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We examine a method to calculate optimum regimes of laser hardening so as to 
achieve maximum thickness of the annealed layer. 

The thickness of an annealed layer is one of the fundamental parameters in the process 
of laser hardening of alloys. There are three approaches to the problem of calculating 6. 
Determining 6 on the basis of the position of the isotherm corresponding to the temperature 
T r of the ~ + y-conversion [i, 2] leads to satisfactory results for alloys with a rather fine- 
grained structure. In the general case, the first of these approaches yields elevated values 
of 6. 

The second approach which takes into consideration the relationship between T r and the 
heating rate v makes it possible, to some extent, to reduce the divergence between theory 
and experiment [3-7]. Calculation of the displacement of the critical points AT = T r- T I 
is based on the theory of isothermal phase conversions with a fluctuating mechanism for the 
formation of new-phase nuclei. Here we made use of a simplified model of the carbon diffu- 
sion process in a semi-bounded body at constant temperature, without consideration of the 
movement of the phase-separation boundaries [3], while the nonisothermicity was treated in 
the assumption of a constant ratio between the rate of new-phase center nucleation and the 
rate at which these nuclei grow, as well as under the assumption of a constant rate of tem- 
perature variation over time [4]. Assumptions such as these reduce the accuracy of the cal- 
culation. The accuracy of the experimental studies into the displacement of the critical 
points in the event of rapid heating is determined by the sensitivity and inertia of the mea- 
surement method to the degree of steel austenization [3, 4]. Therefore, comparison of theo- 
retical and experimental values of AT requires a certain amount of care. In recent years, 
the point of view according to which the nucleation of the austenite in steel takes place 
without diffusion, while the temperature of formation for the initial nuclei is virtually 
independent of the heating rate and the carbon concentration (see, for example, [8, 9] and 
the references cited there) has gained increasing confirmation. To the extent to which it 
is not the initial stages of the ~ ~ y-conversion that is usually established by experiment, 
as a consequence of the inadequate physical determinacy in the quantity AT, it is expedient 
to examine the temperature interval T m - T I in which the phase conversions take place under 
conditions of rapid heating and cooling, rather than the displacement of the temperature of 
the conversion onset. The magnitude of this temperature interval depends on the conditions 
of laser treatment, the thermophysical and diffusion properties of the alloy, and the state 
of its original structure. 

The temperature values close to T I correspond to the onset and conclusion of the conver- 
sion. Therefore, the introduction of the additional time (into the calculation scheme), re- 
quired for the conclusion of the phase transition [4, 7], in the examination of the displace- 
ment of the critical point, in a number of cases - although it does raise the accuracy of 
the calculation - does not fully correspond to the real physical situation of laser alloy 
heating. From the physical point of view, it is the third approach proposed in [10] that 
is more solidly based. In accordance with [i0] the thickness of the annealed layer is de- 
termined from the dimensions of the region in which the ~ ~ y-conversion is able to take place, 
while the cooling rate exceeds the critical value of r c. In this case, we examined the case 
of the fluctuating mechanism of the phase transition, whose kinetics are limited by the diffu- 
sion of carbon into the growing austenite plate. Given the shearing nature of the ~ § y-con- 
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version, its kinetics are not limited by diffusion, but in order to obtain an annealed struc- 
ture some carbon saturation of the austenite is necessary, at least to values of c r ~ 0.05% 
ill]. Thus, regardless of the phase-transition mechanism, a significant stage in the laser- 
annealing process is the diffusion redistribution of the carbon in the austenite. 

The corresponding thermal and diffusion problems were solved by means of numerical meth- 
ods in [10], with these methods making it possible to determine 6 on the basis of the given 
alloy parameters and the conditions of laser treatment. It is the purpose of this paper to 
achieve analytical relationships between 6 and the basic parameters of the process as a change 
over broad limits for the two mechanisms of steel austenization, with consideration given 
to the limitations imposed on surface temperature, the determination of the optimum treatment 
conditions to ensure a maximum 6 value, as well as to determine the criteria of applicability 
for the simplified model, without taking into consideration the role of the diffusion pro- 
cesses. 

