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Flow Behaviors of Molten Polymers

Masayuki KASAJIMA* and Katsuhiko ITO*

Abstract

Flow characteristics of poly(methyle methacrylate) polymer melts were measured. The
temperature shift factor at constant shear rate ar; is larger than the temperature shift factor ar
and the temperature shift factor at constant shear stress ar:. Inclinations of the arj-temperature
T lines are less than inclinations of the ar, ar:—7 lines. The various flow indices (rcs, ot Nye,
Mcr, Myi, Mye: wherein subscripts indicate the flow characteristics) show a great dependency on
the shear rate 7. or the shear stress tw. The indices decrease with increasing Fw Of Tw. 7:f,
mer—In 7w and nyi, mz;—In 7o relations can be represented by straight lines, respectively. nye,
mye—Infuv and 7, me;—In 7w relations are curvilineal, respectively. Inclinations of #¢;, me;—1n Fu
lines agree with inclinations of n:;, 7 —In ar lines.

1. Introdution

Flow characteristics of polymers are influenced not only by factors based on their
molecular structure”~® but also by such factors as temperature, shear rate and shear
stress which are external operating conditions in the polymer processing. Polymer proce-
ssing is usually done with the polymer in a melting state as the result of heating. In
such state the flow depends”~'® strongly on the temperature, and also is non-Newtonian
generally. Under isothermal and simple shear for non-Newtonian fluid various empirical
and theoretical formulae® !9, which are used to represent relationships among the shear
stress, viscosity and the shear rate, have been presented. The power law epuation, which
is one of the constitutive equations for the flow, is very useful because the equation can
be treated easily and used practically. Flow index, represented by an exponent of the
power law equation, is a value'™ to indicate degree of fluidity and can be used conveni-
ently to grasp the deformating property of the fluid. In the studies'®~?® the rlationships
between the flow index and the polymer processing have been investigated. Such rela-
tionships include: the relationship between the uniformity'®:1® of T-.die extrusions and the
flow index, the relationship between average fluidity!'®, used in the case where the flow
in the mold is investigated, and the flow index, the relationship which is a factor of
compressibility*** of polymer melts, conditions of polymer pocessing and the flow index,
for thermoplastic resins relationship between the temperature and the flow index. How-
ever, in all these case the fiow index is a constant. That is, the flow index is not a
function of the shear rate or the shear stress. By other studies'®?:29 it has been
made known that the flow index depends on the shear rate. For the polymer melts
many date of the flow index as a function of the shear rate or the shear stess have not
been measured. These have been only a few investigations of various flow indices. Hence
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it is useful from the engineering viewpoint to get informations on the flow index.
In this study the flow characteristics of the thermoplastic resin were measured for
various temperature. Various temperature shift factors and various flow indices are disc-

ussed in terms of polymer processing.
2. Flow Indices and Temperature Shift Factors

In cases where the flow index is not constant and is a function of the shear rate 7
or the shear stress 7, various shift factors*¥~?" obtained from various flow characteristics
under steady flow are expressed by Egs. (1)~(3).
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wherein subscripts ¢f, 77 and »z mean value obtained respectively from the characteristics
such as the t—7%, viscosity »—7 and »—t. Relationships among 7.4, 7,y and 7, are
expressed by the following equations.

nr’fznrf—l (4)
Hp=1— L (5)
nrf
—_ M

Eqs. (4)~(6) may be applied to every kind of fluid, for instance, the pseudoplastic fluid
and the dilatant fluid etc.. Models'®»?9~2% of 7., as a function of ¥ or T are expressed
by Egs. (7) and (8). Where ar

ner(7, ar, ap) =3 (@spdeslin Carari)}? <
1er(5,) =3 (Bepdesin 2! (8)

means the temperature shift factor, ar means the pressure shift factor, a and 8 mean
constant, subscript ¢/ means a value in the t—7 flow curve, and subscript O means a
value under the reference temperature and hydrostatic pressure. When #n:; is indicated
by Eq. (7), the flow characteristics for non-Newtonian fluid models'?:?9~2%) can be expr-

essed by Egs. (9)~(12). Where superscript O means a value under the standard state,
In such formulae as
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type of power law, flow index m.; has relations to m,; and i, such as follows.
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When 7. is indicated by Eq. (8), non-Newtonian fluid at /=1 is expressed as follows.
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In the case where the method of time-temperature reduced variables is applicable, it
is known?®2® that density compensation in polymer melts is neglected in the case where
temperature difference between measuring and reference is not large. Therefore, rela-
tionships among the temperature shift factor® ar, 7, ¥ and 7 are expressed as follows?®"

31 keeping hydrostatic pressure constant:

'CT(')"T:) '——TTo(?"To:) (18)
7r(fr,) =arpre(fro,) (19)
fro=ar.=arfr (20)

In the case where the so.called method of time-temperature reduced variables is not app-
licable, it is convenient to use a temperature shift factor as a function of ¢ or . Various
temperature shift factors in the steady flow are expressed as follows' %%,  Temperature

shift factor at constant shear stress ar: is,

ar«(T, r)=( 7Z, )n (21)
Temperature shift factor at constant shear rate ar; is,
ars(T, = - )n (23)

In the same way in the case of ar, if 7" is higher than T, ar: and ar; are larger than 1.

