Viscoelastic Behavior of AN-g-Casein Copolymer
Concentrated Solution of Sodium Thiocyanate
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ABSTRACT: The viscoelastic behavior of sodium thiocyanate concentrated solution of
graft copolymer of acrylonitrile onto casein (AN-g-casein) was investigated in detail by
nitrogen pressure capillary rheometer. The experimental results show that the concen-
trated solution of AN-g-casein is a non-Newtonian fluid of shear thinning. The end
correction increases with the increase of shear rate. In the course of practical spinning,
the real shear stress only attributes about 35% to the apparent shear stress, which
confirms the essentiality of end correction for the capillary extrusion of the concen-
trated solution of the graft copolymer. By using the Dewitt model, the Couette correc-
tion & and recoverable shear strain Sj; were analyzed and separated. Quantitative
function relation of ¢ and Sy versus shear rate and temperature were deduced. It is a
common equation within the range of experiment. In practical spinning process, the
real viscoelastic parameters can be easily predicted by only a piece of flowing curve
based on the common equation. Real elastic model G under any shear rate in the range
of experiment was calculated. It was found that G increases with an increase of shear
rate, which is opposite to the conclusion reported by Hayahara. The main reason for the
error may be that Hayahara used the same Couette correction at a higher shear rate.
Further, the die swell in the spinning process can be estimated efficiently. The theo-
retical base for the stability of AN-g-casein spinning technology was provided. © 2002
Wiley Periodicals, Inc. J Appl Polym Sci 84: 1721-1728, 2002; DOI 10.1002/app.10554
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INTRODUCTION

Grafting provides a method of adding certain
properties to a fiber without greatly disturbing
the strength and other mechanical behavior of the
fiber. Mitsuo has studied the grafting of casein
with acrylonitrile (AN) in aqueous solution of zinc
chloride, and further, the spinning of casein into a
silk-like fiber named chinon,! which has better
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elasticity than silk and cellulose triacetate fiber,
and lower static electricity than nylon and poly-
(ethylene terephthalate) (PET) fiber.? It is sur-
prising that little attention has been paid toward
the grafting of AN onto casein in concentrated
aqueous solution of sodium thiocyanate (NaSCN).
Compared with the way zinc chloride aqueous
solution acts, the NaSCN concentrated aqueous
solution has higher solid levels in spinning solu-
tion and is more stable to process.

A capillary rheometer can be used to simulate
the spinning conditions (shear rate: 103-10* s~ 1;
temperature: 40—80°C) to predict rheological be-
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havior, such as shear stress, viscoelastic proper-
ties, and die swell. The end correction term e of
viscoelastic polymer fluid is composed of entrance
correction ¢ and recoverable shear strain Sp. His-
torically, end correction has been determined ma-
turely.>* However, the problem of how to sepa-
rate £ and Sy from e has been reported little.
Bagley® considered that recoverable shear strain
increases with the increase of shear stress. When
the shear stress approaches zero, the recoverable
shear strain should tend to zero too. At that con-
dition, e is only the contribution of the ¢, so the ¢
in higher shear stress was replaced with ¢ at the
shear stress, tending to zero. Hayahara and
Takao® used the ¢ of sodium silicate solution,
which shows Newtonian flow and has no recover-
able shear strain, as the entrance correction term
for the calculation of the recoverable shear strain.
Therefore, the problem of how to separate ¢ and
Sg from e has not been really dealt with. In prac-
tical production, spinning is carried on in higher
shear stress, so, how to analyze & and Sy is the
key to analysis of the rheology and spinnability.
In this article, the end correction of AN-g-ca-
sein concentrated solution was analyzed by using
a capillary rheometer with a series of capillaries
of different length-to-radius ratios. Entrance cor-
rection and recoverable shear strain were ana-
lyzed and separated by using the Dewitt model.
Furthermore, the quantitative function relations
of £ and Sy, versus temperature and shear rate in
the range of experiment were deduced. The real
rheological parameters can be measured by using
only one flow curve combining the common equa-
tion. The real elastic model (G) can be valued
according to the common equation of Sp, and then
die swell (B) is predicted. The theoretical basis of
choosing spinning technology was provided.