!. Thermal Model. Let the heat source have power W, let it be in the shape of a rec- 
tangle with sides ~ and d, and let it move at a velocity u over the surface of a plate of 
thickness H. Dropping the nonoptimum conditions of heat treatment from our examination, be- 
cause a noticeable fraction of the radiant energy is propagated across the direction of mo- 
tion, we will write the condition of insignificance for the lateral heat removal in the form 

d ~  V a~'. (1) 

When u ~ a / t ,  the  h e a t  s o u r c e  i s  f a s t  moving [5] and the  e f f e c t i v e  t ime of  h e a t  e f f e c t  
i s  d e t e r m i n e d  from t h e  r e l a t i o n s h i p  

= l/u. (2) 

The condition that the heat source is fast moving, i.e., ~ ~ ar when ~ ~ d, follows from 
inequality (i), or in other words, it is a necessary condition for the effective utilization 
of the thermal energy. The requirement of effective cooling by means of the removal of heat 
into the bulk of the material leads to the condition H ~ va~, whose satisfaction together 
with (i) and (2) makes it possible to use the one-dimensional model for the heating of a semi- 
bounded body by means of a nonmoving surface source of heat with a flux density of q = W/~d. 
Neglecting the latent heat of the phase transition in the case of a ~ y-conversion in steel 
and in the transition of iron into the paramagnetic state (consideration of these expendi- 
tures of energy is significant only for rather low values of the laser-pulse energy [12]), 
we write the equation for the temperature field in the form 

O(z, t ) =  s ( t ) i e r f c [R(z ,  t)], O < t . ~ . z ,  (3) 

0 (z, t) = s (t) ierfc [R (z, t)] - -  s (t - -  ~) ierfc [R (z, t - -  ~)], t ~ z .  ( 4 )  

The maximum s u r f a c e  t e m p e r a t u r e  o f  t h e  body (when t = x) amounts to  

T.,(O) = 2q]/--~-/• V ~  = 2q-]/--~/• -]/--a-~u . ( 5 ) 

At a distance z from the surface, the maximum value for the temperature is attained at the 
instant of time t m > ~, which is determined from the relationship 

z2x = -- 2a (1 -- --~-)t~ In ~ l t . , )  " ( 6 )  

The value of t m increases monotonically as z increases. When ~ ~ tm, t m ~ z2/2a. In the 
general case, the quantities t m and T m are dependent not only on z, but on ~. 

Expressions (3)-(6), with consideration of (2), describe the heating and cooling of a 
body by a moving source of heat. 

2. The Diffusion Model. We will initially examine austenite formation in laser heating 
of laminar pearlite for the fluctuating a ~ y-conversion mechanism in analogy with [10], as- 
suming that the kinetics of the process are determined by the rate of growth for the centers 
of the new phase and are limited by the diffusion of the carbon. The diffusion problem for 
the austenite region whose boundaries Yl, Y2 are displaced over time has the form 

Oc/Ot = DO2c/Ox 2, ( 7 )  

457 



C[yl,  t I = C1, C [ ~ ,  t] = h ,  (8 )  

(Cl,o - -  cO dyl = D ' Oc Ix=-- ( 9 )  
dt Ox v, ' 

(c~ - -  C2,o) db% D .__0c__ J . ( l 0  ) 
dt Ox ix=y, 

For constant values of D the laws governing the movement of the phase-separation boundaries 
are described by the relationships [i0]: 

V, = 2p~-V"Dt, Y~ = - -  2p~-W Ot ,. (11)  

where  ~l and ~2 a r e  t h e  r o o t s  o f  t h e  sy s t em  of  t r a n s c e n d e n t a l  e q u a t i o n s  [10,  13] .  The s o l u -  
t i o n  o f  p rob lem ( 7 ) - ( 1 0 ) ,  w i t h  c o n s i d e r a t i o n  o f  t h e  c o n c e n t r a t i o n  r e l a t i o n s h i p  o f  t h e  d i f f u -  
s i o n  c o e f f i c i e n t  [13] l e a d s  t o  some c o r r e c t i o n  o f  t h e  q u a n t i t i e s  ~l and ~2 w h i l e  t h e  form 
of  e x p r e s s i o n s  (11)  i s  r e t a i n e d .  

