ON THE THEORY OF a—y-TRANSFORMATION IN IRON AND STEELS

S. I. Mednikov and D. M. Gureev UDC 669.017.3

The fluctuation model of a-—y-transformation in iron and steels is developed to phenomenologically describe the
phase transformation mechanism in terms of the principles of stability loss of one of the phases due to contact
interaction. The interphase boundary is treated as a stable highly excited state, in which a low-temperature a-phase
becomes unstable and turns into a high-temperature y-phase during contact. A phase transition is considered to be
a collective process. Low degrees of transformation are discussed when lattice rearrangement is a limiting factor. The
theory is used for numerical calculations of kinetics of the a—y-transformation in iron and US steel under rapid
heating. The obtained results show fair agreement with experimental data.

As is known, there is still no unified generally accepted theory for perlite-to-austenite transformation in iron—carbon
alloys. The most debatable aspects are in the initial stage of transformation concerning the physical causes lying behind the
transformation of ferrite, containing almost no carbon (C = 0.06%), to austenite at 725 but not at 910°C (the temperature of
polymorphous a—y-transformation in iron).

At present several mechanisms of austenization are discussed. According to [1], dissolution of 0.02% C in ferrite in
conformity with the GP line of the Fe—C diagram results in a decrease of a ¢ —y-transformation temperature from 910 to 725°C.
Within the frames of such approach the transformation may proceed without participation of carbides or other carbon sources.
However, it has not been confirmed experimentally. Investigation of the —y-transformation in technical iron containing 0.02-
0.03% C has revealed that the austenization proceeds exclusively at a temperature higher than Acs. Only in the case of contact
of ferrite with cementite, the austenite nuclei begin to form in the boundary zone independently of the carbon content in the
ferrite (0.02% or much less) mainly at the boundaries of perlite grains [1, 4] at the Ac; excess.

Generalization of many facts [5] has allowed one to conclude that the effective tensile stresses develop over interphase
surfaces which weaken interatomic bonds and thus cause, at perlite heating, the nucleation of a y-phase at the temperature Acy.
The stresses are attributed to dimensional inadequacy of the lattices of conjugate phases. As a result, the temperature Acy is
interpreted as that of the a—y-transformation in the boundary layer of eutectoid ferrite which is displaced relatively to the
normal, for iron, the temperature Ac, is due to the contact interaction with a substrate, i.e., a surface of cement and then of
austenite.

Having revised different theoretical models and a great deal of experimental data, we set forth the following mechanism
of the a—y-transformation in steels [1, 5]. At the Ac; temperature excess, the carbon-free austenite is formed at the ferrite-ce-
mentite boundary due to nondiffusional rearrangement of a lattice which is then saturated with carbon and itself becomes an
active substrate. Ferrite transformation continues to proceed on this substrate. Then the a-y-rearrangement of the lattice on the
phase boundary and the carbon diffusion proceed simultaneously and cannot be separated from each other.

The present paper is aimed at development of a quantitative fluctuation model of the a—y-transformation in iron and
steels on the basis of the above qualitative principles and application of the model to interpretation of the available experimental
data on austenization at rapid heating of technical iron and U8 steel. The proposed model is based on the thermofluctuation
initiation and subsequent motion (growth) of a peculiar boundary which we call an active zone, by analogy with [5]. It is
important that motion of the active zone proceeds not atom-by-atom but in a jump-manner. Although the physical metallurgy
literature traditionally considers the atom-by-atom mechanism of the new phase growth, the fact that fluctuation processes in
metals involve a group of atoms has been confirmed both by theoretical [6, 7] and experimental [8, 9] works. According to (7, 8],
A = 1.5-10"3 um for technical iron. '
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Assuming the collective character of fluctuations and using the considerations of [6] with the main postulates of the
theory of absolute reaction rates [10], we may derive the following expression for the interval between subsequent fluctuations:

Tpn = To exp (U/RT)(2 sh (nAF/RT) = /2 sh (nAF/RT), 6

where 7, = 2-10"13 sec and n = xA3/6v is the gain displaying the collective character of the phase fluctuation. Expression (1)
differs from the known [11] by the fact that it contains the gain n.

Note, the model is objective only in the case when its main quantities are calculated in closed form proceeding from the
properties and the structural condition of the material. Without such a closed form, only those parameters whose reliability
criterion is the fitting of the result and the concrete experiment together [12] are mainly used in the calculations. Such an
approach is incorrect. We have calculated the main parameters of the model proceeding from the principle of stability of phases
and strength of interatomic bonds. The latter are characterized by the iron self-diffusion coefficient Dg_?.

