA. In addition, it can be observed
that the presence of strong slip helps to eliminate the stick-
slip instabilities for polymers A and B, and produces mono-
tonic flow curves for all the polymers in the shear stress
range studied.

A slightly different behavior is observed when extrusion
is performed through the brass die; the results obtained with
polymer A are shown in Fig. 5. In this case, pressure drops
are decreased for the pure polymer as compared to the
observed when using the stainless steel die (see Fig. 3). In
addition, the stable region extends to higher shear rate val-
ues and the stick-slip appears at higher shear stresses than
in the case of the stainless steel die. Such an increase of the
critical shear stress for this polymer has been attributed to
enhanced adhesion of the macromolecules at the brass die
wall once the effect of slip disappears [18]. In the presence
of the FPPA, however, the behavior is similar to that
observed for the polymer with FPPA in the stainless steel
die, namely, flow curves of the polymer with FPPA in the
brass die are monotonic again and exhibit smaller pressures
as compared with the pure polymer, which is also consistent
with the presence of slip during the experiments. This result
is consistent with a previous report by Pérez-Trejo et al.
[11] in which they compared the electrification when using
pure LLDPE as well as with FPPA through a brass die.
Below, only the results obtained with the stainless steel die
will be discussed.
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FPPA using a stainless steel die (S-S). Dark symbols represent the average
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A slip velocity (vg) can be calculated for the regions of
stable flow for the mLLDPE + FPPA systems in the stain-
less steel die by using the equation [22]:

_4(Q:— 0r)

>y 3

Vs

where Qg and Qs represent the volumetric flow rates with
slip and free of slip, respectively, for a given shear stress.
In the case of polymers A and B only the stable data before
the stick-slip were considered to calculate the slip velocity.
From the data in this work, the slip velocity was found
to increase with the shear stress and the M, value of the
polymer (see also Fig. 6), in agreement with previous
reports [22].

The ratio between the slip and average fluid velocities is
shown in Fig. 6 for all the polymers. As previously reported
by Pérez-Gonzdlez and de Vargas [22] and Pérez-Trejo
et al. [11], there is a maximum in the contribution of the slip
velocity to the total average fluid velocity, which has been
attributed to the influence of shear thinning in the melt. For
polymer A the maximum probably appeared at shear
stresses below the studied range, which was limited by the
lowest available velocity in the extruder.

Electrical Measurements

Evidence of Two Different Mechanisms for Charge
Generation. The electric charge build-up was measured
for all the polymers under the different extrusion condi-
tions. The evolution of the charge accumulation or stream-
ing current is directly related to the flow conditions. Under
steady flow the streaming current was constant, but there
was an oscillating behavior in the stick-slip regimes, as
expected from the unstable flow conditions [18].
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On the other hand, the data obtained from the electrical
measurements performed on the pure polymers as well as
with FPPA are shown separately in Fig. 7a and b for compa-
rable melting points polymers. The charge density (charge
per unit volume) calculated from the measured streaming
current is plotted as a function of the average fluid velocity
in each case. Results in Fig. 7a and b are particularly inter-
esting, since for all the polymers, the electric charge mea-
sured under strong slip conditions is almost one order of
magnitude higher than that measured without slip at compa-
rable velocities. Furthermore, with exception of polymer D,
there is an inversion in the sign of the electric charge
between the pure polymer and with FPPA for the other
three, which in agreement with Pérez-Gonzalez (18] is in-
dicative of a change at the melt die interface. The same
behavior was observed for the pure polymer through the
brass die, i.e., without the influence of FPPA [see also 10,
11, 18], which suggests that two different electrification
mechanisms act under slip and no slip flow, respectively.

The existence of two different mechanisms of charge
generation is further supported by the electrification data of
polymer A through dies made up of stainless steel and
brass, respectively, such data are presented in Fig. 8. It is
evident from this figure that in the presence of slip (when
using the brass die with and without FPPA, and when using
the stainless steel die with FPPA) the electric charge is sig-
nificantly increased as compared with the case without slip
(the case when using the pure polymer through the stainless
steel die). Note that the electric charge under slip can not be
only attributed to an electrical double layer caused by the
FPPA, as has been recently done [17], since the same order
of magnitude of the electric charge is measured when using
the brass die without FPPA.