3. Experimental

The samples used in this study were poly(methyle methacrylate) resin (PMMA,
ACRYPET MF of Mitsubishi Rayon Co., Ltd.). The m‘easurement of flow characteris.
tics was conducted by using the concentric cylindrical rheometer.  The temperature was
measured at temperature intervals of 10°C over the range of from 170°C to 200°C. In

this study 7—7 and p—rt flow characteristics were measured, because it is known®® that
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the viscosity in flow state is different at condition of 7 constant or ¢ constant.

The flow index can be obtained by diagrammatical differentiation on the flow chara-
cteristic curve, for instance, Int (or Inp)—In# curve. By the naked eye the diagramm-
atical differentiation can not be seen easily and a satisfactory result can not be obtained,
because the flow characteristic curve of the polymer melts generally has a small curvature.
The authors used®® a transparent glass bar as the object of the diagrammatical differen.
tiation. We put such bar on the flow characteristic curve. The bar presents as if there
is a curve having large curvature. Thereby the diagrammatical differentiation can be
done easily. And the value of n may be obtained accurately.

4. Results and Discussion

Viscosity p-shear rate fw flow characteristic curves are shown in Fig. 1, taking
temperature 7 as a parameter. Subscript w indicates a value at the wall of the measur-
ing system. 7w decreases with increasing #». That is, such 7w has a structural viscos-
ity38)-

temperature. 7, dependence of 7w in the small ¥, region is larger than in its at large

The pw—fw curves at low temperature are higher above than the curve at high

Fw. Such behavior occurs remarkably at high temperature. At small . region the In

Pw—In fw curves are located approximately parallel to the In ¢, axis.
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Fig.1 %w—7w flow characteristic curves for PMMA at various temperatures.

Dw-shear stress 7y flow characteristic curves, having a parameter 7, are shown in
Fig. 2. The 7w decreases with increasing tw. The 7w has a large dependency on 7.
The same as in the case of the In yw—In$w flow characteristic curves, the Ingw—In 7w
curves at high temperature are located at the top of Fig. 2. The tendency of 7w to
change to 7w is larger at region of 7y than at region of small 7. The shapes of In pu—
In zw curves at various temperature are similar. Therefore, if such curves are moved in
parallel along the 7w axis, respective In 7w—In7w curves can be superimposed. By compar-
ing Figs. 1 and 2, it is seen that the 7. dependence of w differs from the 7. dependence
of Tw.

Various temperature shift factors obtained from data of Figs. 1 and 2 are shown in
Fig. 8. The reference temperature 7, is 170°C. The value of ar, arc and ar; decrease
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Fig.2 pu—7tw flow characteristic curves for PMMA Fig. 3 Relationships among various temperature
at various temperatures. shift factors for PMMA.

with the increase in temperature. Because the method of time-temperature reduced va-
riables to the data shown in Figs. 1 and 2 can be applied, the ar. agrees with the ar.
The relationship between 7 and Inar or In arc is slightly curvilinear having small curv-
ature. The relationship between Inar and 1/T can be approximated (Figure is neglected)
by the type of Arrhenius®. The Inar—T lines are located radially with center at T'=
170°C. Changing tendency of the Inar—T lines to f. decreases with increasing fuw.
Inclinations of the Inar, Inar:—T lines are larger than inclinations of the Inar;—T lines.
The is, the ar, ar: dependence of 7 is larger than of the ar;. From Fig. 3 difference
the 7w dependence of #w and 7w dependence of 7, may be known quantitatively.

Flow index 7n:; obtained by the diagrammatical differentiation (using Eq. (11)) on
the Inzy—In#u flow characteristic curves of the previous paper®®, are plotted in Fig. 4
using ® mark. The 7:; decreases with increasing fw. When the value of 7. differs
one figure, the value of #:; differs about 0.2. Hence, the n;; dependence of 7., is consi-
derably large. In the region of small §w the n:; has a value of near 1. This means that
the flow behavior is similar to Newtonian flow behavior. The relationship between ;
and In f» can be approximated by the straight line. Broken lines in shown Fig. 4 indicate
the 7;;—In fu relation expressed by Eq. (7) at i=1 and 7,=170°C. The 7;;—In 7, lines
at T=180~200°C, induced by the 7#;;—Infw line at 7o=170°C and the ar, agree subst-
antially with the »; obtained by the diagrammatical differentiation. Therefore, if the
method of time-temperature reduced variables is applicable, the value of 7w dces not
change, and also the value of n.; does not change. However, comparing values of Ny
in various temperatures at a certain fw, it is seen that the m;; at high temperature has
large value. Flow index mi; obtained from the data of Inzw—In#w, Egs. (9) and (12)
are shown by the solid lines in Fig. 4. Inclination of the m:;—In#w line is equal to
half inclination of the 7 —Infw. Such result agrees with Eq. (25) induced from
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Fig. 6 Relationships ny: and my relative to 7w for Fig. 7 77, Mmej—Tw and nge, mpe—7Tw relationships

