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Abstract- The aim of modelling of heat treatment
processes is double, on the one hand, to know the details and
connections of these with the material characteristics
(mechanical, physical, etc.), on the other hand, to form the
technologies being used in a factory. Both aims are not
separated as the optimal technologies cannot be formed
without knowledge of processes carrying out in the heat
treatment. If the heat treatment consisted of only one
process, the necessary time of heat treatment being given
from the modelling (isotherm case) can easily be
recalculated to the plant equipments. The base of the
modelling is that the heat treatment regarded as a chain of
thermal activated processes of Arrhenius-types can be
written as one process having an (virtual) activation free
enthalpy, thus, under certain conditions, the one-process
model could already be used in non isotherm (industrial) G
cases too. B
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| INTRODUCTION PROCESS COORDINATE

Heat treatments play very important rule in semirigyre 1. The interpretation of the activation free enthalpy
production, as on the one hand those are inevitable at the
manufacture of product and, on the other hand, primarilyyherex (x=x(t)) is the coordinate of process, meaning the
determines their properties (mechanical, physical, etcghatio of that to the time, k is the rate constant, which can

being competent for the application. As the optimalysually be given as Arrhenius-type relation [2], namely
technologies cannot be formed without the knowledge of

processes carrying out during the heat treatment being _AG*

understood by modelling at first. The base of the k =a R | 2
modelling is the interpretation of thermal activated

process of Arrhenius-type and in present work that haghere AG* is the so-called activation free enthalpy
investigated how to transform the description typically(Figure 1), T is the temperature of the proceBsjs the
referring to the isotherm one-process into heat treatmeggs constant anxlis the driving force, depending on the
consisting of multi- and, in each case, non isothernprocess coordinaté=X(x).

processes [1]. Integrating (1) from O to the kinetics of the process
can be calculated. Experimental investigation may be
1. MODELLING OF HEAT TREATMENT done by measuring some kind of material characteristics
(electrical resistance, hardness, etc.) which is proportional
A. |sotherm heat treatment to the process coordinate, that is
The rate of process(es) carrying out in the heat M= /AX. 3)

treatment can be written as follows . N .
Rearranging (1) and writing (2) in that the latter can

% — kX (1) be formed as follows
dt o s
m =—ae R dt. (4)
X
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Taking isotherm processT{const, integrating (4) belonging to x, are plotted versus the function of
from 0 toX, and from O tot,, wheret, is the time

belonging toX, (p.e. X, =0.95, because the time to the

Xp =1is usually infinitet = o) can be given the next

AGH
1

—  1x
te M == —dx=A,,
F a o X(x) A

(5)

i.e. the product of temperatures and times of (5) needed
the taking place of procesX, will be constantThe heat

treatment time from (5) is

AG*

t, =AeRl .

The latter is usually expressed in logarithm form a

it can be seen below

*
- A6 T1+InAP.

Int,

(6)

(7)

reciprocal temperature 1/T (Figure 3)
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Figure 3. Determination of activation free enthalpy

Condition of adoption (7) is that neither the driving

consequently, the heat treatment time as the function J)CErce, nor the activation free enthalpy (5) depends
reciprocal temperature will be straight lines, which slop

is related to the activation free enthalpy (Appendix I.) and
axial section, the pre-exponential coefficient is th

function of thermodynamically driving forc&herefore it
is successful to determine these two parameters, using

them the time of heat treatment belonging a chose

temperature can be calculated.
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éhrectly on the time only by way of process coordinate,

In case of one process or if there is one competent
of processes carrying out during the heat treatment the
activation free energy does not depend on the temperature
Qfs course, however, the driving force can depend on the
{emperature. For example, in case of precipitation process
after quenching the driving force is related to the
supersaturation of the solid solution and its measure
decreases with the increase of temperature (the solubility
increases) at the solvus temperature the driving force will
be zero (C-curve) [3]. Therefore in this case those
mentioned before may be used well over or under the
solvus temperature, in a relatively narrow temperature
interval.

B. Multi-processes model, effective activation free
enthalpy

In case of parallel processes the time of heat
treatment is determined by the time (activation free
enthalpy) of competent process (p.e. in AlMg alloys the
homogenization time is equal to the time of equalization
of Mg, in AIMn alloys that will be the time of
precipitation of Mn [4]). As these process are
independent from one another (generally this can be
supposed) the modelling mentioned before can be used as
well.

