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DEVELOPMENT AND VALIDATION
OF A QUANTITATIVE DILATOMETRIC ANALYSIS
MODEL OF AUSTENITE DECOMPOSITION
INTO FERRITE AND PEARLITE

The quantitative dilatometric analysis model for the austenite decomposition into ferrite and pearlite during con-
tinuous cooling treatment is presented. It is based on measurements of a relative length change of a sample during
the progress of phase transformations and calculations of the difference in atomic volume of present phases. The
proposed model incorporates crucial effects accompanying the austenite decomposition, i.e. the carbon enrichment of
the remaining austenite during ferrite formation, which causes an increase in the definite atomic volume of austenite,
while formation of pearlite has a clearly different impact with the volume fractions of cementite and ferrite regulated
by constant carbon composition inherited from austenite (enriched in carbon). The analysis results are compared with
quantitative microstructure analysis and an excellent convergence has been found. Depicted results state a convincing
confirmation that the model is correctly developed by the authors. Additionally, kinetics of phase transformations as
function of normalized time were analyzed and a process of carbon enrichment of austenite was demonstrated.
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OPRACOWANIE I WALIDACJA MODELU ILOSCIOWEJ ANALIZY

DYLATOMETRYCZNEJ ROZPADU AUSTENITU W FERRYT I PERLIT

W niniejszej pracy zaprezentowano model ilosciowej analizy dylatometrycznej dla rozpadu austenitu w ferryt i per-
lit podczas cigglego chlodzenia. Rozwigzanie bazuje na pomiarach wzglednej zmiany diugosci probki w trakcie po-
stepu przemian fazowych oraz obliczeniach roéznic objetosci atomowych wystepujgcych faz. Zaproponowany model
uwzglednia kluczowe zjawiska towarzyszqce rozpadowi austenitu, tzn. wzbogacanie sie austenitu w wegiel podczas
powstawania ferrytu, ktore powoduje wzrost okreslonej objetosci atomowej austenitu, podczas gdy formowanie sie
perlitu ma wyraznie odmienny wplyw poprzez udzialy objetosciowe ferrytu i cementu, ktore wynikajq z ustalonej
zawartosct wegla dziedziczonej z austenitu (wzbogaconego w wegiel). Rezultaty ilosciowej analizy dylatogramoéw ze-
stawiono z tlosciowq analizq mikrostruktur i uzyskano doskonalq zbieznosé wynikéw. Przedstawione wyniki stanowig
wyrazne potwierdzenie, iz model jest poprawnie opracowany przez autorow. Ponadto, przeprowadzono analize kinetyk
przemian fazowych w funkcji znormalizowanego czasu oraz przedstawiono proces wzbogacania austenitu w wegiel.

Stowa kluczowe: stal podeutektoidalna, dylatometria, rozpad austenitu, ferryt, perlit, parametr sieci, kinetyka

1. INTRODUCTION

The formation of ferrite and pearlite during austen-
ite decomposition is a process with a considerable tech-
nological significance, for example in production of hot-
forged steel forgings with desirable yield strength (in
BY heat treatment). One of the well known methods to
study phase transformations in steels is a dilatometric
technique. In the literature one can find several works
[1-8] associated with dilatometric analysis to quantify
the volume fraction of transformation products. These
works incorporate crucial effects accompanying the
austenite decomposition, i.e. the carbon enrichment
of the remaining austenite during ferrite formation,
which causes an increase in the definite atomic volume
of austenite, while formation of pearlite has a clearly
different impact with the volume fractions of cementite
and ferrite regulated by constant carbon composition
inherited from austenite (enriched in carbon). Never-
theless, none of these approaches has been available,

i.e. to common use of open access source code or a com-
puter application. Hence, there was a motivation to
develop its own model based on the previous works [4,
5, 7]. Therefore, one of the objectives of the work was
reconstruction of the dilatometric analysis approach
proposed by Kop et al. [4]. Accordingly, a computer
program was developed with an implemented quanti-
tative dilatometric analysis model, and with additional
features to deal with dilatometric data.

Another purpose of this work was to evaluate and
validate the proposed solution. The validation was per-
formed using the data from the work of Kop et al. [4],
and experiments carried out for a low carbon steel. An
application of the model on continuous cooling experi-
ments is demonstrated. The analysis results are com-
pared with metallographic measurements using an im-
age analysis technique and an excellent convergence
has been found. The results are depicted in chapters
4 and 6.
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2. THEORY

Dilatometry is based on measurements of a rela-
tive volume change of a sample during progress of the
phase transformations driven by the specified thermal
cycle. The relative volume change of the material re-
sults from both the thermal expansion/contraction ef-
fect and the dimensional changes associated with the
phase transformation phenomena at atomistic scale,
i.e. a change in the crystal structures and/or an en-
richment/depletion of the solute in solid solutions. The
total relative volume change can be described by semi-
empirical models to quantify the progress of phase
transformations, what is extensively demonstrated in
the literature [1-8]. This approach allows to perform so
called quantitative dilatometric analysis of a particular
dilatation curve. For the proposed solution the follow-
ing assumptions need to be adopted: transformation
strains are neglected and the expansion/contraction of
a sample is isotropic. Under the above assumptions, for
small dimensional changes, the following dependence
of the relative total atomic volume change regarding
the relative length change can be defined (2, 4, 5]
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where: 4V =V -V, is the atomic volume change equal
to difference between total average atomic volume V at
a certain temperature and the initial average atomic
volume V), at the reference temperature; AL = L — L,
— the measured length change expressed by the dif-
ference between the specimen length L at a certain
temperature and the initial length L, at room tempera-
ture.

