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Effect of Phenol Novolac Resin Addition on the Rheological Behaviour of
Coal Tar for Taphole Clay
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1 Introduction

A Dblast furnace taphole clay is known as clay-like
monolithic refractory which have been used for tapping
process of both molten pig iron and slag. Rapidly fulfilling
process within 1~2 min of taphole clay often causes
trouble of the tapping process due to the porous structure
forming and crack generation"?. Since the control of
character of the binder used for taphole clay is quite
important for avoiding those troubles. However there are

only a few kind of research about the binder character”.

Table 1 summarizes the general features of taphole

Table 1 General characteristics of taphole clay

Phenol resin solution

Characteristics Coal tar .
(Novolac solution)
Handling Easy/ Stable Poor / Unstable
Health hazard High; Carcinogen Medium ; Corrosive
Herdenig behaviour Gradual or slow Rapid
Taphole length Large Small

Weightloss / %

——Coal tar

Novolac solution

100

200

300

400 500

Temperature / °C

Fig.1 Weight loss behaviour of each binder for taphole clay.
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clay to which coal tar and phenol novolac resin solution
(Novolac solution), which have been generally known as
binder, are applied. Fig. 1 shows the TG curves of the coal
tar and novolac solutions used in this study. (The
measurement conditions are shown in Tables 2 and 3)

In the temperature range of about 60°C which was
the set temperature in the taphole clay filling, the weight
loss was hardly recognized either. At 100°C, there was
almost no weight loss of coal tar, whereas the weight loss of
novolac solution was about 7%. In the temperature range
above 100°C, the volatilization of coal tar also occurs, and
it is found that the volatilization of coal tar occurs more
intensely than that of phenol resin solution around 346 °C.

Therefore this research considered the two part of
the temperature region for evaluation of the binder
character as follow.

@ Below 100°C in this report (The decrease in
binder weight is small, and the effect of complicated state
change seems to be small.)

(@ Hardening and volatilization behavior of the
binder at 400°C constant temperature (temperature range

in which the state change is actively generated)

Table 2 Common condition of the thermogravimetric measurement

Sample mass / mg 10
Atmosphere N, (>99.9 vol%)
Gas flow rate / ml- min” 300
Pan and reference a-Alumina

Table 3 Condition for the measurement mode of the thermogravimetric analysis

Measurement mode | Heating rate / °C- min™

Temperature condition / °C | Holding time / min

Dynamic (Fig. 1) 10

~500 —

Static (Fig. 9) 100 (up to 400 °C)

~400 60
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2 Experimental contents

The coal tar and novolac solutions which are used
as the binder of the taphole clay product were used without
further treatment. Volatilization behaviour of each sample
was evaluated by using a thermogravimetric analyzer TG/
DTA 7300 (manufactured by Hitachi High Technology
Co., Ltd.). The conditions of thermogravimetric analysis
are summarized in Tables 2 and 3.

The rheological properties of the binders were
evaluated using a stress controlled rheometer AR 2000 ex
(TA Instruments Co.Ltd.). The evaluation system of
theological properties in this study, especially the
measurement system at high temperature, is shown in
Fig. 2 and the measurement conditions are summarized in
Table 4. Though the measurement under 100 °C was also
carried out in the similar composition, Peltier element and
water cooling system were introduced in the lower plate,
and the temperature control with higher accuracy was

carried out.
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Fig.2 Schematic configuration of torsional vibration type rheometer system.

Table 4 Conditions for rheological evaluation

Tempareture / °C ~100 400
Plate type Flat
Plate diameter / mm 40 25
Oscillation strain / % 1
Oscillation frequency/ Hz 10 1
Gap length/ um 1000
Atmosphere Air | N, (3L - min™)
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T =T Sihwt
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There are brief explanation of the principle of
theological evaluation as equation (1) to (7). Only the
torque change behaviour -which is base of those parameter-

was discussed in this paper.

T= (;—Z cos 6) Yo Sinwt + (;—zsin 6) Yo Sin (wt + g)

To

G'=-=cosé
Yo

G =2sins
Yo

G*=G'+iG
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3 Results and discussion

3+1 Rheological properties at temperatures below 100°C
Figure 3 (a) - (f) show the temperature dependence

of the relationship between the vibrational shear stress and

vibrational shear rate of each binder at 20°C, 60°C and

100°C. And, Fig. 4 (a) - (c) show the apparent viscosity u

obtained by applying a relationship called a power law

®)

(The case of 70 = 0 of Herschel-Bulkley equation, known
as the nonlinear fluid flow equation) for each plots of
Fig. 3.