PMMA at various temperatures. for PMMA.
Egs. (7) and (12). With increasing T, the m;—In 7w lines are shifted along the In #uw

axis

672;-,- _ 3m¢7
3in;  2aln7 (25)

in the direction of increasing Fuw.
ny; obtained by the diagrammatical differentiation (using Eq. (2)) on the flow char-

acteristic curves shown in Fig. 1, are plotted in Fig. 5 using ® mark. It should be
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noted that the n,; axis has a minus value. The value of 7y changes largely with the

Fo.
seen that the n,; at low temperature has a small value.
The 7,;—In jw (indicated by the broken lines) in

The ny; dependence on 7w is large. Comparing values of ny; at a certain fw, it is
The data shown in Fig. 5 can
be approximated by the straight line.
Fig. 5 are obtained from the #:;—In . lines (indicated by the broken lines) shown in
Fig. 4 and Eq. (4).

obtained by the methods of different inducement, agree substantially with each other. The

Hence, 7,; indicated by ® mark and the broken lines which are

solid lines shown in Fig. 5 indicate the m,; —In . relation obtained from the m;—Infw
lines and Eq. (13). The ratio between inclinations of the ny; and m,; lines is 1:2. With
increasing 7', the 7,;—In #» and the my;—Inf., lines are shifted along the In §w axis in
the direction of increasing fw. From the characteristics to which the method of time-
temperature reduced variables is applicable, inclinations of the n,;(my;)—In4., lines at
various temperatures are the same, so the lines at different temperatures can be superim.
posed by being shifted along the In . axis.

The relationship between 7, and §w, and the relationship between i, and fw are
shown in Fig. 6 using the broken lines and the solid lines, respectively. Such s, are
obtained by the 7¢;—In f» lines shown in Fig. 4 and Eq. (5). The m, are obtained by
the mi;—Infw lines shown in Fig. 4 and Eq. (14). From Fig. 6 it is seen that, the 2,
and the my decrease with increasing fw, #yr and m, have large dependency on 7w The
Hye, Mye—In 7 relations shown in Fig. 6, being different from Figs. 4 and 5, are curvil-

inear. The ay, mype—Infw curves having T as a parameter can be superimposed by
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Fig. 8 Relationships #:; and m; relative to T for Fig. 9 Relationships zn¢; and m.; relative to ar for

PMMA.

PMMA.
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being shifted along the fw axis.

The relationship between 7:; and 7w, obtained by the Inzw—Infw flow characteristic
curves and Eq. (1), is shown in Fig. 7 using ® mark. The 7 decreases with increas-
ing Tw. The relationship between 7, and Intw (the value of tw can be obtained by the
value of » and the Inzw—In » flow characteristics), obtained by the n;—Infw lines
(indicated by the broken lines) shown in Fig. 4, the temperature shift factor in Fig. 3
and Eq. (7), are shown in Fig. 7 using ——— mark. Such ——- line agrees substantially
with ® mark. The line of ~—— mark is an upward convexity. It is possible that the
n:;—In 7y, relation indicated by ® mark can be approximated by the straight line expres.
sed by Eq. (8) at i=1. However, if the n;—In#, relation is expressed by the straight
line, the sc;—In 7w relation become exactly curvilinear such as the long broken line shown
in Fig. 7. Conversely, if the n;;—In 7y relation is approximated by the straight line, the
nrp—In i relation become curvilinear. The relationship between 7, and ., obtained by
the In 7u—In 7w flow characteristic curves and Eq. (3), is shown in Fig. 7 using O mark.
The 7, has large dependency on 7w. The value of . decreases with increasing 7y.
The 7y obtained by Eq. (5) and the n;;—Inzw curves, shown in Fig. 7 using the long
broken line, are shown using ------ mark. The ny—Intw cuves indicated by -...-- mark
agrees substantially with O mark. The ny has large dependency on zw. The relation.-
ship between m.; and Intw, obtained by the mc;—In f» lines (indicated by the solid lines)
shown in Fig. 4, the temperature shift factor in Fig. 3 and Eq. (12), are shown in Fig.
7 using the solid line. The m:;—Intw relation is an upward convexity. The m.; depe.
ndence of 7y is smaller than the 7:; dependence of tw. The m,. indicated by the —-—
mark is obtained by Eq. (14) and the m:;—In7y indicated in Fig. 7 using the solid
line. Comparing the n;—In7w curve and m,—Inzy curve, it is seen that the My dep-
endence on 7w is less than of ;.

