
NOTATION 

hgl, enthalpy of the flow in the plane of mixing of the plasma jets; Tgl, temperature; 
F, focal length; ~, expansion limit of the slit; I, intensity of the lines; ~, wavelength; 
g, statistical weight; f', oscillator strength; E, excitation energy; and k, Boltzmann's con- 
stant. 
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THEORETICAL STUDY OF THE KINETICS OF AUSTENITIZATION IN STEELS WITH 

HEATING BY CONTINUOUS LASER RADIATION 

E. I. Kim, A. G. Grigoryants, 
A. N. Safonov, Ya. A. Krasnov, 
and R. N. Kantaeva 

UDC 536.24:669.15-194.56 

A determination is made of the degree of austenitization taking place with the 
diffusional displacement of grain boundaries in different regions affected by 
laser radiation (LRR). The process of the formation of stable austenite is 
analyzed. 

Laser quenching is characterized by a short time of exposure and high cooling rates. 
Regions exposed to laser radiation have sections heated to different temperatures, from room 
temperature to the melting point. In connection with this, different stages of austenitiza- 
tion can be fixed in different sections of an LRR. Here, the stage depends on the tempera- 
ture-time conditions. 

The process of pearlite austenitization consists of the formation of austenite nuclei, 
a polymorphic ~ + 7-transformation, dissolution of cementite, anddiffusional redistribution 
of carbon. At a high rate of laser heating the formation of austenite nuclei is activated 
as a result of a sharp reduction in the critical dimensions of the nuclei. The nucleation 
mechanism can also change, from a diffusional mechanism to a shear or athermal mechanism. 
Thus the nucleation process cannot affect the kinetics of austenitization. 

When pure iron is heated above the temperature AC~ (911~ the formation of the 
austenite grain can be examined in two stages: restructuring of the crystalline lattice; con- 
centration-induced redistribution of carbon with the dissolution of cementite [i]. At lower 
temperatures, these stages can be examined together as a transformation with a concentration- 
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driven carbon redistribution. Since the main mechanism is diffusional in nature, the comple- 
tion of austenitization may be shifted to the high-temperature region if there is an excess 
supply of heat energy. As a result, the kinetic heating curves have initial (Act init) and 
final (Acz fin) transformation temperatures, providing evidence of a shift in the critical 
points. Examining the available empirical data on the shift of these points during electri- 
cal heating [2], for example, it is difficult to follow the kinetics of motion of the boundar- 
ies and the degree of transformation of ferrite and cementite. It is therefore natural to 
examine austenitization processes in pearlitic steel through mathematical models which in- 
clude heat-conduction and diffusion problems. 

The temperature field T(x, y, z, t) created in the interaction between a material and a 
concentrated source of heat energy having a Gaussian distribution [3] and moving over the 
surface z = 0 of the part being processed via the trajectory 

x = ~ ( t ) ,  Y=~( t ) ,  0 < t < t m ,  (1) 

can be described within the framework of a quasilinear problem 

C(T) OT =div(~(T) gradT), t, z ~ 0 ,  
0-7 (2) 

T(x, y, z, 0 )=  T0(x, y, z), (3) 

- -k(r)  OT(x, y, O, t) Oz +sT(x, y, O, t)=A(T)P~ntexp{__k2[(x__~(t))~+(y__~(t))~]}. (4) 

Problem (2 ) - (4 )  was so lved  by an a p p r o x i m a t e - a n a l y t i c a l  method. Here, the  e n t i r e  tempera- 
t u r e  range was broken down into several parts. In connection with this subdivision, the solu- 
tion itself decomposed into two stages. Besides the first, initial condition, in each stage 
we also determined the solution obtained at the previous stage at the moment of transition 
to the next stage. The coefficients C(T), X(T), A(T) were represented as piecewise-constant 
in each stage. The linear problems resulting from this approach were solved explicitly with 
the use of Green's function of the third boundary-value problem [4] for the heat-conduction 
equation. 

Even the first approximation in the model, calculated from the formula 

Tl(X,y,~,t)-- APint !!{ ( z ) as exp (sz -k a2~ 2z) erfc 2a -]/-----'~ + as ' l /~ - -  

(5) 
] / ~  exp exp U (x --  ~ (~))~ + (y ~ (~))2 dT 

4a~ l q-4a~T l q-4a~ C 

produces s a t i s f a c t o r y  q u a l i t a t i v e  agreement between the  r e s u l t s  of  numer ica l  c a l c u l a t i o n s  
of temperature fields (5) and data from metallogrpahic studies of the geometry of the struc- 
tures created during heat treatment. 

