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ABSTRACT: A self-scaling rheology-based technique
was developed to determine the molecular weight (MW)
and molecular weight distribution (MWD) of ethylene-tet-
rafluoroethylene alternating copolymer (ETFE). The self-
scaling technique makes determining MW and MWD with
isolated completely rheological method possible. More-
over, the two key parameters (the plateau modulus and
zero-shear viscosity) were obtained by more robust nu-
merical technique, which let determining MW and MWD
via rheological method initiated by Tuminello [Macromo-
lecules 1993, 26, 499] being building on more robust and
rigid basis. Our case overcomes the shortage of Tuminel-
lo’s method and gives more practical and simply mean to
analyze the MW scale and MWD in the production and

application of ETFE. It is found that the peak MW of a
ETFE (commercial grade: EP541) is 1.73 x 10° g/mol, the
MWD curve is a pattern with a slightly raised “shoulder”
at high-molecular mass end, and a high peak on the me-
dian and the polydispersity is broad (the polydispersity
index is near to 10.3). The wide polydispersity indicates
the commercial ETFE combining good processability of rel-
ative lower MW molecules with physical properties of
high MW ones. © 2012 Wiley Periodicals, Inc. ] Appl Polym Sci
125: 2442-2448, 2012
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INTRODUCTION

With rapidly growing application in aerospace, off-
shore exploiting, and membrane structures in archi-
tecture now, we use more and more fluoropolymer
for meeting the special requirements within these
areas. Therefore, the desire to precisely characterize
and then tailor modify fluorinated macromolecules
is becoming more intensified. As a result, accurately
determining molecular weight (MW) and its distri-
bution (MWD) are also expected more. Practically,
owing to the fundamental role in determining the
physical performance and processability of poly-
mers, MW and its distribution are, all the time,
among the focuses of attention of polymer science
and concerned industries.'”

Many methods and techniques, such as gel perme-
ation chromatography, end functional analysis, and
laser light scattering (LLS), to name a few, have
been used extensively in analysis and evaluation of
MW and MWD. However, it is a pity that those
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tools do not have effectiveness, even no ability, in
MW and MWD determination of fluoropolymer due
to their very poor solubility and extreme high-melt
temperatures. -6 Rheometry is a potent replacement
of common molar weight detection, and we do not
need solving polymers, and it also works well under
elevated temperatures.” Consequently, the mean is
applied early in characterization of molar mass of
fluororesin, such as Tuminello’s work on MWD
determination of ethylene-tetrafluoroethylene alter-
nating copolymer (ETFE),” PTFE,® and FEP’ based
on rheology. Tuminello sees storage moduli of mac-
romolecular fluid as the mirror of the cumulative
MWD, and frequency axis can be scaled up with
MW, and thereby rheology-based method could give
out relative MWD of polymer fluid conveniently. If
the absolute value of zero shear viscosity and molar
mass average has known, the absolute MWD can
also be calculated. However, Tuminello’s work on
determining of MWD of ETFE by rheology-based
method would be more perfect if the following
cloud such as (1) adopting simply the highest stor-
age modulus measured as plateau modulus (GY), (2)
depending on LLS (LLS) data to determine the pro-
portionality constant (k) between zero shear viscosity
(o) and MW, and (3) using experimental value
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without any numerical treatment as mp are blown
away. Because (1) GY, decides the breath of MWD
and a broader GY; gives a broader MWD calculated,
and so a more precise GY; favors the accuracy of
MWD calculated; (2) scaling toward the absolute
MWD is key point for the robustness of the absolute
value of MW and thus also MWD; and also (3) only
being on the basis of exact ng, K, and MW, the abso-
lute MWD could be scaled and calibrated. Although
Tuminello attained mng only by experimental mea-
surement, experiment data may not been doubtless
identical to the real ny and then misleading the final
outcome happens possibly. On k value, if no LLS
data are supplied, how to scale the absolute value of
the MW a polymer and achieve the decided MWD?
These all indicate that Tuminello’s report about the
MWD of ETFE is not convenient in practice.