EXPERIMENTAL

Preparation of Materials

Casein (chemical purity, Shanghai Chemical Re-
agent Co., Shanghai, China) was soaked 24 h in
distilled water. Then the swollen casein was
treated with a concentrated aqueous solution of
NaSCN (chemical purity, Shanghai Chemical Re-
agent Co.) at 70°C for 30 min to obtain a casein
solution. Monomer AN (99.5%, division 2 of
Shanghai Petrochemical Co., Ltd., Shanghai,
China) was purged to remove the hydroquinone
and monomethyl ether hydroquinone inhibitors
by using an inhibitor remover disposable column

(Aldrich Chemical). Azobisisobutyronitrile (AIBN;
chemical purity, Aldrich Chemical) as an initiate
was recrystallized two times.

A known concentration of casein solution was
thermostated at the required temperature in a
500 mL four-necked flask equipped with a stain-
less steel stirrer under nitrogen atmosphere. Af-
ter sufficient time, AN was added, followed by the
initiator, AIBN. After a sufficient time interval,
AN-g-casein concentrated solution of sodium thio-
cyanate was prepared.” The mass percentage of
AN : casein in AN-g-casein is 76 : 24. According to
Ou and Zhang,® the zero shear viscosity was mea-
sured by a ball viscometer, 1, = 238. The concen-
tration of sodium thiocyanate and graft copoly-
mer was 44 and 12.8 wt %, respectively. AN-g-
casein concentrated solution was deaerated at
80°C under vacuum of 750 mm Hg for 4 h and
then filtered.

Measurement of Rheology Behavior

Measurement was carried out by nitrogen pres-
sure capillary rheometer. The capillary radius is
0.015 cm and the series of length-to-radius ratios
(L/R) are 3.01, 6.21, 12.36, 19.83, and 27.57. Ex-
perimental temperature measured from 40 to
80°C. The shear rate ranged from 1.7 X 10° to 4
X 10* s~ 1. The prepared concentrated solution
was forced into capillary by nitrogen and the out-
put rate was measured under various pressures,
temperatures, and L/R ratios.

Measurement of Die Swell

Tanner proposed a theory of die swell.? The rela-
tion of die-swelling ratio B, at the exit of infinite
length capillary and recoverable shear strain (Sg)
during the free extrude process was expressed as
follows:

2\1/6
BO=<1+2R) +0.1 (1)

Practical die swell at the exit of the capillary was
measured by a microscope camera.

RESULTS AND DISCUSSION

End Correction for AN-g-Casein Concentrated
Solution Flowing in the Capillary

The extra pressure drop, which was produced by
the velocity profile adjusting at the entrance and
the elastic energy storage in the viscoelastic fluid
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Figure 1 A series of pressure difference versus cap-
illary length-to-radius ratio plots (each straight line
corresponds to a constant shear rate). ¥ X 10~* (s~ 1): 1:
0.17; 2: 0.25; 3: 0.35; 4: 0.50; 5: 0.70; 6: 1.0; 7: 1.4; 8: 2.0;
9: 2.8; 10: 4.0.

flow, corresponds to elongating the capillary to a
certain length. To obtain the real shear stress o,
Bagley® proposed a correction formula as:

o =APR/2(L + eR) (2)

where e represents end correction term, and AP
represents the pressure difference.

Figure 1 shows a series of pressure difference
versus length-to-radius ratio plots in the flow of
AN-g-casein concentrated solution. The shear
rate range 1.7 X 10% to 4 X 10* s~ ! is covered and
the L/R value ranges from 3.01 to 27.57. Within
experimental error, these plots are linear.