Zn o r d e r  t o  make p r o v i s i o n  f o r  t h e  changes  in  t h e  c o e f f i c i e n t  o f  d i f f u s i o n  u n d e r  t h e  
c o n d i t i o n s  o f  l a s e r  h e a t i n g ,  we w i l l  u se  t h e  a p p r o a c h  [14] in  a c c o r d a n c e  w i t h  which  t h e  p o s i -  
t i o n  o f  t h e  phase  bounda ry  can be found  f rom t h e  s o l u t i o n  o f  t h e  i s o t h e r m a l  p rob lem which  
d e s c r i b e s  t h e  p r o c e s s  t h a t  t a k e s  p l a c e  a t  t h e  maximum t e m p e r a t u r e  Tm(z) w i t h i n  t h e  e q u i v a l e n t  
t i me  t e < h t .  Zf t h e  f u n c t i o n  T ( t )  n e a r  t m changes  r a t h e r  s m o o t h l y ,  t h e n  a c c o r d i n g  t o  [14 ] :  

O~T ~1/~ 
t ~ = (  2~ T ~ / R Q I " - ~  ,=tm] �9 

Thus ,  t h e  law g o v e r n i n g  t h e  g rowth  in  t h e  t h i c k n e s s  o f  t h e  a u s t e n i t e  p l a t e  o v e r  t i m e  can be 
p r e s e n t e d  in  t h e  form Y = Yl - Y2 = Bg~Dmt, where  D m = D(Tm). E q u a t i n g  Y t o  h a l f  t h e  i n t e r -  
p l a t e  sy s t e ms  h,  we o b t a i n  an e s t i m a t e  o f  t h e  t im e  r e q u i r e d  f o r  t h e  c o m p l e t e  a u s t e n i z a t i o n  
o f  t h e  p e a r l i t e :  

t = h~/BDm. ( 12 ) 

The p a r a m e t e r  B makes p r o v i s i o n  f o r  t h e  t e m p e r a t u r e  and c o n c e n t r a t i o n  r e l a t i o n s h i p  o f  t h e  
d i f f u s i o n  c o e f f i c i e n t .  

In  a c c o r d a n c e  w i t h  [ 1 3 ] ,  a ssuming  t h a t  

D (T, c) = (0.07 + 0.06 c) exp [--  Q/RT], ( 13 ) 

we obtain for Q = 32,000 J/mole the characteristic values of B in the interval 0.6-0.9, which 
corresponds to the physical situation in which the greater part of the pearlite volume being 
considered becomes austenitic near the maximum temperature. Consideration of another geo- 
metric shape for the austenite nuclei, as well as the consideration of the diffusion interac- 
tion of the growing centers and the presence of excess phases can all be examined within the 
framework of the given approach, based on an analysis of the more complex diffusion problem 
[13]. 

In the case of a shear mechanism for the a + ~-conversion, the austenization of steel 
proceeds rapidly, and the subsequent carbon saturation of the austenite comes about relative- 
ly slowly because of the gradual dissolution of the cementite. 

If the thickness of the cementite plate is considerably smaller than h, thenwe can exam- 
ine the diffusion problem for a plate of constant thickness. In this event, the solution 
of Eq. (7), with the boundary conditions c(0, t) = c 2, c I = c(h/2, t) = c(-h/2, t), for a 
constant value of D has the following form [15]: 

c(x, t ) - -  cl 

C 2 - -  C 1 tz~l ~ Lr~ 

~ = (2n - -  l)n/2, F o =  4Dt/hL 
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Fig. i. Temperature regime for the annealing of a layer of 
thickness 6: I) nature of the change in temperature over time; 
2) thermokinetic diagram of austenite decomposition. 

Fig. 2. Nature of the relationship between the thickness of 
the annealed layer and the energy flux density: i) partial an- 
nealing zone; 2, 3) complete annealing zone; 2) h2; 3) h 3 > h 2. 

Assuming that c(0, t) = c r and limiting ourselves to the first two terms of the series (which 
in the case of Fo > 0.I yields an accuracy of 2%), we obtain the expression, determining the 
value of Fol, at which the minimum concentration c r is attained at the center of the plate: 

c2C~----clCl ~4 exp _ ~'~D__ t h  ~ _ 1 3  exp - -  h ~ . 

The time required for the diffusion process is found from the condition h2Fol = 4D&t. 