As a result of those above mentioned, an method
for scaling the absolute magnitude of MWD, inde-
pendent of LLS data, or other external techniques
beyond rheometry is needed. Thereby, the Rouse ter-
minal relaxation time theory is introduced into the
derivation of the absolute MW of ETFE*'*!! and
then obtaining the absolute MWD of ETFE via scal-
ing the relative distribution of MW depending on
the absolute MW. This scaling method has been vali-
dated and more applied, for example, Lavallee and
Berker” in polystyrene and Zhang et al.* in cellulose
solution. In a word, this article combines a new scal-
ing MW method with Tuminello’s determination of
relative MWD via rheology to offer a self-scaling
rheology-based MWD characterization technique
and gives the absolute and real MWD of commercial
ETFE. In our knowledge, this is the first time to
characterize MW and MWD of ETFE with com-
pletely isolated rheological method.

Procedure and methodology for deriving MWD via
rheology-based technique

Tuminello supposes that the unrelaxed chains within
a polymer melt at any frequency (w;) are “diluted”
by, but not entangled with, the relaxed (lower MW;)
chains. He also postulates that each monodisperse
molecular fraction (MW,) has a single relaxation fre-
quency (;), below which it makes no contribution
to the dynamic modulus, thus behaving as a piece-
wise function. Hence, connecting the cumulative
mass fraction of relaxed chains C(MW) with
dynamic modulus can be conducted, namely

G' ()

C(MW) =1 —
Gy

)

where G'(w;) is dynamic storage modulus of polymer

fluid, which possesses frequency dependence. In

Gy
Cn

Tuminello’s work, was referred to as relative
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weight fraction of unrelaxed chains and designated

as Wu [Wu = %] 2 The derivative of the cu-
mulative C(MW) is the differential MWD, and so
dC(MW)
D= 2
MW dlog(MW) @

And the frequency axis is transformed into MW
according to the well-known empirical relationship
(3).11

1

o =kimg =k (MW)* (3)
where k; and k; are proportionality constants. Incor-
porating egs. (1) and (3), the relative MWD can be
calculated by'?

AC(MW)

dlog(/1/m)

In this above calculation, arbitrary values are used
as the proportionality constants, and therefore the
results are relative MWD, and thus it is needed to
scale the results for obtaining absolute amount of
MWD. Tuminello” used LLS data to aid calibrating
of relative MWD. His handling could insure possibly
the accuracy of the results but hurt independency of
rheology-based method for the determination of
MWD of polymer. In this article, we use the Rouse
terminal relaxation time theory to scale the relative
MWD. According to the Rouse terminal relaxation
time theory,

MWD = @)

. _61’]0(MW)_ 1
R T R2pRT

©)

®Och

where 1y is the Rouse terminal relaxation time, p the
density, ng the zero-shear viscosity, R the universal
gas constant, T the temperature, and tx = 1/®w,
with o, chosen to be the corresponding frequency
of the point of maximum curvature of the flow
curve.” Usually, the frequency associating 79th per-
centile point of 1y normalized flow curve is seen as
®q (and could be designated as wyo, due to the wyg
is the transition frequency from Newtonian to non-
Newtonian behavior for a polymer fluid, namely at
that frequency, the apparent viscosity of the polymer
fluid shifts down, and the untangling is more inten-
sified than the entangling among molecular chains),
and therefore based on eq. (5), an ascertained MW
can be obtained. In general, the ascertained MW
based on oy is believed as the peak MW (Mp).* Mp
indicates the maximum probability MW on the
curve of MWD. Consequently, the peak MW scale is

obtained through Mp = MW = Z2RT and the MWD

610797
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scale curve is achieved after shifting the abscissa
[log Mp — log (1/w79)] amount. Here, the Mp and
(1/w79) are the peak MW on the MWD scale curve
and relative MWD curve, respectively. Finally, the
special weight-average MW (M,,) and number-aver-
age MW (M,,) can be calculated via their definition."
Through M,, and M,, polydispersity index (PDI) can
be obtained by M,,/M,,.

