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Abstract. The paper deals with numerical model of thermaénmmena and phase
transformation in solid state with tempering. Tod®ling the process heat transfer equation
and macroscopic model of phase change based onaBE@THT diagrams are used. The
numerical solution of heat conductivity equatioringoduced to estimate the temperature
field during the heating and cooling processessdlee this equation finite element method
(FEM) derived on the base of Bubnov-Galerkin foratiain is applied.

Introduction

Heat processing is often used in modern branchetheofindustry. Surface
processing, particulary progressive hardening msing becomes very popular.
The constructed model contains of heating-coolifgenomena and phase
transformations with tempering (Fig. 1) during pessive hardening.
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Fig. 1. The flow diagram of the model
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1. Temperaturefield

During phase transformation in the solid state hemtsfer is governed by
the partial differential equation in Lagrange’s itinates:

D[(/]DT)—C%—I+qV =0 (1)

where C = C(T) is the thermal capacity) = A(T) is the thermal conductivity
coefficient andpis the density.

In order to solve the Fourier-Kirchhoff equationife element method based on
Galerkin scheme is applied. The model is complbiethe Dirichlet and Neumann
conditions. This model is built for 3D space. Thibic finite elements with three-
linear shape functions are used in presented noaieriodel [2, 5, 6].

2. Phase transfor mations

Proposed method of the calculation of phase tramsftion during continuous
cooling and heating uses data from two CCT diagraand CHT diagram
respectively. In every step the fraction of newggh#s calculated on the basis of
kinetics of the transformation modelled accordiiogJohnson-Mehl-Avrami or
Koistinen-

-Marburger laws.

The volume fraction of austenite appeared duriragihg process is determined

by the Avrami expression [1, 2, 6]:

7a(T.t) = 1-expl-b(T ") (2)
or modified Koistinen-Marburger equation [4]:

_ 4.6051702

3)
TSA - TfA

,7A(T’t) =1- eXF(_ kA(TsA _T»’ Ka

where b(T) and n(T) are coefficients depend on time of the start #rel finish
transformation,Ts, and Ty are the time of the start and the finish of austen
transformation. The modified KM equation is useddooling rate upper 100 K/s.

The volume fractions appeared during diffusionahsformations (austenite to
ferrite, pearlite and bainite) can be written a1

n(i)(m){m—zna](l—exp(— ofr ™) @

a#i
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The phase transformation during the high-speed impol(austenite to
martensite) is determined by classical form of Kiyuation, for T < Ms:

| o
T (T,t){m\— a;ﬂnaj(l—exp(—k(ms—n»,mm 5

In the model of phase transformations the influerafe austenitisation
temperature on the kinetics of transformationslk&h into account.

The increment of isotropic strain resulting frome ttemperature and phase
transformation is determined by formula [2, 6]:

de’ = a (ThydT, de™ =" y,(T)dn, (6)

where a; is a thermal expansion coefficients far’ phase, )y is a structural
expansiorcoefficients for j” transformation.

Table 1
Structural and thermal expansion coefficients[6]
ai, 1K I’ a;, 1K It
Austenite 2,17810° |1,986[10° | Bainite 1,171M0° | 4,003
Ferrite 1,534M0° |1,534M0° |Martensite | 1,36[10° 6,850103
Pearlite 1,534010° |1,53410° | Sorbite 1,534M0° |-1,010°

3. Numerical results

The numerical simulation of the hardening proceas wade for the cubicoid
steel element (Fig. 2) which was heated by progredseat source with gaussian
distribution [3, 7]. The heat source was moved glparallel pathes. The distance
between them was equal to 0.005 m. The maximumsitieof the source reached
Q = 4800 W, the radius was equal to 0.005 m, timp dte= 0.017 s, velocity of
the heat sourc¥, = 0.02 m/s.
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Fig. 2. The mesh used for hardening element

The temperature field and volume fraction of theg#s on the upper surface
are presented in Figures 3-5. Isotropic straingected to phase transformations and
phase kinetics in two points lying on the uppefaee are showed in Figures 6-7.

0.02

1350
1250
0.015 — 1150
1050
0.01 950
850
750
650
550
450
0 0.01 0.02 0.03 0.04 ™¥350

x [m]

z [m]

0.005

Fig. 3. Field of temperature [K], upper surfacenet of process 13.32 s
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Fig. 4. Distribution of martensite, upper surface - timguojcess 13.32 s
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Fig. 5. Distribution of sorbite, upper surfacemdi of process 13.32 s
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node nr 1



68 A. Kulawik, E. Wegrzyn-Skrzypczak

1100 10 — 0.016
1000 | —O— sob 00009  oou
_+_ mart [ —
%0 7 e — 08 — 0.012
800 — — 07 5 |
T 700 | —— aust o E — 0010
% 600 —| —A— stm  41] L 8 008 ¢
& i — 05 2 £
féi 500 — o €  ooe O
7 — . ] L
(3} — 0
= 40 7 " o3 £ [ 0Ooo4
300 — I
. — 0.002
200 — s 02 x
i L L
0 00 L _0.002
0 10 15 20
Time [s]

Fig. 7. The kinetic of phase transformations, strrat and thermal strain and temperature,
node nr 2

Conclusions

The tempering process considered in the presentedelmhas the great
influence on the structural strain distributionsdahe level of stresses in the
element. The macroscopic model of the phase tremsfion may be very useful
in the practice, however it needs experimentalfication.
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