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Abstract Flow behaviors and rheological properties of ethylene tetrafluoroethylene

alternating copolymer (ETFE) under high-shear conditions were first reported. Flow

instabilities, shear and extensional viscosities, and die swell of ETFE were investi-

gated. Rheological behaviors of perfluorinated ethylene propylene copolymers (FEP),

partially fluorinated ETFE, and non-fluorinated polyethylenes (PE) were compared

for understanding the role of fluorine incursion on materials properties. It is found that

(1) ETFE does not have sharkskin region or second smooth region which frequently

occurs in FEP and linear PE; (2) critical shear stresses at which surface melt fracture

occurs for the three polymers follow the order: FEP \ ETFE \ PE; (3) stable flow

region narrows, die swell weakens, and flow activation energy increases when fluo-

rine content of polymer increases. After time–temperature superposition, shifted

shear viscosity, extensional viscosity, and elastic data (die swell) present universal

scaling characteristic and superpose well in term of the same shift factors.
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Abbreviations
D Diameter of the die (mm)

L Length of the die (mm)

Q Volume throughout rate (cm3•s-1)

DP Pressure drops (Pa)

DPent Entrance pressure drops (Pa)

sa Apparent shear stress (Pa)

str True shear stress (Pa)

_ca Apparent shear rate (s-1)

_ctr True shear rate (s-1)

g Shear viscosity (Pa s)

re Extensional stress (Pa)

_e Extensional deformation rate (s-1)

ge Extensional viscosity (Pa s)

g0 Zero-shear viscosity (Pa s)

n Non-Newtonian index

l Trouton ratio, l ¼ ge

g

aT Shift factor

B Die swell ratio

qs Polymer density at ambient temperature, g cm-3

qm Polymer density at test temperature, g cm-3

Introduction

Alternating ethylene-tetrafluoroethylene copolymers (ETFEs) are widely used in

aerospace, nuclear utilization, modern construction, and solar exploitation areas

[1, 2] because of their high chemical and thermal resistance, flame retardancy,

weathering, and electric insulation properties. Consequently, ETFEs are intensively

explored on the molecular parameters and microstructures [3–9], thermal and

crystallization behaviors [10–13], and steady-state viscous properties [14–16].

However, its capillary flow and high-shear rheological behaviors are scarcely

reported, despite their fundamental and technical importance.

It is known that polymer rheological properties, particularly high-shear rheological

characteristics, are closely related to their processing behaviors. Elucidating such

features is thus essential for designing the forming processes and tailoring the product

properties of the polymers. In addition, extensional viscosity plays an important role in

fiber spinning, blow molding, and film blowing processes. Moreover, rheological

information, particularly shear viscosity and modulus, can be constructed into master

curves (scaling characteristic) via time–temperature superposition, giving rheological

insights into the rheometry unreachable regions. Such scaling characteristic origins

from the same relaxation mechanism in multiple hierarchy of polymer molecular

motions. It is the inherent rheological nature of polymer fluids which is extensively

reported [17, 18]. Actually, not only shear viscosity and modulus, but also elongational
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viscosity and elastic properties for some polymers, such as polypropylene [19–21], can

be superimposed into master curves, namely more extensive scaling characteristic in

polymer flow behaviors.

Nowadays, advanced control is required in ETFE processing, making rheolog-

ical properties inevitably needed for predicting the processing conditions and

controlling its final product performances. In this paper, shear and extension

rheological behaviors of ETFE were examined by capillary rheometer. The elastic

feature was estimated using practical die swell and entrance pressure drop, and the

critical melt fracture stresses of ETFE were determined based on the observation

of extrudate appearance and cross-checked by the apparent flow curve technique

etc. [22–24]. Meanwhile, universal scaling characteristics in ETFE melt flow are

reported.

ETFE is made of alternated ethylene and tetrafluoroethylene segments. Compar-

ison study on the rheological behaviors of perfluorinated ethylene–propylene

copolymer (FEP), partially fluorinated ETFE, and nonfluorinated polyethylene will

be helpful to understand the fluorine-substitution effect on polymer rheological and

processing performances.