The concrete and clear-flow procedure outlined is
given in the following part for convenience of
understanding the contribution:

Step 1: measure the dynamic rheological prop-
erties of ETFE melt by rotational rheometer
and build the master curves of ETFE materials
function;

Step 2: derive the relaxation time spectrum of
ETFE and calculate its G% and ny;

Step 3: wuse Tuminello nucleus function,
Tu[log(®)] (a hyperbolic tangent function whose
independent variable is log(®), see also Results
and Discussion section), to fit Wu data and
deduce the coefficients of the nucleus function;

Step 4: calculate C(MW) and then relative MWD
on the basis of the derivative of C(MW);

Step 5: achieve the absolute MWD of ETFE by
scaling the maximum probability MW to the
peak MW on the relative MWD curve based
on Rouse relaxation time theory;

Step 6: estimate the PDI via Wesslan function.

EXPERIMENTAL
Materials and sample preparation

The ETFE resin used is EP541 of DaiKin Industries
(Japan) and granular form. It possesses melt flow
rate of 6 g/10 min (5000 g load and 297°C). After
vacuum dried for 2 h at 120°C, ETFE resin granules
were forced into the flat sheet sample with the 100
x 100 x 1 mm® via a plate vulcanizing machine
under 275°C first, and then the sheets were cut into
circular pieces with diameter of ~ 27 mm (during
the rheological measurements, the circular pieces
were cut into specimens with size of ®25 x 1 mm).

. . . dC(MW d(1-Wu d{1—Tu[—log(MW
Tts derivation is 7 loé(MM)/) =7 fongz,) -4 i ILg(I\%(/\/) I}
= Tu'[log(MW)] = Tu'[—log(w)].

1. Where Tu'[log(MW)] and Tu'[log(®)] are the deriva-
tive of Tuminello nucleus function, and the inde-
pendent variables are log(MW) and log(m),
respectively.

2. Based on eq. (3), logMMW) oo log % can be con-
cluded and then log(w) oo — log(MW).
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the dynamic moduli of ETFE at various temperatures_
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Figure 1 The oscillatory mechanical results of ETFE
under various temperatures.

Rheological measurements

The measurements were performed in AR G2 rhe-
ometer (TA Instruments, USA). Parallel geometry,
diameter 25 mm, was used. Dynamic frequency
sweep experimental was performed within linear
viscoelastic zone and nitrogen environment (avoid-
ing oxidation). The frequency range is from 0.01 to
500 rad/s, and the temperatures observed are 270,
280, 290, 300, and 310°C, respectively. In addition, in
the low-test temperature cases, a preheating process
at 310°C for at least 1 min was conducted to remove
the disturbances of residual crystallite in ETFE melt
on measurement results. After that process, the sam-
ple was cooled down to the desired test temperature
and then to oscillatory frequency sweep.

RESULTS AND DISCUSSION

The dynamic viscoelastic behavior and calculating
viscoelastic parameters (GY and np) involved of
ETFE melt

The oscillatory shear measurements can explore vis-
coelasticity of polymers and investigate hierarchical
microstructures existed in their bulk, conveniently
and easily. After determining the linear response
region by dynamic shear stress sweep, the oscilla-
tory frequency tests were done. Figure 1 shows the
dynamic viscoelastic characteristics of five tempera-
tures. It is found that the moduli of ETFE are larger
than common polymer such as polyethylene'* and
also behave simply like homogeneous polymers
melt, indicating no complex hierarchical motion and
relaxation in its molecular chains although its copol-
ymer nature. The so-called terminal region'''® has
been reached but happens in the very low-frequency
zone, which means more difficult molecular motion
and relaxation. In the terminal region, the
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Figure 2 The master curves of ETFE at reference temper-
ature of 290°C.

relationship between loss moduli and angular fre-
quencies follows roughly G” oo ®, namely the scal-
ing coefficient of log” with log ® is near to 1. But the
relationship between storage moduli and angular
frequencies deviates remarkably from G oo o’
namely in the terminal region, the relationship
between log G’ with log ® is not equal to 2.

In terms of linear viscoelastic theory, thermorheo-
logical simple polymer fluids all follow up time-tem-
perature superposition (TTS) and can construct mas-
ter curve, while master curve can help polymer
scholars to obtain very much extra, even total, infor-
mation on molecular structures, molecular motion,
and internal interaction of polymers from finite
rheological experimental data. Although a polymer
fluid holds thermorheological simplicity if the fluid
complies with TTS, practically, before using TTS to
achieve master curves of a polymer fluid, the confir-
mation of thermorheological simplicity, if the fluid
has, is done first, such as van Gurp and Palmen’s
work.'®!” Here, the simplicity dose not be evaluated
but the ETFE melt is thermorheological simple based
on the following both facts: (1) the various vertical
shift factors during TTS processing are almost unit
and (2) the superposition of dynamic moduli under
different temperatures is very good, no “shoulder”
or spread scattering data happen in the figure
(Fig. 2).