On the grounds of Bagley’s correction, eq. 2,
shear stress o, and end correction term e can be
calculated and obtained by using the slope and
intercept of the lines from Figure 1; then the
apparent viscosity m, can be calculated as:

Mo = oly (3)

The values of real shear stress o, end correction
term e, and apparent viscosity m, in different
shear rates are presented in Table I. From Table
I, the end correction term increases and apparent
viscosity 7, decreases, whereas shear rate in-
creases, which confirms the shear-thinning prop-
erty of AN-g-casein concentrated solution. Gener-
ally, in actual wet spinning technology, fiber ex-
trusion is at lower L/R of orifices and higher at
shear rate. For example, when shear rate is 4
X 10* s71 and L/R is 3.01, the real shear stress
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only attributes 35.3% to the apparent shear stress
in the same condition, which demonstrated that the
correction of shear stress is quite essential. Similar
behavior was observed in the concentrated solution
of poly(vinyl alcohol) (PVA) by Zhang et al.'°

Analysis and Separation of End Correction in
Capillary Flow of AN-g-Casein Concentrated
Solution

Philippoff and Gaskins proposed that the end cor-
rection of viscoelastic polymer fluid includes the
contributions of entrance effect and recoverable
shear strain in shear flow,* where

Sp=¢+5 4 4)

and where G is the shear elasticity modulus; ¢ is
the correction of loss energy in entrance for ad-
justing velocity profile, which is designated Cou-
ette correction; and Sy is the recoverable shear
strain (equal to normal stress difference), which
is designated the Philippoff-Gaskins correction.

The Maxwell method proceeds from the point
of view of a relaxing solid and uses a simple
superposition of relaxation and elastic effects. In
a strained liquid, where the medium is in motion,
this might seem to be an important consideration.
Allowance for this is made by modifying a refer-
ence configuration system, designated the Dewitt
model, which is to be interpreted as a description
of that configuration to which the fluid would
return on release of the stresses. By using the
Jaumman differential equation, a modified Max-
well model can be obtained!!, designated the De-
witt model as follows:

Table I Values of Real Shear Stress o, End
Correction Term e, and Apparent Viscosity
1, in Different Shear Rates (80°C)

Y (X1073/s™h o (X 1075/Pa) e n./Pas
1.7 0.730 2.03 42.9
2.5 0.838 2.33 33.5
3.5 0.961 2.66 27.5
5.0 1.11 2.95 22.2
7.0 1.27 3.31 18.1

10.0 1.45 3.69 14.5
14.0 1.65 4.16 11.8
20.0 1.89 4.62 9.45
28.0 2.17 5.05 7.75
40.0 2.46 5.61 6.15
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where the Jaumman differential of second-order
tensor can be defined as:

DUU ao'ij . (")O'L-j
Dt \ ot +V 9 X* + wigojx + Wigoy,  (6)

and where (9d0;/dt) is the time partial derivative of
the stress of the components in the ij coordinate
system; VK(aalj/aXK) is the partial derivative of
stress versus the coordinate system; and w;xoy,
w;k0;x are the rotation tensors of the components.

According to the practical spinning condition,
through mathematics treatment, an equation can

be obtained in a simple shear, as follows:

— 012 (11— 092)/2 0]
+ Ty (011 — 099)/2 T12 0

0 0 0 |

0 /2 0]
=27 2 0 0 (7

0 0 0 |

where

SR = T'y (8)

The recoverable shear strain can be deduced ac-
cording to eqs. 7 and 8.2 The end correction e in
the capillary flow can be separated into two parts:
the Couette correction ¢ and Philippoff-Gaskins
correction Si. Table IT shows the ¢ and Sp of
AN-g-casein concentrated solution at different
shear rates in 80°C. It can be seen that the ¢ and
Sr increase separately with shear rate.