Experimental

ETFE resin granule (C88AX, Asahi Glass Company. LTD, Japan) was used. The

melt flow rate of the resin is 9 g/10 min according to ASTM D 3159, and its

molecular weight is 2.16 9 105 g/mol based on Tuminello et al.’s [9] rheological

technique due to the insolubility of ETFE resin. The resin was dried at 80 �C for 2 h

before high-shear extruding through a Rosand Rh10 capillary rheometer (Malvern

Instruments, UK) equipped with a twin barrel which could obtain entrance effect

directly. The measurements were carried out at 270, 280, 290, and 300 �C with the

shear rates ranging from 47.8 to 6,500 s-1. Diameter of long and orifice capillary

dies are both 1 mm with a length to diameter ratio of 16 for the long die. Proper test

temperature range was adopted to insure the polymers melted without degradation.

A pre-heat for 12 min at 270 �C and 10 min at other temperatures was applied to

release the pre-compression pressures caused by plunging piston. The melt fracture

phenomena were observed by naked eyes and surface textures of the extrudates

were pictured by camera. The die swell measurements were conducted by a vernier

caliper (1-cm long extrudate, at least 5 extrudates) without considering the gravity

effect.

The melt and crystallization behavior of C88AX was obtained through a DSC

(Differential scanning calorimetry) thermal analyzer, Q100 (TA instruments, USA).

The thermal scanning procedure, including melt and crystallization, follows below:

(1) melt behavior, staying 5 min at -50 �C then heating (10 �C/min) to 350 �C; (2)

crystallization behavior, ETFE was heated quickly (about 200 �C/min) to 350 �C

and held 5 min at this temperature for removing thermal history, after that cooling

with 10 �C/min to -50 �C.
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Results and discussion

Melt and crystallization behavior of ETFE

For determining melt point and then selecting suitable extruding temperature,

thermal analysis was performed (Fig. 1). The melt point of ETFE is about 242 �C,

and crystallization point 259 �C. Figure 1 also shows that ETFE is a highly

crystalline polymer, crystallinity level based on melt curve is 52.5 %, while on

crystallization curve 49.2 %. In addition, we have confirmed that ETFE would

degrade as temperature was above 300 �C [25]. Based on the above mentioned

evidence, we select 270–300 �C as experimental temperature range.

Melt flow instabilities of ETFE

The melt flow instabilities (melt fractures or distortions) of ETFE are normally

determined from extrudate appearance. When melt flow instabilities occurs,

extrudates no longer maintain cylindrical shape or smooth surface [26, 27].

Figure 2 shows the extrudates images of C88AX collected at 280 �C from the

16 mm long die (photos at other temperatures are not presented here for concision)

under different shear rates. Clearly, the melt flow instabilities became evident when

the apparent shear rate is up to 365.4 s-1. However, such steady flow region of

ETFE is much broader than that of FEP which is below 70 s-1 under 350 �C [28],

but narrower than that of linear polyethylene (about 500 s-1) [29, 30]. It seems that

stable flow region narrows with fluorine content.

Regular periodic drum patterns (not bamboo-like shape) were observed clearly

on extrudates under the shear rates ranging from 489 to 876.8 s-1 (regular melt

fracture). At higher shear rates, more complicated gross distortion textures (irregular

melt fracture) appear. However, neither sharkskin region nor second smooth flow

region emerged in our experiment. It is quite different from the linear polymer

systems (Note for instance high density polyethylene, linear low density
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Fig. 1 Thermal behavior
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polyethylene, polybutadiene, polyisoprene, and linear polysiloxanes and fluorinated

ethylene propylene copolymer, except polypropylene see Refs. [19, 26, 27]) where

sharkskin region and second smooth flow region normally can be observed, but

similar to the branched polymer systems [26], such as low density polyethylene

(LDPE) [19, 22]. As temperature increased, the onset shear rates of melt fractures

were promoted to much higher values (Table 1), implying wider processing window

under elevated temperatures.

Fig. 2 Typical surface images of C88AX melts at 280 �C under different shear rates as indicated. The
scale in the photos is a millimeter ruler

Table 1 The onset shear rates and shear stress of various flow regions for ETFE C88AX

Temp./�C Regular pattern/s-1 Irregular pattern/s-1

_cc/s-1 rc/MPa _cc/s-1 rc/MPa

270 365.4 0.28 654.7 0.33

280 489 0.23 1,170 0.32

290 876.8 0.27 2,803 0.35

300 1,170 0.30 3,749 0.41

_cc-critical shear rates where polymer extrusion mechanism changes take place

rc-critical shear stress where polymer extrusion mechanism changes take place
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Apparent flow curve

The apparent flow curve, displaying the relationship between the apparent shear rate

( _ca ¼ 4Q
pR3) and apparent shear stress (sa ¼ RDp

2L , where Q, R, and L are volume flow

rate, radius, and length of the die, respectively), is frequently used to identify the

initialization of flow instabilities and wall slips [17, 26] When flow instability arises,

a slope discontinuity of the curve is frequently observed in FEP [28, 31],

polyethylene [22, 23], polybutadiene [28], polyisoprene[19], and so on.