The master curves were completed via TA Data
Analysis program, a software supported by TA
Company. From the master curves, the correspond-
ent Maxwell discrete relaxation time spectrum was
calculated. The relaxation time spectrum is the cen-
tral function of describing mechanical properties and
molecular motion and interaction of macromole-
cules. The relaxation time spectrum can be used to
calculate liner material functions from other stand-
ard experiments and to cross-check the results with
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the predicted behaviors, and it is essential to per-
form numerical simulations of complex flows of
polymeric materials. From the relaxation spectrum,
zero shear viscosity and plateau modulus can be

derived.'!1418
Plateau modulus GON = Z G; (7)
Zero shear viscosity 1y = Z Gik; (8)

The discrete Maxwell relaxation time spectrum data
are obtained by TA data analysis software package
supported by TA Company. Based on the relaxation
time spectrum, the plateau modulus of 4.12 x 10° Pa
and zero-shear viscosity of 249 x 10* Pa s are
attained.

Calculation of MW scale and the absolute
MWD of ETFE

Fit Wu using Tuminello nucleus function

Tuminello”” fitted with Wu plot to the following
function

B _ [G(o)  &a{l + tan H[b;(x 4 )]}
Tu(x) = Wu = Q- Z >

i=1
)

where 0 < Tu(x) < 1; x is log o; > a; = 1, controlling
the maximum value or the height of each term and 0
< a; <1, b; is a parameter adjusting the curve width,
c; is a parameter that determines the curve on the ®
axis, and 7 is an integer. The optimum value for the
integer n is 2 according to Tuminello’s investiga-
tion,”? and, thus, here, the integer n is assigned the
value of 2. Because of Y g; = 1, in case of n = 2, a,
will equal to 1 — a4, and so a; parameter is displaced
with a and 1 — a; therefore, eq. (9) transforms into

Tu(x) = Wu = 0.5a{1 + tan H[bi(x +c1)|}
+0.5(1 —a){1 + tan H[ba(x +c2)]} (10)

a, b, and ¢; are determined by a numerical software,
MATLAB (here, MATLAB R2010a was used). These
parameters that we chose from this curve-fitting
operation are tabulated in Table I.

TABLE I
Parameters for MATLAB Curve Fits of eq. (10)

Sample EP541

a 0.3289

B, 0.735

B, 0.9843

G —6365.0

Cy —5154.2

Journal of Applied Polymer Science DOI 10.1002/app
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O experimental data
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Figure 3 Fitting the Wu — log o curve.

The fitting data and experimental data were plot-
ted in Figure 3. The figure presents that the good-
ness of fit is very well. The coefficient of determina-
tion (R?) between fitting and experimental data is up
to 0.9974, and the value of the chi test-statistic () is
0.0394. R* and %> provide a measure of how well the
fitting outcomes are likely to be predicted by the
model, and R? nearer to 1 and xz smaller, the good-
ness of fit better."”

Determining the relative MWD

Following the above section, the concrete Tuminello
nucleus function expression is obtained, and then in
term of the guide of Materials and Methods section,
the differential MWD can be achieved from the de-
rivative of Wu. Applying MATLAB program again,
we get the differential MWD whose expression is

MWD = Wu' = 0.5by(a — 1){tan H[b,(c, — x')]* — 1}
+0.5ab; {tan H[by(c; —x))* =1} (11)

where x" is log MW = log(1/®) and Wu' represents
the derivative of Wu function. After being put the
correspondent numerical valves in Table I and corre-
spondent log MW and Wu data into the above dif-
ferential MWD expression, the relative MWD data
were attained. This relative MWD curve was plotted
in Figure 4.

Figure 4 shows that the MW distribution of ETFE
is broad and holds a faint raised “shoulder” on high
MW end and a high peak in the median part of the
curve. Wide distribution and “high MW shoulder”
seem to be abreast of commercial polymer practice
due to the need to incorporate exceptional process-
ability into outstanding physical properties decided
by high-molecular mass part.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 The relative MWD of ETFE (note: in this figure,
the unit of frequency is rad/s).