Since the grain sizes are usually on the order of several micrometers, spatial irregular- 
ities in the temperature distribution within a grain can be ignored and we can leave only 
the dependence on time in (5). This dependence is characteristic for a given depth at the 
location of the pearlite grain being studied. The relation T(t) will be considered in the 
diffusional model of the austenite growth mechanism, which was reduced in [5] to the fact 
that carbon atoms are diffusing continuously within the pearlite grains across cementite- 
austenite and ferrite-austenite boundaries. These atoms form new monolayers of austenite, 
high or low in carbon content. This development corresponds to the solution of the problem 

Oc '0 ( Oc ), O<~l(t)<x<~e(t)~O,5Ip, 
O~-- O~- _D(T(t)) Ox I (6) 

D ( T ) = D 0 e x p  R ( T - - T ~ )  ' 

where ~ ( t ) ,  $2 ( t )  a re  a p r i o r i  unknown d i sp l acemen t s  of  t he  boundar ies  of  t he  c e m e n t i t e -  
a u s t e n i t e  and f e r r i t e - a u s t e n i t e  phase t r a n s i t i o n s  a t  t he  moment of  t ime t :  

[~(0)=~(0)=0 .S / r ,  T (0)=Ac,=727~ r(t)>~c,, 0< t< t~ ,  T~=27a~ 

. - - m ( r ( t ) ) - - = ( c ~ - - c )  , c(x, t)=Cm~(r(0), x=~q)(~(0>0), (7) 
0 x  
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Fig. i. Section of the iron-cementite diagram [5] (a) and 
diagram of the change in carbon concentration with the for- 
mation of austenite (b). c, %. 

D (T (t)) ~ a c  = ( c - -  cf) ~a~", c(x, l)=Cmin (T (t)), x: :~e( l ) (~  (1)<0.5/pL 
(8) 

a x  - 0,  x - = ~ l ( t ) ~ 0 ,  and x = E, ( 0  --= 0 ,5  Ip, 

Cma x and Cmi n a r e  t h e  l i m i t i n g  c o n c e n t r a t i o n s  of  ca rbon  in t h e  a u s t e n i t e  a t  t h e  bounda ry  w i th  
c e m e n t i t e  and f e r r i t e ,  d e t e r m i n e d  by l i n e s  SEJ and GS ( F i g .  1) o f  t h e  Fe-FeaC d iagram a t  t h e  
t e m p e r a t u r e  T ( t ) .  The d e p e n d e n c e  o f  Cma x and Cmi n on t e m p e r a t u r e  T was r e p r e s e n t e d  in  (7)  
and (8)  in  t h e  form o f  f u n c t i o n s  by t h e  method in  [6 ,  7 ] :  

- ~ " T 0.42~lO-aT~__O./.lO--T-~3.07, < 1147 ~'C; 

cmax(T)= - - 0 . o 8 . 1 0 - e T - ~  10.34, T > l 1 4 7 " C ;  (9 )  

cmin (T) : 1.7 - -  3/1. lb. 10-'-'T .... 7.39. 

The solution of problem (6-8), besides involving directly finding the distribution of 
carbon concentration c(x, t) and the unknown boundaries ~l and ~2, also entails determina- 
tion of the time of completion of the ferrite-austenite and cementite-austenite transitions 
and the total time necessary for homogenization of the austenite phase. After introduction 
of the new variable through the formula 

"c:=Do exp - -  ds (10)  
R ( r  (s) - -  T~) 

(11) 

we write problem (6)-(8) in the form 

Oc c)~c 0 ~ ~1 (T) < x < E, (T) ~ 0.5/p, 
aT dx"- 

a n d  we w r i t e  t h e  b o u n d a r y  c o n d i t i o n s  

a c  _ (c t __  c) a t ,  , c (.v, ~) : :  Cm:,x (T (T)), x =: ~, (T) (~1 > 0), a.v d~" ( 12 ) 

( c - - c f )  , c(x, T)=cmin(T(~)), x=~2(T) (~<0 .S /p ) ,  (13)  
Ox d~: 

d c - - 0 ,  x:~l(O~-~-O,  (14) 

Oc 
- 0 ,  (15) 

Ox 

The solution of problem (11-15) can be represented [4] in the form 

0 0 

(16) 
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Fig. 2. Curves of change in the maximum amount 
of stable austenite through the depth of the 
LRR for different rates of laser treatment, 
i0 -s m/sec: i) 2.5; 2) 5.0; 3) 6.0; 4) 7.5; 5) 
i0.0; 6) 12.5. A, %; z, mm. 

where 

G(.v, % ~, s)--  1 [ (x--~)2 ] 
2 ] /~  (* -- s) exp 4 (x - -  s) 

Conditions (12)-(15) and the properties of the thermal potentials (16) lead us to a system 
of nonlinear integrodifferential equations in the unknowns ~(~), ~(~) and $i(~), $2(T): 

~(*) .I -~xO O (~ (*), T; ~1~ (s), s) ~ (s) ds - -  o'i" T G (~, (T), 7; ~2 (s), s) v (s) ds = (c r - -  Cmax (T (T))) dr d~----i-I ' (17)  
2 0 