Figure 3 reports the apparent flow curves of C88AX at varying temperatures.

Clearly, there are two slope breaks (marked by vertical dash lines) in the curves at

relatively lower and higher shear rate regions, which are corresponded to the onset

of the periodical and irregular melt fractures, respectively. It matches well with the

surface textures observed by naked eyes. For example, the slopes of the curve for

280 �C are 0.52, 0.30, and 0.14 in the steady flow region, regular melt fracture

region, and irregular melt fracture region (see solid lines in Fig. 3), respectively.

Such slope variation amplitudes are similar to those of high-density polyethylene

(HDPE) [23]. However, the steady flow slope of ETFE (0.52) is much closer to

LDPE [23] (0.49) than to HDPE [23] (0.59), thus duly testifying ETFE is more

similar to branched polymers. The apparent shear stress is monotonically increased

with increasing apparent shear rate. Meanwhile, the slope at low shear rate region is

higher than those at high-shear rate region, suggesting the increased non-Newton

flow feature. This is a typical characteristic for polymers exhibiting shear thinning

behaviors. In addition, the plot for 270 �C deviates remarkably from another three,

which might be ascribed to the presence of unmelted crystal residues. Similar

phenomena were also observed in FEP by Rosenbaoum and Koyama [28, 32].

It is also noticeable that in the higher shear rate end, viscosity reversion (high-

temperature viscosity is larger than that at low temperature) occurs. Such reversion

is mainly associated with melt fracture. When melt distortion happens, stress of
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ETFE melts will instantly decrease, thus resulting in reduced apparent viscosity.

Under lower experimental temperatures, melt fractures appear at lower shear rates

where ETFE melts can flow stably under higher temperatures. As a result, under

such rates, the shear viscosities under higher temperatures shift to higher values,

giving viscosity reversions in the flow curves [28].

Entrance pressure loss versus true shear stress

Usually, the pressure drop in capillary extrusion involves entrance pressure loss

(end effect) and pressure dissipation (true pressure drop in shear flow), which are

caused by molecular chain extension and motion friction during flow through the

die, respectively. The entrance pressure loss can be determined by Bagley correction

[33]. Subsequently, the true pressure drop and true shear stress (str ¼ ðDP�DPentÞ�R
2L ,

where str, DP, and DPent are true shear stress, pressure drop, and entrance pressure

loss, respectively) can be derived. However, nowadays, in practice, Bagley method

is scarcely used and is substituted by zero-land die techniques [34].

The plot of entrance pressure loss at orifice die vs the true shear stress is usually

used to characterize critical shear stress where flow instability starts. Such curves

are more sensitive and accurate than apparent flow curves in identifying onset melt

fracture [19, 21, 26]. As shown in Fig. 4, the entrance pressure loss showed two

transitions, dividing the plots into three sectors. For example, two transitions at

*0.20 and 0.28 MPa were observed from the data at 280 �C, which are assignable

to the regular melt fracture and irregular melt fracture beginning, respectively.

However, the critical stress values mentioned above did not coincide with those

obtained by observation of surface textures (see Table 1). The resolution and

sensitiveness of naked eyes may not be high enough to distinguish finely flow

mechanism changes like the mentioned technique.
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The above first transition stress is higher than that of FEP(0.18 MPa) [28], but

lower than that of linear low density polyethylene (LLDPE) (0.26 MPa) [22]. And

the second transition stress is also far lower than that of LLDPE (0.43 MPa)

[22, 23]. It can be concluded that the critical stress decreases with increasing

fluorine content in polymers. The low adhesion and surface energy of fluorine-

containing materials might be responsible to their lower critical stress [35]. The

second critical transition of ETFE occurs approximately at the shear rate of

1,170 s-1, which agrees with the visible irregular melt fracture beginning based on

appearance observation (see Table 1). It is possible that naked eyes are more

sensitive, and thus more accurate, to irregular melt distortion because the distortion

beginning is much clearer than that of regular distortion.