Transition to the isothermal conditions in analogy with the way in which this was done 
in [11], yields h2Fol ~- 12D(Tm)Atr , i.e., the condition of complete annealing can be 
described by expression (12), where in the given case B = 12(Fol)-l#Tm--~7-Q. With c r = 0.05% 
the estimates show that the characteristic values of B are 15-60, i.e., the time required 
for the complete annealing in the case of a shear austenization mechanism is smaller by fac- 
tors of ten than in the case of a fluctuation phase-conversion mechanism. 

3. Thickness of the Annealed Layer. To carry out the alloy annealing process, the alloy 
must first be heated above temperature T I . Assuming in (3) and (4) that T((~, t) = Tl, we ob- 
tain the equations which determine the boundaries t I and t 2 of the time interval in which 
the austenization of the steel for a layer of thickness ~ is possible: 

1 = s ( t l ) i e r f c  [R (qo, h)], ( 1 4 )  

1 ~ s (t2) ierfc [R (r t=)l - -  s (& - -  z) ierfc [R (% 12 - -  ~)]. ( 15 ) 

If conditions (12) are satisfied, the time interval At = t 2 - t I is adequate for the 
diffusion redistribution of the carbon. At given values of ~, q, and h, system of equations 
(12), (14), (15) determines the quantities t I and t2, as well as the thickness q of the layer, 
for which annealing of the alloy becomes possible with sufficiently rapid cooling. The con- 
dition for prevention of austenite decomposition in a layer of thickness ~ has the form T(~, 
t o ) ~ T o (Fig. i). The maximum possible value of ~ is determined from relationship (4) when 
T(~, to) = To: 

To = T l s  (to) ierfc [R (~, to)] - -  s (to - -  ~) ier[c [R (4, to - -  J ] .  
(16) 

The t h i c k n e s s  6 o f  t h e  a n n e a l e d  l a y e r  i s  d e t e r m i n e d  by t h e  minimum v a l u e  o f . ~  and  ~. The 
maximum v a l u e  o f  6 i s  r e a c h e d  when ~ = ~ and  i n c r e a s e s  w i t h i n c r e a s i n g q  u n t i l  t h e  s u r f a c e  i s  
h e a t e d  t o  t h e  maximum p e r m i s s i b l e  t e m p e r a t u r e  T 2 w h i c h ,  i n  v i e w  o f  some i n s t a b i l i t y  i n  t h e  
p a r a m e t e r s  o f  l a s e r  e m i s s i o n ,  m u s t  be l o w e r  t h a n  t h e  m e l t i n g  p o i n t  o f  t h e  a l l o y .  The  c o n d i -  
t i o n  t h a t  t h e  maximum s u r f a c e  t e m p e r a t u r e  T n be e q u a l  t o  T 2 h a s  t h e  f o r m  

T 6 T  1 = s (~) = 2q V a - ~ / •  ( 17 ) 

System of equations (12), (14)-(17), when r = ~ = 6, uniquely defines the unknown quantities 
q, ~, t l, t2, 6, i.e., the given values of to, To, T2, a , and h correspond to the optimum 
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values of Xm, qm at which the maximum magnitude of the thickness for the hardened layer is 

attained. 

Let us examine certain special cases in which the solution is presented in analytical 

form. When R(6, t 2) ~ R(6, t l) ~ i, R(6, ~2 - ~) m i, Eqs. (14) and (15) yield t I = t 2 ~ T 
and 

2 -V-~__%T1/q= 2 V - ~ ( I _ _ T 1 / T n )  = 

(18) 2 = - -  1 / a ~  --  ~rlld/W. 

When d = s formula (18) changes into the corresponding expression for the thickness of the 
annealed layer, as obtained in [2]. It follows from (18) that 61 increases with an increase 
in Tn, ~, q and with a reduction in u, 7, d. The quantity 61 is a nonmonotonic function of 
s With condition (17) satisfied, T n = T2, and with consideration of (16) we obtain 

Tm = 4t~ ( 19 ) 

1 
qm = ]/~/ato •  ( 2 0 ) 

4 

~3,.,,,= 4 (1  T1 ) -V~o 
]/--~ T~- co ( 21 ) 