Figure 9a and b show the radial charge distributions
obtained from the solution of Eq. ! under no slip and slip
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FIG. 6. Plots of the ratio between the slip velocity and the average veloc-
ity in the stainless steel die as a function of the wall shear stress for the dif-
ferent polymers with FPPA.
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flow conditions, respectively, for polymer C at different
axial positions through a capillary of L/D = 20. Electrical
data from Taylor and Lewis [23] for a polyethylene at T =
165°C were used in solving Eq. 1, along with the boundary
conditions stated in Fig. 1 and considering the power-law
velocity profile v,(r) given by:

s - Q] o

where v; is the slip velocity at the chosen wall shear stress
(tw), R is the capillary radius, and “n = 0.58” and “m =
0.005 MPa.s"” are the power law parameters. The main
trends of the electric charge density for a given value of the
fluid velocity are easily observed in Fig. 9a and b; it
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increases and its influence extends towards the capillary
axis as the fluid moves along the capillary (Fig. 9a). The
fact that the electric charge density changes along the tube
for a given velocity means that there is a development of
the double layer, and that a certain tube length is necessary
to have a fully developed charge profile. On the other hand,
an increase in the fluid velocity tends to decrease the extent
of the double layer because diffusion of charges is restricted
by fluid convection, then, the larger the fluid velocity the
narrower the double layer (compare the results in Fig. 9a
and b).

On the other hand, the streaming current was calculated
from the integral (2) using the electric charge density
obtained from the solution of Eq. / with and without slip.
The corresponding values are plotted in Fig. 10a, as well as
in Fig. 10b along with the experimental values for polymer
C. It can be seen from Fig. 10a that the calculated streaming
current is an increasing function of the average velocity,
and as expected, it increases in the presence of slip. Also, it
can be observed from Fig. 10b that the calculated streaming
current is comparable with that measured in the experi-
ments without slip, but is very small in magnitude as com-
pared with that observed under strong slip.

Because of the presence of any impurities in the poly-
mers, the electric charge generation arising from the strip-
ping of a double layer is very likely, in agreement with Tay-
lor et al. [8], and may be responsible for the charge build-up
in the absence of slip. However, the double electric layer
mechanism can not account neither for the increase of
almost one order of magnitude in the electric charge nor for
the sign reversing occurring in the presence of slip. As
shown in Fig. 10b, the only consideration of a nonzero ve-
locity at the die wall in the solution of Egq. / is not enough
to reproduce the observed experimental results in the pres-
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FIG. 9. Plots of the calculated electric charge density as a function of the
“r” coordinate for different axial positions for polymer C, (a) without slip,
(b) with slip.

ence of slip. In the present experiments, the dynamic fric-
tion at the melt/die wall interface may be increasing the
electrical charge by the observed order of magnitude and
modifying the charge transfer at the die wall.

In the case of extrusion with strong slip, it is not possible
to separate the contribution of a double layer from the tribo-
charging in the total density of charge. However, the pres-
ence of a large density of charge and the reversing of its
sign may be considered as indicative of the existence of a
tribocharging mechanism or slip at the die wall. Even
though several researchers had already suggested the possi-
ble existence of both mechanisms for the electrification of
polymer melts, as far as we know, this is the first report giv-
ing clear evidence of their existence for a given polymer
and their link to the flow conditions, namely, slip or not slip
flow.
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Another important issue to highlight from results in Figs.
7a and b and 8, is the fact that the charge density has a local
maximum for the experiments with slip. This does not occur
for the experiments without slip at similar average veloc-
ities, in which the electric charge seems to be an increasing
or decreasing function of the average velocity in the studied
range. In fact, the curves of electric charge density versus
average velocity in the presence of slip are complex and
describe several regimes. Thus, not only a local maximum,
but also a local minimum appears for some M,, values.
Moreover, the electric charge build-up increases to still
higher values as the average velocity goes close to the melt
fracture regime.

The existence of a maximum in the electric charge of
LLDPE was reported by Pérez-Trejo et al. [11] for different
temperatures. These authors attributed the existence of the
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FIG. 10. Plots of the streaming current as a function of the average veloc-
ity with and without slip for polymer C. (a) Calculated data (T); (b) Com-
parison of calculated (T) and experimental data (E).
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FIG. 11. Plots of the electric charge density as a function of the average
melt velocity with FPPA using stainless steel dies (S-S) of different L/D
ratios for polymer D.

maximum to a decrease in the contribution of the slip veloc-
ity to the whole average velocity because of a coincidence
of the critical shear stress for both maxima. Such a behavior
was related with shear thinning in the melt. In the present
work, however, the critical shear stress for the maximum in
the contribution of slip to the average fluid velocity for the
different polymers (Fig. 6) does not agree with that corre-
sponding to the maximum charge (Figs. 7a and b and 8).
Then, another variable related to the molecular properties
of the melts might be involved in the process of electrifica-
tion.