In addition, Fig.4 (d) show the flow behaviour
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index “n” obtained by applying the power law, respectively.
In the power law, the behaviour as a nonlinear fluid is
roughly divided by the n, and it is classified into Newton
fluid for n = 1, Dilatant fluid for n > 1, and pseudo-plastic
fluid for n < 1. From Fig. 3 (a) - (f), both binders showed a
linear relationship with a constant slope on a logarithmic
plot, and almost linear fluid behaviour was observed. On
the other hand, for the mixed binder containing novolac
solution, the shear stress increased at 100°C on the high
shear strain rate side. Fig. 4 (a)-(c) show a tendation of the
increase of apparent viscosity with increase of novolac
solution content in binder at each temperature. Fig. 4 (d)
shows n of the binder at 20°C was close to 1 for all binders,
indicating characteristics close to linear fluid. This
tendation is similar to n at 60°C except coal tar. The n
value of each binders were tend to increase at 100°C and
maximum value of near 1.5 with 20 mass% of novolac
solution. The increase of oscillation stress at high frequency
shown in Fig. 3 (b) will affected such a higher n value at
100°C. Fig. 5 shows a semi-logarithmic plot of the apparent
viscosity versus the reciprocal temperature for the
temperature dependence of the apparent viscosity obtained

in Fig. 4 (@) - (c). Table 5 shows the apparent activation
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Fig.3 Temperature dependence of oscillation stress-
strain rate curve of coal tar with novolac
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Fig.5 Temperature dependence of apparent viscosity of

each binder.

energies obtained from the slopes of Fig. 5 by applying the
Andrade equation (9). In Equation (9), u is the apparent
viscosity, A4 is a constant determined by the fluid, U'is the
activation energy, R is the ideal gas constant, and 7 is the
absolute temperature. In the temperature range below
100°C, the apparent activation energy for the apparent
viscosity change with temperature change was estimated
to be about 70 kJ * mol” up to 60 mass% of the novolac

solution, but it decreased to about 56 kJ * mol* at 80,100

mass%.
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Table 5 Apparent activation energy derived from Fig.5

Mass% of novolac
solution 0 20 40 60 80 100
in coal tar / mass%
Apparent activation
11695 | 71.0 | 716 | 66.4 | 56.0 | 56.5
energy / kd - mol
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Oscillation torque/mN - m

3°2 Hardening and volatilization behavior at a

constant temperature of 400°C

Figure 6 (a) shows the change with time of the
vibration shear torque of each binder by the constant
temperature evaluation at 400°C. The temperature change
in the vicinity of the sample during coal tar evaluation was
plotted on the right axis basis. As the state change is
generated by heating each binder, the chemical reaction
which contributes to viscosity rise and hardening by the
concentration with volatilization progresses, and the
vibration shear torque seems to rise, and these curves seem
to show the hardening behavior of each binder. Fig. 7
shows relationships between initial hardening time and

novolac solution ratio in the binder. The initial hardening
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Fig.7 Initial hardening time of each binder.



y = 1.365e%0765% R2 = (,9593 (11)
y = 8.653e%0655 R2 = 0.9454 (12)
y = 25.11e%9565 R2 = 0.9439 (13)
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Fig.8 Change of oscillation torque after initial
hardening time of each binder.
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time was derived from differential curves (no figure) of
Fig. 6. Increase of novolac solution ratio in the binder
showed power law relationship described as equation (10),
indicated that novolac solution acts as drastic acceralator
for hardening behaviour of the coal tar. Hardening time of
novolac solution was 554 sec as a half of coal tar.

Figure 8 showed the torque increase behaviour
after the initial hardening time. (After 10 min (eq.(11)), 20
min (eq.(12)), and 30 min (eq.(13)). Those exponential
relationships shown in equation (11)-(13) indicated that
some kind of chemical reaction would be affected to the

increase of torque.

y = 1.365¢20765% R2 = 0.9593 (11)
y = 8.653e00655 RZ = (.9454 (12)
y = 25.11e%9565 R2 = 0.9439 (13)

Figure 9 (a) and (b) shows weight loss curves and
time dependence of weight loss rate of each binders for
400°C constant respectively. Both result showed the drastic
weight loss were also terminated within 10 min and the

temperature increase to 400°C.

Weight loss / %

0 300 600 900 1200 1500 1800
Time/s

Fig.9(a) Weight loss curves of each binder at 400°C.
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Fig.9(b) Time dependence of weight loss rate
change of each binder at 400°C.

Conclusion
(1) Rheological behaviour below 100°C
High ratio of novolac solution in the binder

changed the flow properties from Newtonian to Dilatant.
Temperature dependence of apparent viscosity almost
explained by Andrade equation. Above 60mass% of
novolac solution decreased activation energy of apparent
viscosity change of binder.
(2) Hardening behaviour at 400°C constant

In chis study, both evaluation of torque increase
and weight loss behaviour at 400°C demanded 10 min for
reaching temperature from room temperature to 400°C.
All initial hardening time derived from differential of
Fig. 6 were above 10min (Cleary shown in Fig.7) while
weight loss behviour were terminated within 10min.
Furether, torque behaviour after initial hardening time
were tend to be exponential. Those results would imply the
affection of weight loss for initial hardening time and
progress of some chemical reaction for torque increase

behaviour.
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