In case of consecutive processas fsing a linear
process model, which means that the procebstarts by

2. &bra Determination of temperature-time pairs from thethe time when the processas been reached to a some

isotherm heat treatment curves.

extend (x{"), the time needed to carrying out of

The determination of parameters are down by th&Omplete process will be

taking down of heat treatment curves at several tem-
logarithms of times

peratures (Figure 2) and the
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wheret (" is the time of procedsbelonging to the start of

process+1. Using (5) the this latter will be the next AG* =AG*(0) +qT , (15)

, g _ 1%" 1 . . : .
tg) :A()I)eRT and Aé') = J‘ dx ©) replacing (15) into a (6) the total process time will be
a5 X()ﬂ) AG* q AG*0) ey

t- =Aef =AeTe I =AleR, (16)

and té,”) is the process time of procagsnamely
Arrhenius-type, whereAG* is an effective activation
AG, X free enthalpy belonging to the total process, on the other
té,n) :Aweﬁ and Ag’) :71 id’% (10) word, in case of isotherm heat treatment the total (multi)
& o X(%,) process 1f) can be regarded as one process vith*

_ effective activation free enthalpy andA; pre-
There are two cases, one of them is whgh - 0, exponential coefficient.
the processes closely follow each other, in this case the Within the total process different processtif) can
rate of total process is controlled by the slowest proceds competent for the several characteristics. It means that
(). The activation free enthalpy of the total process wilthe (effective) activation free enthalpies connecting to the

be several characteristics can be different from each other,
therefore the pairs of temperature-time can be different as
NG :AG; and A=Al (11)  Wwell. For example after the annealing of rolled products

the vyield stress is determined by disappearance of
the multi processes seem to be one process (quasi 0 'glocat_ions (decrease of dislocation density) whi!e t_he
process approximation) and (7) can be used in wh ongation deper!ds' beyond that, on the polygc_mlzatlon
follows too. For example at the precipitation along th oII_owmg that (size (.)f polygons)._ Th_erefore d|fferent

opairs of temperature-times of (7) will give the maximum

grain boundary the slowest process is the diffusion | for the vield st d el tion. h th
alloying elements to the grain boundaries, therefore thidiues for the yield stress and elongation, Nowever, there

activation free enthalpy will be that of the diffusion IS a_combination _Of those_, when the characteristics
process [3]. mentioned before will be optimum [5].

The other case is wher;’ — 1, thei+1 process || \ODELLING OF INDUSTRIAL HEAT TREAT-
i+1 starts by the time when the proce$sms been ended MENT
(chain process model). Then the time being necessary to
playing of the total process as follows In case of heat treatment being carried out under
. industrial circumstances the times of heating up and
tp =t,§1) +t,(,2) +...+t,(,') +...+té,”), (12) cooling down need to be regarded (Figure 4). The total
cycle time accordingly is
where the process timet,) as similar to (10) are
tevee = tup Flhuear + toow - 7)
oo 1X'(’i) 1 Th ti the followi hich will be th
) — A <RT o e guestions are the following : which will be the
té’) _Ag)eRT and A(D) _31?[ X()g)dx' (13) case when the results are equivalent with those given

from isotherm heat treatment, if those are equivalent, how
Comparing (6), (12) and (13) an average activatiofong is the heat time (the soaking tinfg).,; as the only

free enthalpy can be defined, namely changeable parameter (the other two parameters can also
changed, but the change of those usually requires new
- n AS) AG! apparatus (p.e. cooling or continuous heat treatment
AG" =RT In(Z—e RTY, (14)  furnace, etc.).
i=1

which is function of the temperaturg, Expand (14) into
seriego the firs ternthat is
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this case the stages of heating up and cooling (non
isotherm) need to be modelled, causing a lot of plus work
up HEAT DOWN [6]. Fortunately in this case there usually is a competent

- process, which is taken account an “incubation” process
with incubation time of Arrhenius-type and that can be
calculated in a relative simple way.

toown APPENDIX

I. Activation enthalpy
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tgo The free enthalpy consists of two parts, namely

G=H-TS (A1)

v

TIME where H is the enthalpy and S is the entropy of process.
In accordance with this the activation free enthalpy at
Figure 4. The diagram of temperature-time of an industrialisotherm processT€const.) will be

heating furnace and substitution of that by times of model

(isotherm) AG* = AH —-TAS (A.2)

One-process model Writing (A.2) in (7) that is

Be the temperature function of the time, than from
(6) the equivalent times being convenient to the times of
up heating- and down cooling will be

* *
Intpzﬁlﬂn Ap—g- (A.3)
R T

The slope of the straight lines will be related to the

0o_ A ¥ RATG(:) (18) AH*, the activation enthalpy. The solid materials are
tup t I € dt uncompressible, the enthalpy is equal to energy, therefore
P 0 t G AH* =E*, where E* is the so-called activation energy.
CYCL . . . .
tIZD)OWN _ A, j o0 gt . (19) In biology the activation energy is generally used [7].
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means that the average free enthalpy depends on the heat

up and cooling timgsAG * (T,t,, ,tyom )+ 1herefore

the effective activation free enthalpy depends on the time
too, thus calculation of (18)-(19) for the heat up and
cooling times in the cycle time (17) cannot be used. In
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