Common Equation of & and S versus Shear Rate
and Temperature

The plots of Ig £ against 1g ¥ at different temper-
atures are shown in Figure 2, from which it can be
observed that ¢ increases with the increase of
shear rate in the same temperature, whereas ¢
decreases with the temperature at the same shear
rate. g £ appears in a linear function of 1g ¥, so the

Table II Values of Couette Correction £ and
Recoverable Shear Strain S; of AN-g-casein
Concentration Solution at Different

Shear Rates (80°C)

¥ (103%™ 1) £ Sk
1.7 0.965 2.13
2.5 1.10 2.46
3.5 1.28 2.77
5.0 1.40 3.11
7.0 1.57 3.48
10.0 1.73 3.93
14.0 1.97 4.38
20.0 2.16 4.92
28.0 2.32 5.45
40.0 2.54 6.14

quantitative function relation can be described in
a power law form, as follows:

&y, T) = K'y" 9)

Therefore, relation 9 becomes a common equation
according to the experimental data in Figure 2:

1g¢ [¥, T(°K)] = (3.194 — 0.01167)
+(—0.388 + 0.0019T)lgy (10)

Within the range of experiment, the higher the
shear rate is, the bigger the deformation of the
pseudonetwork structure and the higher the re-
quired energy for adjusting velocity profile. The ¢
of AN-g-casein concentrated solution varies ac-
cording to eq. 10.

The curves of lg Sp against lg ¥ at different
temperatures are plotted in Figure 3. With the
increase of shear rate, the recoverable shear
strain increases in the range of experiment. How-
ever, the recoverable shear strain decreases with
the increase of temperature, which is similar to
the effects of temperature on melt-spinning.'?

In the same way, the common equation Sgz(7,
T) can be deduced according to the data of
Figure 3:

1gSk [v, TCCK)] = (3.22 — 0.01117)

+ (—0.449 + 0.002197)1gy (11)
The function relation of £ and Sy against ¥ and 7'
in the capillary flow of AN-g-casein solution are

defined in the two quantity equations, which are
significant to analyze the rheology behavior of
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Figure 2 lg-Ig plots of Couette correction against shear rate at various temperatures

(T/°C): 1, 40; 2, 50; 3, 60; 4, 70; 5, 80.

AN-g-casein concentrated solution, and find the
original causes for the melt disruption to adjust
the parameters for practical spinning technology.

Efficient Simple Measurement and Correction of
Rheological Parameters of AN-g-Casein

series of capillaries. Therefore, the correction way
using only one flow curve is put forward. The
Bagley correction formula of shear stress can be
referred to in another way, as follows:?

Concentrated Solution 1
) ) o=0, (12)
In reality, much work is needed for measurement 1
. . . 1+ R/L| £+ 58Sk
and correction of rheological parameters using a 2
0.8 -
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Figure 3 lg-lg plots of recoverable shear strain against shear rate at various tem-
peratures (7/°C): 1, 40; 2, 50; 3, 60; 4, 70; 5, 80.
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Figure 4 Flow curves for AN-g-casein concentrated solution, obtained by using dif-
ferent correction methods (80°C): 1, method of this article (by one flow curve, L/R: 3.01);
2, method of Bagley (by a series of capillaries).

When the spinning technology is given, o, can be
calculated after the Rabinowitsh correction. £ and
Sy can be valued by a common equation. There-
fore, real shear stress o can be deduced by only
one flow curve according to eq. 12.

Figure 4 shows the two correction results: one is
obtained from the way of the common equation, and
the other is obtained from a series of capillaries
with different L/R. It is evident that the results of
the two ways are almost identical. The way of the
common equation only needs one flow curve, which
makes the experiment easy. The similar results of
the two ways prove that it is reasonable to use the
Dewitt model to deal with the rheology parameter
so as to separate recoverable shear strain Sy and
Couette correction ¢ and the common equation is
true to the AN-g-casein concentrated solution.