The optimum values of qm and T m can be attained with various combinations of the parameters 
u, ~ W, and ~, related to each other by relationships (2) and q = W/ys 2. However, the condi- 
tions of insignificance for the lateral removal of heat and the finiteness of the component 
thicknesses, which we examined above, impose additional limitations on the range of change 
in the parameters u, s ~, and W. Thus, inequality (i) defines the minimum values for the 
power and dimensions of the heat source, beneath which no optimum treatment regimes can be 
achieved: 

( T~ \21 
IV>> Wo=q~axml?=•  1 q- k W )  ]/y~z, (22)  

l >> ~ = -Va--~/y = -I/2-~0/?~. (23)  

We have to increase y in order to reduce the quantities W 0 and s i.e., to elongate the spot 
in a direction perpendicular to the motion of the laser beam. The minimum value of u is de- 
termined from relationships (i) and (2): 

u ~ u o = ?'Va-~m = y ~ - ~ / a ~  o. (24)  

The minimum thickness of the component for which it is possible to obtain a hardened layer 
of thickness 6 m is determined by the inequality 

H>>Ho = Y a - ~ =  2l/~oo/m. (25)  

For example, when a = 0.2 cm2/sec, ~ = i W/(cm.deg), t o = 4 sec, T O = 500~ T2 = 1000~ 
= 4, formulas (19)-(25) yield: x m = 2.5 sec, qm = 1250 W/cm 2, 6 m = 0.22 cm, W 0 = 156 W, 

s = 0.17 cm, u 0 = 1.2 cm/sec, H 0 = 0.7 cm. 

Let us consider yet another case in which the inequalities R(6, t 2) ~ R(6, t I) << i, 
R(5, t 2 - ~) ~ i are satisfied and the diffusion processes play a significant role. In thi s 
case t I < �9 < t 2, h = > BDmT, and the solution of systems (12), (14), (15) yield 

= ~ __ %TI .q._ ~T1 4a~ q e 4ahZ 

q q z • zBD~ 

As h i n c r e a s e s ,  we have an i n c r e a s e  in  t h e  t i m e  r e q u i r e d  f o r  t h e  d i f f u s i o n  p r o c e s s ,  and t h e  
t h i c k n e s s  o f  t h e  c o m p l e t e  a n n e a l i n g  l a y e r  i s  r e d u c e d .  With an i n c r e a s e  in  q and �9 t h e  quan-  
t i t y  6 i n c r e a s e s  m o n o t o n i c a l l y  u n t i l  t h e  s u r f a c e  t e m p e r a t u r e  a t t a i n s  t h e  l i m i t  v a l u e  o f  T 2. 
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With a further increase in q, maintaining T n = T2 at the surface requires the correspon- 
ding reduction in ~, which leads to a reduction in 6 (Fig. 2). The maximum value of 62, m is 
achieved with the Zm, qm given by relationships (19) and (20): 

( 2 7 )  

Let us note that although 62, m diminishes with increasing h, the optimum treatment regime 
does not depend on h, since the quantities ~m and qm are determined from the condition of 
rather rapid cooling of the layer, at whose surface the temperature reached values of Ti, 
i.e., exclusively by means of thermal processes. Nor do the limit values of the treatment 
conditions W0, 40, u0, H 0 depend on h, and these, in this case, are described by formulas 
(22)-(25). For a steel with an initial pearlite-plate structure with h = 10 -4 cm, formula 
(27) yields 62, m = 0.13 cm for a fluctuation mechanism and 62, m = 0.19 cm for a shearing 
mechanism of steel austenization. The limiting role of carbon diffusion makes itself felt in 
the reduction of 62 relative to 61 . The quantity $ = 61 - 62 determines the thickness of 
the incomplete alloy-annealing layer. In accordance with (18) and (26), the parameter ~ in- 
creases with increasing h and depends nonmonotonically on q, ~, 4, and u. A detailed analy- 
sis of the case of incomplete annealing and of the influence exerted by the magnitude of 
on the operation properties of the component parts is beyond the scope of this paper. 