Influence of M,, on Melt Electrification

It can be observed from Fig. 7a and b that at low veloc-
ities the magnitude of the electric charge is higher for the
polymers with the higher M,, values. Since the polymers
studied have a similar polydispersity, then the main differ-
ences in their electrification behavior are due to the differ-
ences in molecular weight. Thus, the maximum in the elec-
tric charge density appears at lower average velocities and
has a smaller magnitude for the polymers with higher M,,
values than for the lower ones and similar melting point.
This behavior is in agreement with that reported by Dreval
et al. [7] in the sense that the magnitude of the electric
charge first increases with My, but the maximum is higher
as the chains mobility is increased or the M,, is decreased.
In other words, the mobility of the polymer chains play an
important role in the process of electrification.

Ohara [24] suggested that the magnitude of the electric
charge was dependent on the number of contacts at the
polymer/metal interface. In the presence of slip of course, it
is expected that not only the contact points are important
for the electrification process, but also the number of sliding
contacts. In fact, Pérez-Gonzalez [18] suggested that a
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higher number of adsorbed chains or nonsliding contacts at
the die wall tend to decrease the magnitude of the electric
charge. In this view, the different regimes observed in the
electric charge versus stress curves might be related to dif-
ferent slip flow regimes. This is an issue that needs to be
further explored.

Dependence of the Electrification Phenomenon on the
Capillary L/D Ratio

Figure 11 shows measurements of the electric charge
density as a function of the average velocity for polymer
D with FPPA in capillaries of different L/D ratio and same
diameter. It can be seen from this figure that the trend of the
electric charge density is to increase along with the capil-
lary length, and that the longer the capillary the higher the
maximum, whose critical shear stress seems to be independ-
ent of the L/D ratio. This increase in the electric charge
build-up when increasing the die length is consistent with
predictions of the theory of the electrical double layer (see
Fig. 9a and b). However, as previously discussed, the exis-
tence of a local maximum and the differences in the values
of the electric charge density between slip and no slip flow
for fixed conditions of temperature and polymer conductiv-
ity can not be explained on the basis of a stripping of a dou-
ble layer. This set of results evidence once again that there
are two different mechanisms for the electric charge genera-
tion, namely, the stripping of an electrical double layer and
tribocharging, which act under no slip and slip conditions,
respectively. The fact that the magnitude of the electric
charge density increases with the die length may be
explained on the basis of an increase in the number of slid-
ing contacts. It must be pointed out, however, that for lon-
ger dies than those used in this work the influence of pres-
sure on polymer viscoelasticity and slip may lead to a
decrease in the number of the sliding contacts, and there-
fore, in the electrification of the melt.

Finally, it is important to point out that the results in this
work are just at the beginning of the explorations in the area
of electrification of polymer melts. A complete description
of the phenomenon requires the identification of the basic
mechanisms (which has been done in this work), and then
their proper inclusion, very likely via boundary conditions,
on a mathematical model. Also, it must be pointed up that
slip at the die wall produces electrification of the melt, but
electrification of the melt does not imply the presence of
slip; the identification of the mechanism for charge genera-
tion may be done via the magnitude of the electric charge
as well as by changes in its polarity.

CONCLUSIONS

From the results presented in this work it can be con-
cluded that there are two different mechanisms for electric
charge generation in polymer melts, namely, the stripping
of an electrical double layer acting in the absence of slip,
and dynamic frictional electrification or tribocharging act-
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ing under strong slip conditions. Even though slip at the die
wall produces electrification of the melt, the last does not
implies the presence of slip; the identification of the mecha-
nism for charge generation may be done via the magnitude
of the electric charge density as well as by changes in its
polarity. On the other hand, the magnitude of the electric
charge density increases with the polymer molecular weight
and die length, and exhibited a local maximum as a function
of the average velocity in the presence of slip. Meanwhile,
the height of the maximum increases along with the molec-
ular mobility. Finally, the experimental results do not agree
with the numerical solution of the equation of continuity for
charge transport, because it does not consider the additional
mechanism of charge generation introduced by strong slip
at the die wall. Further work is still necessary to fully
understand and describe the phenomenon of electrification
in polymer melts.
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