__ v(~____!+ -Ex G(~(T), ~; ~(s),  s )~Cs)ds+ i' --~-x c(~(~) '  ~; g~(s), s ) , ( s ) d s = ( C m i ~ ( r ( ~ ) l - - q )  , (18)  
2 o ~ 

" i cmax (T (*)) = .i' G (~1 (*), *; ~1 (s), s) D (s) ds-+- G (~1(*), x; ~2(s), s) v(s) ds, (19)  
0 0 

Cmin(T(G) = i' G(~ (T), 7; ~, (s), s)~t(s)ds+ ,t" O(~(v), *; ~(s),  s)v(s)ds. (20)  
b 0 

R e g u l a r i z a t i o n  i s  p e r f o r m e d  in  s y s t e m  ( 1 7 ) - ( 2 0 )  w i t h  s m a l l  z [7]. At �9 > e ,  ( 1 7 ) - ( 2 0 )  i s  
s o l v e d  [8] by n u m e r i c a l  me thods  on a c o m p u t e r  w i t h  t h e  u se  o f  p i e c e w i s e - l i n e a r  a p p r o x i m a t i o n  
of  t h e  unknown b o u n d a r i e s  ~ I ( T ) ,  ~2(~)  and t h e  d e n s i t i e s  V(z ) ,  v ( ~ ) .  

In the calculations, the absorption coefficient A = 0.65, the parameters D o and E in 
(6) were given values of 1.3"10 -4 m2/sec and 131 kJ/mole, R = 8.31 J/mole/K, and the inter- 
lamellar distance s in the pearlite was equal to 525 nm with a cementite layer thickness 
s = 61 nm. The thermophysical coefficients were taken from [9] for steel 45. 

Information on the velocity of the boundaries, recalculated with Eq. (i0) for the time 
scale t, allowed us to determine the degree of transformation of each phase - austenite, fer- 
rite, and cementite - at different points and different moments of time. 

The completed calculation of the kinetics of austenitization of pearlitic steel with a 
radiation intensity W = 1 kW and a spot diameter d = 3 mm (Pint = 4W/~d2) showed that the 
range of treatment rates which corresponds to q(t) = vt, ~(t) = 0 in (i) can be broken down 
into several intervals (Fig. 2). At a treatment rate v = 2.5 mm/sec, the temperature at a 
depth down to 1 mm exceeds the melting point, which leads to complete austenitization after 

about 0.i sec. 

In the treatment-rate range 5.0-7.5 mm/sec, the temperature on the LRR surface does not 
exceed the melting point, and different stages of austenitization can be seen on the kinetic 
curves (Fig. 3). First of all, it is evident that the austenitization process proceeds most 
intensively during the heating stage and that it slows during the cooling stage. The trans- 
formation of ferrite into austenite takes place more rapidly than the dissolution of cemen- 
tite, which is consistent with conventional viewpoints regarding transformation kinetics at 
the point ACt. The most austenite is found in the surface layers, while it decreases going 
away from the surface. When the temperature passes through I147~ the quantity of austenite 
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Fig. 3. Theoretical critical curves of 
the change in temperature (T) and the 
quantity of austenite (A), ferrite (F), 
and cementite (C) at a depth of 400 pm 
in the laser treatment of pearlitic 
steel at the rate 6.10 -3 m/sec. T, ~ 
A, C, F, %; t, sec. 

suddenly increases from 88 to 100%, while the amount of cementite decreases from 97% to 0. 
This is evidently a consequence of the formation of the liquid phase at the austenite-cemen- 
tite boundary. The completed calculation, with a constant carbon concentration in the austen- 
ite during heating to I147~ i.e., without allowance for the possible formation of a liquid 
phase, leads to long retention of austenite at the level of 88% of its original amount and 
94-97% of the original amount of cementite. 

At a treatment rate of i0.0 m/sec, different microvolumes of the LRR are heated in the 
temperature range between AC1 and AC3. In this case, there is a substantial change in the 
amount of austenite and ferrite through the depth. The amount of stable austenite is less 
than 40% even at a depth greater than 300 Dm (see Fig. 2). Thus, it can be concluded that 
this treatment rate is the limiting rate. A further increase in treatment rate to 12.5 mm/sec 
leads to a situation whereby the formation of stable austenite begins only in the surface 
layer at a depth of I00 ~m (A S 10%). Treatment at such a rate is obviously inefficient, 
since it will produce a structure and properties which are highly nonuniform through the depth 
and it will diminish hardness in the lower layers of the LRR. 

NOTATION 

x, y, z, Cartesian coordinates; t, ~, dimensional and dimensionless time; T, temperature; 
X, thermal conductivity; C, heat capacity; a 2 = X/C, diffusivity; ~, heat-transfer coeffi- 
cient; Pint, incident heat flux; A, absorption coefficient; D, diffusion coefficient; v, treat- 
ment rate. 
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