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In the paper it is proposed a thermal stress model based on the theory of viscous-plastic
deformation, which is adjusted to the heating and cooling of continues casting bloom. The
model is developed on the basis of the finite element method. To take into account the
changes of metal behaviors the plastometer and dilatometric research was fulfilled.

1. INTRODUCTION

The phase transformations in steel during the heating and cooling processes provide to
appearing additional thermal stresses associated with nonlinear volume changes of metal with
the temperature changes.

The problems of identification and reckoning steel behavior, which is complicated by
theoretical description of influence of the phase transformations on stress, are following:

a) Volume changes caused by temperature changes and phase transformations.

b) Cooling or heating rate dependence of the phase transformation temperature.

¢) Necessity of mechanical behavior research of steel in different temperature, strain and

strain rate.

The object of the paper is development of the mathematical model of the thermal stresses,
which reckons volume changes during allotropic transformation.

2. MATHEMATICAL MODEL OF HEAT EXCHANGE AND METAL
CRYSTALLIZATION

To model crystallization process it was used the heat transfer equation modified by method
of effective specific heat. The method is based on the following equation:
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where p — metal density, ¢ — temperature, 7— time, c.; — effective specific heat, which in the
simplest cases is described according the following order:
Cgff = Cy Y <ty,
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Ceff = Cs Y <ty

Coff = Cf+L/(lL-ls) VY t<t<tr,
(2)

Ceff = CL Y t>1;,

¢y — specific heat in the temperature range of alloy crystallization, ¢y = fics + (1-fs)cr, tr —
liquidus alloy temperature, ¢, — solidus alloy temperature, L — hidden crystallization
heat, f; — fractional part of solid phase, c¢; — specific heat of solid phase, c; — specific
heat of liquid phase.

Algorithm of 3D solution of heat transfer and crystallization of the casting bloom is
build upon the sequent solutions of the plane tasks which is corresponding to the
movement of the cross-section of bloom with the casting speed through crystallizator,
secondary cooling zone and air cooling zone.

3. MATHEMATICAL MODEL OF THERMAL STRESSES DEVELOPMENT

Lets consider the plane deformation task formulation. The solution is searched from
the necessary condition of the minimum of the Lagrange variation functional:
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where E’ — the modulus of plasticity (correspondent to Young’s modulus in elasticity).
The value of E” could be determined by following equation:

J = 1J.E’gl.zdv + 3] £, — PAt) dV +jaiuidS (3)
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where o,(,,¢,,1,7) — dependence of effective stress on effective strain rate &,, effective
strain £, and temperature ¢ with accounting of stress relaxation, 7 — time.

Term At can be evaluated in dilatometric test:

Al(z, Ar)

SAt = (5)

0

where Al(r) — changes of specimen length during temperature changes (Fig. 1), l, -

initial specimen length.
Dependence Al(f) is presented in the table with linear interpolation between points.

Term E’ is not known at advance and it is obtained as result by method sequential
approach (method of Iliushin’s conjugate solutions [1].
Thus the material dilatometric curve is used directly in the model. It allows to breaking
away from ordinary method, which volume changes in the allotropic transformation
reckon by temperature expanse coefficient S .
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4. EXPERIMENTAL EVALUATION OF THE STRESS CURVE AND
DILATOMETRIC RESEARCH

The dilatometer 805A/D was used to plastometric and dilatometric research [2]. The
standard specimen from the LH15SG steel were examined. The specimen sizes are: height —
10 mm, diameter — 5 mm. Temperature was varied from 700 to 1200°C, strain rate was 0.001,
0.01 and 0.1 s'. The maximal strain was 0.4. The results of plastometric tests were
approximated by the equation:

o = 32600 &% £, exp (- 0.005454 ). ©)

Heating and cooling rate in the dilatometric research was 3 and 10°C/s. During modeling
there are used appropriate dilatometric curve [3].
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Figure 1. Dependences of elongation on the temperature under the heating (upper curves)
and cooling (lower curves) with different rate

5. RESULTS OF STRESS AND STRAIN CALCULATIONS BY THE FINITE
ELEMENT METHOD

The cooling of the rectangular 300x400 mm for SH15SG steel is presented. The initial
temperature is 1200°C. Heat exchange coefficient for the upper surface is set o/= 100 W/m’K,
for the other surfaces — &= 80 W/m’K.

On the Fig. 2a it is shown the points in the cross-section. The points were used for the
control of stresses, strain and temperature. The temperature distribution after 3500 s cooling is
presented on the Fig. 2a. There is average stress is exposed on the Fig. 2b.

The changes of both temperature and average stress in the control points are presented on
the Fig. 3. Average stress changes in the points 2 to 5 has undulated character (Fig. 3b), that is
caused by the sequences of phase transformation in that points.
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Figure 3. Temperature (a) and average stress (b) changes in the control points

6. CONCLUSIONS

The mathematical model of thermal stress development in the billet during the continues
casting process which takes into account the processes of crystallization, thermal volume
changes and phase transformation in the viscoplastic rheological formulation for the steel in
the high temperature is developed.

Having analyzed the results one could attend to high influence of the phase transformation
on the strain-stress state of metal. Undulant character of the transient process is reflected
sequences of phase transformation in different points of cross-section.
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