Scaling the above relative MWD

For scaling the above relative MWD, the 79th per-
centile point of zero shear viscosity normalized flow
curve is used (Fig. 5 is the not normalized viscosity
master curve of ETFE melt at 290°C). The normal-
ized viscosity versus frequency relationship was fit-
ted by Elbirli-Yasuda—Carreau model.”* Elbirli-
Yasuda—Carreau model is

_ Mo
"TE 0T "

By fitting with the aid of MATLAB software pack-
age, the three coefficients of eq. (12), A, m, and n,
were gained; therefore,

24,900

(13)

n= - 11710))0‘3768 2.4382

100000

10000
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Viscosity(Pas)

100

1E-3 0.01 0.1 1 10 100 1000 10000
Ang. frequency(rad/s)

Figure 5 The viscosity master curve of ETFE melt at
290°C.
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Figure 6 The absolute MWD curve of ETFE (note: in this
figure, the unit of frequency is hertz).

At 79th percentile point of zero-shear viscosity nor-
malized flow curve, the correspondent w;9 is 0.0197
rad/s, viz. 0.0031 Hz, by solving eq. (13). And, thus,
on the basis of eq. (5), the Mp of 1.7348 x 10° g/
mol, also logMp of 5.2392, was obtained, and this
Mp valve was the peak MW scale on the absolute
MWD.

At the same time, with the help of MATLAB soft-
ware, the derivative of the relative MWD, namely
the derivative of differential MWD, was determined.
The log(1/®,), in which the derivative of the relative
MWD is zero, is —2.3940 by calculation (here, the
frequency is angular frequency). And, thus, the
absolute MWD curve is obtained by shifting the ab-
scissa [logMp — log(1/w,)] distance. The absolute
MWD curve is presented in Figure 6.

Through the knowledge of polymer physics, the
MW average can be obtained, viz.

M, = / W(M)MdM (14)
0

where M,, is molecular weight average, W(M) is
weight differential distribution, namely the differen-
tial MWD here, and M is independent variable with
the significance of molecular mass. Because calculat-
ing calculus of eq. (14) is very difficult, the corre-
spondent MW average has not been given or PDI
calculated by sophisticated calculus formula. How-
ever, a concrete PDI value is essential for exploring
the polydispersity of MW; thus, Wesslan function'”
is adopted to fit the MWD curve of ETFE, and there-
fore PDI is derived. Wesslan function is expressed
as following,

(In x — In%;,;)?

sz ) (1)

xp(—

(In x) —Le
SN = o
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where ¢ and Xx,, are coefficients that need to be
determined by fitting, while y is the differential
MWD and x is the MW. Then, the PDI is calculated

by eq. (16)
PDI = exp(c?) (16)

Finally, PDI of ETFE studied here is roughly 10.3.
This result is larger than that of Tuminello, and the
potential reason may be that the materials of sample
are different. It is common sense that different
company uses different materials for producing
polymer.

CONCLUSIONS

By assuming the MW of ETFE calculated by the
Rouse terminal relaxation time that can be seen as
the peak MW on its MWD curves, the reciprocal of
frequency was converted absolute MW without use
of external technique. This technique has been used
successfully in determining MW and MWD of poly-
styrene and cellulose by other researchers. As a
result, the rheology-based method initiated by Tumi-
nello was really used independently, first, in deter-
mining MW and MWD of ETFE in our knowledge.
The results show that the peak MW of ETFE is
1.7348 x 10° g/mol, and the MWD plot is a pattern
that possesses a light bump “shoulder” at high-mo-
lecular mass end and a high peak on the median
part. The PDI was calculated by mean of fitting the
MWD curve to Wesslan function, and its amount
was up to 10.3. The wide polydispersity signifies
that the commodity ETFE, EP541, has better flow
ability comparing with ETFE bearing smaller PDI
and can incorporate good processability of molecules
holding relative lower molecular mass with physical
properties of high-molecular mass chains. At last, it
is worth noting that the rheological technique is fast
and simply in operation, and, thus, our case gives
an easy and practical mean to characterize the MW
scale and MWD in the production and application of
ETFE industry.
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