In order to determine 7, consider the iron seif-diffusion at a critical point. In view of cancellation of the factors
sh(nAF/RT), the product DYt is believed, to a first approximaﬁon, to be independent of a structure. Assume that the condi-
tion determining the onset of the phase transformation is

(DE)'* = ()12, @)

For iron, we determine ()‘(298K2)1/2 by the formula:

(7)1 /2 = (X305 k)72 (T/298 K) /20145 x/Or. 3)

Here (%,90.2) 12 is taken from [13], while the Debye temperature O is taken from [14]. Condition (2) is directly related to the
known Lindemann criterion [15] for a phase transition: a phase transition occurs when the amplitude of atomic oscillations
attains some critical value for this transition. It implies that the phase fluctuation takes place only after "diffusional collision" of
atoms, i.e., only after local loss of lattice stability. It is obvious that the phase fluctuation may become irreversible only in the
presence of the appropriate moving force of the transition, i.e., a difference of chemical potentials of phases AF.

A new feature in condition (2) is the fact that it refers not to a sole atom but to a phase fluctuation. Therefore, we may
write:

(DEer)'”? = eA. )

For the a—y-transformation, e = 2.5+10~2 [13]. In our case the condition (4) means that the diffusion for the time Toh is
sufficient for stresses to relax and thus to provide coherence of the y-phase growth. From relations (2)-(4), we determine A =
1.7-1073 um. Knowing A, we may evaluate the number n of atoms involved in fluctuations. Calculation yields n = 2 -10%

Having obtained A and 7., in closed form, we may calculate the main quantities characterizing the phase transition:
rates of growth G and nucleation J. For a velocity of active zone displacement we obtain by virtue of definition

G: A/Tphv (5)

A nucleation rate may be calculated with an accuracy on the order 1 by the formula

J = n,/1,. ©)

Here n, = 1/AA? is the number of potential nucleation sites per unit volume determined as a ratio of an area of interphase
boundaries per unit volume to a phase fluctuation cross section; A is the structure parameter (for iron A = p~12 = 10 ym; p =
101 m-2 is the density of dislocations, for annealed carbon steels A = 0.5 um is the intercarbide distance [16]; and T, is the time
of onset of relation:

T, = Tpsexp (Q/RT) exp (—S/R). U]

Use of the energy activation of iron self-diffusion in (7) is logically related to conditions (2) and (4). The factor
n, exp (—Q/RT) exp (S/R) gives the effective number of nuclei since only those sites of an interphase surface may be considered
the nuclei of a new phase which are in an activated state in conformity with (2) and (4).

To evaluate the kinetics of the a—y-transformation under rapid heating conditions, we use the Kolmogorov equation for
a fraction % of the transformed volume. Application of such an approach is motivated in [12, 16, 17]. Let us use the simplified
Kolmogorov equation
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TABLE 1. Calculated Rates of Nucleation J and Growth G of the Active
Zone at Various Carbon Concentrations C in It for Steel U8

, .. em?/s T, .S U G, mmjs |J,mm” g7t

¢, % kg/mol
T=725°C T=7435 °C
0 8,9.10~186 2,0.10-2 207 1,2.10-4 1,7-104
0,4 8,5-10~18 2,1.10-3 188 1,1-10-3 1,0-10¢
0,5 1,5-10-14 1,2-10-3 184 1,8-10-3 4,5.108
0,8 8,2.10-34 2,2-10-4 170 9,6.10~3 7.9-107
4-75 : ’ I£ N3
fln(1~n):—§—gjdt (JGdt). 8)
) g

Such simplification of the Kolmogorov equation, consisting in factorization of time integrals of J and G, leads to some overesti-
mation of the sizes of the new phase areas formed to lime t since expression (8) implies that all the nuclei initiated for the time
t grow to the same size [} G dt’. However, taking into account the exponential dependence of J and G on temperature, we may
show that the integrals in (8) to a first approximation with respect to the parameter RTy/U, are determined by their values on
the upper limit that justifies the simplification used. Under the assumption of constancy of the heating rate g, we may substitute
T/g for t and pass from time integration in Eq. (8) to temperature integration. As a result, we obtain

T
g = 2[—4nAexp (S/R)/3A In (1 — n)1'/* { 5 sh (nAF/RT) X
T " - ©)
X exp [— (Q + U)/RT) dT[ | sh(nAF/RT)exp (—U/RT) a7 *' .

s

Expression (9) allows calculation of the heating rate g necessary for attaining a prescribed degree of transformation # at
any temperature T and thus gives solution of the problem on a shift of the instrumental onset of the a¢—y-transformation in
dependence on a heating rate.