Real Elastic Model G

After obtaining the real shear stress and recover-
able shear strain by analysis and separation of
end correction, the elastic model G was evaluated
according to the formula, as follows:

G = d/Sy (13)

Bagley took the Couette correction by extrapolation
of the plots of (2§ + Sy) versus o to the limit of o = 0

as the Couette correction in higher shear stress.
Hayahama used the Sy of sodium silicate solution
at low shear stress as a substitute of S. Here, the
elastic model G of AN-g-casein concentrated solu-
tion in steady-state flow was calculated according to
eq. 13 to predict the elastic behavior. The value of G
shows the elastic model at each real point of the
shear stress in Figure 5. The elastic model increases
with an increase of shear rate. Hayahara reported
that the elastic model decreases with an increase of
the shear stress. The main reason for this error is
because the same ¢ is used in higher shear rate.
Really, the elastic model is no longer a constant
under higher shear rate.

Die Swell of AN-g-Casein Concentrated Solution in
the Extruding Process

Tanner presented a die-swell theory similar to eq.
1,° in which some assumptions were made, as
follows: (a) the flow is isothermal and incompress-
ible; (b) the die is very long (L/R — «); (c) inertial
effects in flow may be ignored; and (d) gravity,
other body force, and surface tension forces are
ignored. Figure 6 shows the die-swell ratio B,
calculated by using the Tanner theory and real-
experiment die-swell B, was investigated by us-
ing a microscope camera at 50°C. It can be seen
that B, and B, increase with the increase of shear



VISCOELASTIC BEHAVIOR OF AN-G-CASEIN 1727

40 | 5
[ ]
4
3
35 2
— 1
(1]
o
o 30}
e
X
O
25 |
2.0 ! L : —
0 15 30 45

y X 107(s7)

Figure 5 A series of real elastic modulus versus shear rate plots (each curve corre-
sponds to a constant temperature):. 1, 40°C; 2, 50°C; 3, 60°C; 4, 70°C; 5, 80°C.

rate. B, is always higher than B, in the shear rate
range of experiment, and the error may be caused
by the assumptions in Tanner die-swell theory.
As shear rate at 2 X 10* s~ ! approaches real
spinning condition, the curve of B, /B, versus dif-
ferent L/R was obtained, as shown in Figure 7.
B,/B, tends to 1 with the increase of L/R, which

1.8 |-

15 -

means that the real die swell by experiments in
higher R/L is more agreeable with the die swell,
as predicted by Tanner theory. It proves that the
method of ¢ and Sy, being separated and corrected
by using the Dewitt model is reasonable. There-
fore, the real die swell of the AN-g-casein concen-
trated solution in the spinning process can be

30 40

FX107°6™

Figure 6 Die-swell ratio B, by Tanner theory and real die-swell ratio B, by experi-
ment versus shear rate plots (50°C, L/R: 12.36).
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Figure 7 The curve of B,/B, versus L/R (shear rate: 2 X 10* s™1).

predicted only by using one flow curve, according
to the error of B, and B, in Figure 6 Further, the
theoretic basis of stabilizing the wet spinning
technology was given and the spinning condition
can be chosen.

CONCLUSIONS

1. The rheological behavior of AN-g-casein con-
centrated solution is investigated. The result
shows the AN-g-casein concentrated solution is a
kind of non-Newtonian fluid of shear thinning.

2. Within the experimental error range, the end
correction term increases with the increase of shear
rate. Under the real spinning process, real shear
stress only attributed about 35% to the apparent
shear stress, which confirmed the essentiality of
correction for rheology parameter in capillary flow.

3. The Couette correction and recoverable
shear strain were analyzed and separated by us-
ing the Dewitt model. The quantitative functional
relations of Couette correction and recoverable
shear strain versus temperature and shear rate
were deduced in the extrusion process of AN-g-
casein concentrated solution. During practical
spinning, using the quantitative functional rela-
tions, the rheological parameter can be obtained
by only one flow curve.

4. By obtaining the real elastic model G, which
fits any shear rate in the range of experiment, the
G increases with the increase of shear rate, which
is opposite to the conclusion reported by Haya-

hara and Takao.® It may be explained that Haya-
hara used the same Couette correction at a higher
shear rate.

5. By using the method in this article, die swell
can be evaluated efficiently. Furthermore, the
theoretical basis for the stability of the wet spin-
ning technology of AN-g-casein concentrated so-
lution was provided.
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