The increasing rate of the entrance pressure loss in different sectors (Fig. 4) is

according to the following order: sector one \ sector two \ sector three. It means

that in the regular melt fracture region the energy loss is not so significant as that in

the irregular fracture region, which is verified by the sharp increase of the entrance

pressure loss and die swell (vide infra) in the latter case. The entrance pressure loss

of C88AX melt decreases with the increasing temperature (from 280 to 300 �C).

However, the plot for 270 �C does not follow this trend due to the earlier melt slip

and fracture caused by the residual crystallites.

True shear viscosity

The determination of true shear viscosity begins from plotting the true shear stress

(str) versus the apparent shear rate ( _ca) on a double-logarithm scale. The plot slope

(n) is adopted in the Rabinowitsch correction (non-Newtonian correction) [27].

Through the correction, the true shear rate ( _ctr) on the capillary inner surface can be

obtained according to Eq. 1:

_ctr ¼
3nþ 1ð Þ

4n
_ca ð1Þ

Thereby, the true shear viscosity (g) can be determined as:

g ¼ str

_ctr

ð2Þ

For most polymers, the shear viscosity at various temperatures can always be

superposed into a master curve by use of the time–temperature superposition

principle. Figure 5 shows the superposed true shear viscosity plot of ETFE shifted

to 280 �C. The superposition was made based on Eq. 3 [18]:

g
_c

aT

� �
Ts

¼ gð _cÞT ð3Þ

where the left and right side represent shear viscosity at reference temperature Ts

and temperature T, respectively. The shift factors were obtained based on its defi-

nition from linear viscoelasticity theory, namely aT ¼ g0T

g0Ts
(the ratio of the zero-

shear viscosity of T temperature vs. the zero-shear viscosity of Ts reference
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temperature). Because capillary rheometry can not provide directly zero-shear

viscosity, we employed the shear viscosity corresponding to the lowest shear rate

investigated as alternative zero-shear viscosity and then corrected lightly through an

adjustable coefficient for better superposition.

As shown in Fig. 4, the superposition is good (plot for 270 �C was not

superposed due to the presence of residual crystallite). The shear viscosity

demonstrates a strong shear-rate dependency, which supports the use of the

Rabinowitsh correction. And the power law exponent of the shear viscosity for

ETFE is 0.4 (derived from power law model). The shift factors are tabulated in

Table 2. From which the activation energy of the shear flow was calculated to be

32.3 kJ/mol based on Arrhenius equation [27]. Such value is remarkably lower than

those reported by Chu and co-worker [14] (64.26 kJ/mol) and Kostov and co-

workers [15] (60 kJ/mol) under extremely low shear rate (\1 s-1). The difference

may be derived partially from different ETFE resin compositions, and also partially

from different flow mechanism under high and low shear rate [36]. According to the

flow activation energy value, in an adiabatic flow, a temperature increase of 10 �C

will result in a maximum decrease of shear viscosity by about 11 %. The energy of

ETFE is lower than that of FEP (50 kJ/mol) [28], but slightly higher than that of

HDPE (28 kJ/mol) [37], It suggests that polymer with higher fluorine fraction holds

larger flow activation energy.

Extensional viscosity

By means of Binding and Cogswell’s theory [38–41], extensional viscosity can be

determined from entrance effect of the capillary rheometry. Several assumptions are

made in their theory: first, the polymer melt adopts a coni-cylindrical flow pattern as

it passes from the reservoir into the capillary to minimize the entrance pressure

drop; second, the shear viscosity of the polymer melt can be described in terms of a
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power law model. Following the analysis, the extensional viscosity (ge), extensional

stress (re), and extensional strain rate (_e) were calculated as:

ge ¼
3ðnþ 1Þ � DPent

4
ffiffiffi
2
p
� _ca

� �2

� 1
g

ð4Þ

re ¼
3ðnþ 1Þ � DPent

8
ð5Þ

_e ¼ _ca

2

ffiffiffiffiffi
2g
ge

s
ð6Þ

The time–temperature superposed extensional viscosities of C88AX are shown in

Fig. 6. The shift factors obtained from shear viscosity were also applied to exten-

sional viscosities at varying test temperatures. Apparently, through superposition,

the extensional viscosity plots overlapped well to form a master curve.