To perform calculations by (9), it is necessary to know the iron self-diffusion coefficient Dy 7. As is known, it highly
depends on a carbon concentration [18]:

D2 = 10" exp [— (288 — 29,2C)/RT}, (10)
where C, at. %; Q, kg/mole. Since we have failed, despite numerous attempts, to discover ferrite saturation with carbon at any
temperature below the critical one, which is the basis of the carbon-free nucleation hypothesis [1, 5], it should be expected that
the carbon exerts no influence on nucleation. However, when an active zone is formed, a role of the carbon changes. Ferrite at
the boundary with the active zone is in a "loosened" state, therefore carbon solubility in it may essentially differ from an
equilibrium one. Henceforth, we assume that some constant carbon concentration will correspond to the active zone indepen-
dently of its additional diffusional carbon make-up from dissolvable carbides. From this viewpoint, the possibility of obtaining a
larger amount of austenite in steels under hardening is allowed by the Fe—C diagram at the corresponding temperature [1}. Since
a carbon concentration in the active zone is not known a priori, we have calculated some carbon concentrations. The results are
listed in Table 1. A comparison of the obtained result with experimental data [1] shows that the carbon-free nucleation corre-
sponds to the real nucleation rates. However, after forming the active zone, a carbon concentration in it becomes about 0.5%.
This results is in fair agreement with a composition of the first portions of austenite determined in [16}. In calculations, we have
determined the moving force of phase transformation from the expression

AF = LAT/[T,, (11)

where L is the latent heat of a transition which for U8 steel is taken from [1] and for iron from [13]. It should be noted that the
expressions used in the present paper are applicable without any changes only for the steels in a structural-equilibrium state.
When they are to be used for hardened steels, the metastable character of the latter should be taken into consideration.
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Fig. 1. Temperature T vs heating rate g for a given degree of a—y-transformation, » in U8
steel: 1) n = 4%; 2) 0.4. The points stand for experimental data [16]. T, °C; g, deg/sec.

Fig. 2. Temperature T vs heating rate g for the 5% «a—y-transformation in iron. The points
stand for experimental data [16].

The results of numerical calculation by formula (9) for steel U8 are given in Fig. 1. On comparing calculated curves with
experimental data, it should be taken into consideration that the latter display the instrumental onset of transformation depen-
dent on the variable sensitivity of a recording device [16] and therefore it is not necessary for them to fall on the constant-degree
transformation curves. It follows from Fig. 1 that at small heating rates the instrumental onset of nucleation corresponds 1o a
0.4% degree of transformation, while at the heating rate ~10* deg/sec, t0 4%.

As has been mentioned above, we have performed numerical calculations disregarding the limiting role of carbon
diffusion associated with the necessity of additionally saturating the active zone with carbon. The validity of such an approach is
confirmed by estimation of the ratio of a carbon diffusion length to an active zone shift path for the same time:

4
(D5 e )'?) [Gat ~1, (12)
o
where the carbon diffusion coefficient for austenite D},_FeC is taken from [18]. Since the active zone width A is small, any low
carbon concentration on the phase boundary is sufficient to saturate it with carbon. Thus, at small degrees of transformation, the
carbon diffusion does not limit the process of @—y-transformation. However, the carbon diffusion must play the governing part
during austenization, i.e., saturation of the formed y-phase with carbon.

In order to verify the generality of the proposed model, we have made similar calculations for polymorphous transforma-
tion in pure iron. In accordance with (2) and (4), the activation energy of growth for iron at 910°C is determined as U = 180
kg/mole which is smaller than for steels. To all appearances it is related with "loosening” of a ferrite lattice due to the tempera-
ture. The results of numerical calculation for iron (Fig. 2) are in fair quantitative agreement with experimental data [16] for the
total heating rate range.

With the purpose of grounding and subsequently developing the fluctuation model of the a—y-transformation we
consider its structural-geometric aspects. Presently it is established in physical metallurgy that the o —y-transformation proceeds
through nucleation and a subsequent growth of nuclei. This fact is well demonstrated in [1]. At the same time any fluctuation
model in its classical treatment, contradicts this fact because the probability of fluctuation is proportional to the volume, Le., the
number of nucleation sites [12, 19]. As a result, fluctuations are delocalized and cannot be connected with any boundaries. Our
proposed model takes into consideration the growth localization in its underlying principles. As is mentioned above, a nucleation
event results in formation of a peculiar boundary, i.e., the active zone. Its characteristic feature is the fact that the effective
tensile stresses develop in its nearest neighborhood thus reducing the activation energy of growth as calculations show, from 495
to 184 kg/mole for U8 steel (AU = 311 kg/mole). We evaluate these stresses as

¢ = AU/nUu_ (13)
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Estimate (13) gives o = 2 -10% Pa. Let us compare this value with the value of stress necessary for suppressing the fluctuation

delocalization [20]:

RT Inn, = ny,0. (14

Estimate (14) also gives o = 2 +108 Pa. Thus, the effective tensile stresses at the active zone—ferrite boundary lead to localization
of the fluctuations at this boundary to provide finally its motion as a whole.