4. Range of Permissible Laser-Annealing Regimes. A minimum value of ql exists for the 
given values of h and ~, below which annealing is impossible even in the layer at the sur- 
face. At the surface R(0, t) = 0 the solution of system (12), (14), (15) has the form 

1 (1 - -~ )+  1 ~ V 3 + ( 1 - - ~ ) ~ ,  
t~ =- -~- -~  3 

1 ( 2 8 )  
- - E T .  ql = xT~ 3/~12 ]/-~, e ~ -  2hBIBD.j, t2 - ~  tl + 2 

When E ~ 1 f o r m u l a s  ( 2 8 )  y i e l d  t 1 = t2  = z ,  q l  = <T14"~'~/2r when E = 1, we h a v e  ~ l  - 1 / ~ ,  t2 = 
( '  , 

, ~ ax; e , we = ~lie t z = zeli, At = ~12" T --~-@ q l - - •  when ~ 1 find that t I , 

(E - l/e) = ti, ql = aTir 2r = aT1h/~r 

The range of values for q in which annealing is possible without melting of the surface 
falls between ql and qm" 

When ~ ~ i, the diffusion of the carbon exerts no noticeable influence on the process 
of laser steel annealing, the quantity &q = qm - ql diminishes monotonically with an increase 
in x, but it is different from zero for any finite value of ~. Thus, on satisfaction of the 
condition 

h ~ -I/-B-4-DM2 ( 2 9 )  

the thickness of the hardened layer may be calculated on the basis of the simplified formula 
(18). For h = i0 -4 cm, D m = 5"10 -8 cmi/sec condition (29) is satisfied when ~ e 0.6 sec for 
B = 0.8 and with ~ ~ 0.04 sec for B = 40. When e >> i, we cannot ignore the diffusion pro- 
cesses nor the influence exerted by the state of the initial alloy structure. An increase 
in h leads to an increase in ql, i.e., as the structure becomes more coarse, the range of 
permissible regimes is reduced. Since ql = i/r, qm = i/r we find that Aq diminishes with a 
reduction in ~. When �9 < ~l = 4(TIh)aI~T22BDm, annealing of the surface is impossible with- 
out melting (5q < 0). The coarser the initial structure and the higher the instability of 
the laser-emission parameters, the greater the magnitude of ~, while the range of permis- 
sible values of ~ is smaller. The maximum permissible value of the energy flux density q3 = 

~• corresponds to the quantity z~. When q > q~, the surface melts faster than the 4T~h _ _  a 
t i m e  r e q u i r e d  f o r  t h e  d i f f u s i o n  p r o c e s s e s  i n  t h e  s u r f a c e  l a y e r ,  and a n n e a l i n g  b e c o m e s  i m p o s -  
s i b l e  f o r  a n y  v a l u e  o f  x.  

The c o n d i t i o n s  u n d e r  w h i c h  l a s e r  a n n e a l i n g  becom es  p o s s i b l e ,  i . e . ,  q~ < qm < q~ ,  ~m > x~,  
l e a d  t o  t h e  i n e q u a l i t y  

(T~T~176176 ( 3 0 )  
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If the characteristics of the alloy fail to satisfy relation (30), only partial annealing 
of the alloy is possible, or annealing with a melted surface. Since in the case of laser 
heating the role of the shear mechanism in the a ~ 7-conversion increases (which leads to 
a considerable increase in the parameter B), the range of permissible annealing regimes in- 
creases substantially and it becomes possible to harden such alloys, where traditional an- 
nealing had proved to be impossible. 

NOTATION 

6, thickness of the complete-annealing layer; TI, equilibrium temperature of the phase 
transition; Tm(z) and tm(Z), maximum temperature in the z layer and the time at which it is 
attained; T2, limit surface temperature; T o and to, thermokinetic parameters of the austenite 
decomposition diaphragm (Fig. i); q, energy flux density; ~, effective operating time of the 
heat source; qm and ~, optimum treatment regimes; a , thermal diffusivity; • thermal con- 
ductivity; Q and D, activation energy and the diffusion coefficient for the carbon in the 
austenite, D m = D(Tm); h, characteristic dimension of the original structure; H, thickness 
of the component part; ~ = d/s extent to which the heat source has been elongated; c, con- 
centration of the carbon in the austenite; c~, c 2, cl.0, cz.0, values of this concentration 
near the phase boundaries [13]; R(z, t) = z(2~-~)-l; s(t) ~r = 2qvat(• ; ~ : T2/T 0 + T0/T2; 
m0 = (T2 2 + T02)/TI2; @ = T/Tz" 
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