The calculated extensional viscosity range carries across one decade, with the

magnitude varying between 3,000 and 17,800 Pa s (3–18 kPa s). In general, higher

extensional viscosity brings higher melt strength, thereby better spinnability and

drawability. The ge of ETFE melt is remarkably higher than its corresponding shear

viscosity, which is a common characteristic for polymer fluids [17, 36, 42], with the

Trouton ratio (l = ge/g, the ratio of extensional viscosity to shear viscosity [18])

ranging from 10 to 23. ge of ETFE melt decreases with the increasing extensional

Table 2 Shift factors of ETFE melts under various temperatures

Temp./�C 280 290 300

aT 1 0.96 0.94
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Fig. 6 Master curve of C88AX
melts for the extensional
viscosity data at varying
extensional rates and
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rate (tension thinning phenomenon), which can be ascribed to the disentanglement

of macromolecular chains at high stretchings [18, 27, 43]. The ge decrease can

easily induce draw resonance during the melt-spinning processing process. Hence it

is essential to control the processing conditions and/or resin parameters to prevent

the ge decrease and improve the spinnability of ETFE in fiber spinning or stretching-

related process [44].

Die swell

Die swell data of C88AX at different temperatures are presented in Fig. 7. The die

swell ratio (B) is normally determined as the ratio of the solid extrudate diameter

(d) to the die the diameter (D). However, such method tends to underestimate the

die swell of polymer fluids because of the shrinkage caused by cooling and/or

crystallization. For more precise evaluation, a correction is conducted by

multiplying the density ratio between test temperature and room temperature using

Eq. 7 [21]:

B ¼ d

D
� qs

qm

ð7Þ

where qs and qm are polymer density at ambient temperature and test temperature,

respectively. In addition, when melt fracture occurs, B increases and the extrudate

diameters become heterogeneous. Therefore, the average diameter is determined

from the measurements of mass of extrudates (at least 5 extrudates) with 1 cm

length [19, 21, 45].

Die swell plots at different temperature are superposed into master curves by

using the shift factors for shear viscosity with acceptable goodness. Similar die

swell master curves are also seen in other polymer melts, such as polystyrene [46]
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Fig. 7 Die swell master curves of ETFE melts for the data of a die swell ratio versus shear rate and b die
swell ratio versus shear stress (using the shift factors of shear viscosity master curve, and the filled
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and polypropylene[19]. It can also be observed that B increases continuously due to

higher elastic energy in higher shear rate or shear stress. A slight slope change is

observed at 0.19 MPa (Fig. 7b), which approaches to the critical shear stress of

regular melt fracture obtained from the plot of entrance pressure drop versus

corrected shear stress (0.20 MPa). The die swell ratios of ETFE melt increase with

shifted shear rate because a higher shear rate provides larger elastic energy and

shorter time for relaxation (Fig. 7a).

As Vlachopoulos [21] pointed out, die swell involves four components:

Newtonian, elastic, inelastic, and relax. Theoretically, the contribution of the

Newtonian is taken as a constant value of 0.12 [46]. The majority contribution of the

die swell comes from the elastic component and at low shear region the contribution

is 1.12. Herein, the die swell under the low shear end was close to 2.2 as seen in

Fig. 7, which means large elasticity exists in ETFE melt even under low shear rates.

When compared to FEP [47] and common polymers [19, 21, 45, 48, 49], the die

swell ratio of ETFE is more closer to those of common polymers under same shear

condition, implying different characteristics between partially fluorinated and

perfluorinated polymers.

Conclusion

The flow behavior and rheological properties of ETFE confined in capillary die were

first studied. With increased shear rate, the melt flow undergoes stable, regular

fracture, and irregular fracture regions. Melt shear and extensional viscosities at

varying temperatures are correlated well after time–temperature superposition and

exhibit power law behaviors. Die swell ratios are increased with increasing true wall

shear stress. The universal scaling characteristic in the high-shear flow behavior of

ETFE is confirmed.

ETFE melt has no sharkskin region or second smooth flow region, which is more

similar to branched polyethylene rather than linear polymers (such as high density

and linear low density polyethylene). ETFE possesses wider stable flow region,

lager die swell ratio, and higher critical melt fracture stress than perfluorinated FEP,

but narrower stable flow region, slightly lower die swell, and lower critical stress

than linear polyethylene. It may give us an implication that increased fluorine

fraction in the polymer will result in narrower stable flow region, weakened die

swell effect, higher flow activation energy, and lower critical melt fracture stress.
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