To sum up, the following conclusions can be made:

1. The fluctuation model of the a—y-transformation in iron and steels is developed which is based on qualitative
relations established in physical metallurgy. The model represents phenomenologically the phase transformation micromechanism
in terms of the stability loss of one of the phases due to contact interaction. Of particular importance is the consideration of
elementary events of a phase transition as collective processes. The main parameters of the model are calculated in closed form
proceeding from a structural state and properties of the material.

2. An analysis is made of the carbon effect on growth and nucleation rates. For small degrees of the o —y-transformation,
the carbon diffusion is shown not to restrict the motion of its front. The calculated shift of the temperature of the instrumental
onset of the a—y-transformation as a function of a heating rate at a given degree of the transformation is in fair agreement with
experiment.

3. The model is of a general character and may be extended to the phase transformations in other metals.

NOTATION

Toie time between subsequent jumps of active zone motion; A, shift of the active zone for one jump; 7,, time of atomic
oscillations; U, activation energy of growth; R, gas constant; T, temperature; Ty, temperature of phase equilibrium; AT,

superheating over the phase equilibrium temperature; n, the number of atoms involved in fluctuation; AF, difference of chemical

potentials of phases; v, atomic volume; v,, molar volume; DY, self-diffusion coefficient for iron; (xr9)12, root-mean-square
amplitude of atomic oscillations; ®, Debye temperature; ¢, phase dislocation; G, rate of active zone growth; J, nucleation rate
of the active zone; n,, number of potential nucleation sites; p, dislocation density; Q, activation energy of iron self-diffusion; S,
entropy of iron self-diffusion; 7, degree of transformation; t, time of development of transformation; g, heating rate; C, carbon
concentration; L, latent heat of a transition; Dy_FeC, carbon diffusion coefficient in austenite; o, stress.
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ANALYSIS OF FORMING THE STRUCTURE AND PROPERTIES
OF A METAL DURING LASER HARDENING

V. V. Sobolev and P. M. Trefilov v UDC 621.373.826.004.14

A mathematical model of forming the structure and the properties of a metal under laser treatment involving flashing
is proposed. The model takes account of the processes in a transient two-phase zone. It is shown that the parameters
of a dendritic structure and excess components, a dislocation density, porous structure characteristics, ultimate
strength yield stress, and relative elongation nonmonotonically depend on the laser treatment parameters and metal
plate dimensions. The calculated results are in fair agreement with experimental data.

Hardening of metals and alloys involving laser treatment is an effective technology of obtaining high-quality materials
[1-4]. Thermal processes during laser treatment with internat heat release at phase transitions are studied in [2]. The urgent
problem is the analysis of these processes with an account of a two-phase state of a metal and forecasting of its structure and
properties under hardening conditions. These aspects arc the subject matter of the present article which is the continuation of
work [5] concerned with investigation of the thermal state of a metal under hardening.

We shall consider thermal hardening of an aluminum alloy plate of thickness b, which is much less than its longitudinal
dimensions. Let the plate move in the direction of the axis z at velocity w and the laser radiation source be immovable. The axis
x runs across the plate and the origin of the Cartesian system (x, z) is on its surface. The process scheme and formulation of the
heat problem of metal hardening are given in [S].

Consideration was given to hardening by heat treatment of the plate made of aluminum alloy AMg6. In the basic
calculations, b = 20 mm, w = 25 mm/sec, the zone length of laser radiation action was /, = 0.5 mm, the specific heat flux
produced by the radiation ¢ = 6 -10® W/m?, temperatures of a cooling medium on the side of the upper and lower surfaces of
the plate Ty = T,, = 20°C, and the coefficients of heat transfer from the above surfaces ¢ = § = 100 W/m? K. As the »
temperature of hardening completion, T, = 546°C was assumed, at which a cross section (a portion) of a liquid phase was S =
0.05.

After determining the thermal state of the metal [5], we have analyzed the formation of its crystalline structure. The
investigation of structured zones by the procedure described in [6, 7] shows that in the course of metal hardening pillar crystals
are mainly formed. They are characterized by two main parameters, i.e., a thickness & of dendritic axes of the first order and a
distance 5 between the secondary branches of dendrites [8, 9]:

&= by [D(TL—Tuyu'1'?, M)
1=, .

)

Here D is the diffusion coefficient of an impurity (magnesium); v, is the cooling rate; a, a;, by are the numerical coefficients. In
calculations, v, was determined on an isothermal surface of pouring out where a portion of a liquid phase was S = 0.4;by =1
a = 380, a; = 0.4 [10}.
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