The relationship between 7:; and T as a parameter 7w are shown in Fig.8. @ mark
indicate the 7n;; obtained by Eq. (1) and the Inzw—In7y flow characteristic curves. The
n:;— T curves indicated by the broken line are obtained from the #:;—In7, lines shown
in Fig. 4 using the broken line. The #:;;—T curve is an upward convexity. Shapes of
the n;;— T curves at various fw are nearly similar. With increasing fu, the ney—T curve
is shifted along the fu axis in the direction of increasing 7. Comparing the 7 at
various J» and constant temperature, it is seen that the 7; decreases with increasing fu.
me;— T relation is shown in Fig. 8 using the solid line. Such mi;;— T curves are obtained
from the m2c;—Infw lines shown in Fig. 4 using the solid line. The m;—T curves are
upward convexity. The m.; increases with increasing 7. With decreasing w, the Mgy —
T curves are moved along the m; axis in the direction of increasing ;.

The relationship between n:y, m:; and ar is shown in Fig.9, taking fw as a param-
eter. ® mark indicate the ».; obtained by Eq. (1), the Intw—Inf, flow characteﬁstic
curves and the ar—7T relation (Fig. 3). The nc; dependence of ar is very large. And
the 7:; decrease with increasing ar. The relationship between the 7;; and In ar, obtained

by the temperature shift factor shown in Fig. 3, the s:;—In 7w lines (broken line) indic-
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Fig. 10 Schematic illustrations of vaticus curves with respect to flow index,

temperature shift factors, pressure shift factors and blended fraction

shift factor.
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Fig. 10 (continued).

ated in Fig. 4 and Eq. (7), are shown in Fig. 9 using the broken line. Such #:;—Inar

relation is represented by a straight line. The n:;;—Inar line agrees substantially with
the value of ® mark. Comparing Fig. 4 and Fig. 9, it is seen that inclinations of the
ncy—In 7w line and the 7:;—Inar line are the same, and this is validated by Eq. (26)

obtained from Eq. (7).

Onzy _ Oney

3In7 dlnar (26)
The m:;—In ar relations obtained by the #i;—In #w lines (indicated by solid line) shown
in Fig. 4, Eq. (12) and ar shown in Fig. 3, are shown in Fig. 9 using the solid line.
With increasing #w, these 7y, m:3—Inar lines are located in the direction of decreasing
The inclination of the m;—Inar line agrees with the inclination of the
This is validated by Eq. (27) obtained from Eq. (12). Eq. (28) is

":f or 7"4‘?.
Mez—In fw line.
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induced from Egs. (25)~(27).

Omey  Omyj
dlny dlnar

@7

Oney Onigy
alnar =2 91lnar (@8

The relationship between the n;;—Inar lines and the m;—Inar lines agrees with the
relation expressed by Eq. (28).

From the above results and the previous papers'*):2":6:27,38 " oyryes with respect to
various flow indices, the temperature shift factors and the pressure shift factors etc. are
shown schematically in Fig. 10. In this figure P, means the hydrostatic pressure, ap
means the pressure shift factor, arr means the pressure shift factor at constant shear
stress, ap; means the pressure shift factors at constant shear rate, ¢ means the blended
fraction, a@. means the blended fraction shift factor. For instance, the indication “para-
meter: 7" expressed in the schematic illustrations of Fig. 10 means that the illustrated
curve is influenced by the T. However, the shifting direction of the curve is different
depending upon the kind of material and the external operating conditions, and can not
be easily decided. Therefore, “parameter: 7" indicate that influencing factor with regard
to the particular curve is 7. The WLF equation®* -3 which expresses a relation
between ar and T is well known for amorphous polymer. The formulae induced by comb.-

ining the WLF equation and the formulae of flow indices have very wide applicability.

5. Conclusion

The investigation of flow characteristics, various temperature shift factors and various
flow indices for polymer melts of PMMA lead to the following conclusions:

(1) The 7, dependence of ju differs from the 7. dependence of 7w. The value
of ar; is larger than the values of ar and ar.. Inclinations of the ar;—7 lines are less
than inclinations of the ar, ar:—71' lines.

(2) The various flow indices show relatively great dependence on jw or tw. The
indices decrease with increase of jw or tw. In the measuring region, #j, 7 —Injw and
1yi, My;—In 7w relations can be represented, respectively, by the straight line. 7y, my—
Infw and 7}, m:;—Intw relations are curvilinear, respectively. Inclinations of nep, m2c;—

In#w lines agree with inclinations of 7, m;—Inar lines.
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