The right-hand side term in the equation (1) is the
value directly obtained from the dilatation measure-
ments, while the left-hand side term can be calculated
based on the atomic volumes of the existing phases.
The average atomic volume of the alloy is directly re-
lated to the volume fractions of structural constituents
present in the material at a certain temperature 7' and
can be formulated with the volume fraction rule

V(T) = 2 £VA(T) @)

where: V is the average atomic volume of the sample;
f; — the volume fraction of a structural constituent i;
V., — the atomic volume of the structural constituent i.

Generally, in hypoeutectoid steels below A3 tempera-
ture we can consider three phases, i.e. austenite, fer-
rite and cementite. Therefore, the following equations
to determine atomic volumes of the mentioned phases,
which are related to the lattice parameters, are pre-
sented respectively

V =
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where: a is the lattice parameter of austenite, ferrite
and cementite phase for the following subscripts y, a, 6,
respectively; b, and ¢, are the lattice parameters of the
cementite phase in the other two spatial coordinates.
The factors 4, 2 and 12 in the denominator resulting
from the fact that 4, 2 and 12 iron atoms are contained
in the unit cells of austenite, ferrite and cementite, re-
spectively.

Additionally, during cooling of hypoeutectoid steels
below A, temperature there appear phase mixtures of
ferrite and cementite, i.e. structural constituent pearl-
ite for which atomic volume can be calculated from the
following formulae

V. =(1-p)V,+pV, (6)

where p is the fraction cementite in the pearlite.

The lattice parameters of the presented phases in
the equations (3+5) can be determined using a general
equation

ay = (ay+wyx) 1+ B,(T - Ty)] (7)

where: ag is the lattice parameter in unalloyed phase
at the reference temperature T\, at which the lattice
parameter was determined; w, — the coefficient relat-
ing the effect of the garbon concentration to the phase
lattice parameter; ¥, — the average carbon concentra-
tion in austenite; 3, — the linear thermal expansion/
contraction coefficient of the certain phase; ¢ — the
identifier of the considered phases with the following
symbols y, a, 6 for austenite, ferrite and cementite, re-
spectively. The lattice parameters used in the devel-
oped model are listed in Tab. 1.

The linear thermal expansion/contraction coeffi-
cients for austenite and ferrite are defined as a linear
function of carbon concentration

By =e,~ kyxy (8)
where: e, is the constant parameter; &, — the coeffi-
cient relating the effect of the carbon concentration to
the thermal expansion/contraction coefficient.

Unlike the previous approach, the linear thermal
expansion/contraction coefficient for cementite is de-
scribed by square function of temperature

Bo=eq— 8T +hyT" ©)
where: g, and &, are the coefficients relating the effect
of the temperature to the thermal expansion/contrac-
tion coefficient of cementite.

Basing on the equations (1+9) it is not possible to
calculate the phase fractions from the volume change
of a sample due to the two intrinsic factors that prevent
their direct determination, namely: the simultaneous

Table 1. Published data for lattice parameters of austenite, ferrite and cementite as function of composition and temperature

from reference [1, 9]

Tabela 1. Opublikowane dane parametrow sieci austenitu, ferrytu i cementytu w funkcji skladu chemicznego oraz tempera-

tury ze zrédet [1, 9]

Phase af; b 3, c ; Wy e ky 8y hy T,
¢ [nm] [nm] [nm] [nm/at.%] [1/K] [1/K /at.%] [1/K] [1/K?) Kl
Austenite, y 0.36306 0.0 0.0 7.8:10° 2.49-10° 5.0-107 0.0 0.0 1000.0
Ferrite, o 0.28863 0.0 0.0 0.0 1.75-10° 0.0 0.0 0.0 800.0
Cementite, 6 0.45234 0.50883 0.67426 0.0 5.311-10° 0.0 1.942:10° | 9.655-10" 293.0




26 Jarostaw Opara, Andrzej Wrozyna

Prace IMZ 4 (2015)

formation of the two phases, i.e. ferrite and pearlite,
and the carbon-concentration dependence of the atomic
volume of austenite [4]. The first factor stems from the
fact that the dilatation curve cannot distinguish be-
tween the formation of pro-eutectoid ferrite and pear-
lite. Therefore, certain arbitrary assumptions need to
be taken to define separate temperature regions where
the formation of ferrite and pearlite takes place, as it
is expected from the phase diagram. Hence, the dilata-
tion curve can be analyzed in two steps. The problem
with unambiguous determination of the atomic volume
of austenite can be solved using the variation of the
lattice parameters with the temperature and compo-
sition determined by Onink et al. [1, 9] and mass con-
servation relation. Considering the two products of the
austenite decomposition, i.e. ferrite and pearlite, the
following equation for the mass conservation relation,
based on the volume fraction rule, can be expressed

Xy = fay +fxg Hfxy (10)

where: x_ — is the average carbon concentration in the
material; x_ — is the carbon concentration in ferrite
under the thermodynamic condition; xf —1is the carbon
concentration in pearlite.

Furthermore, during the progress of the austenite
to ferrite phase transformation a carbon enrichment
of the austenite occurs due to constrained solubility of
carbon in ferrite, which depends on the momentary fer-
rite fraction. Accordingly, the average carbon content
of the austenite, xf , in a certain stage of the austenite
decomposition into ferrite (at this stage of transforma-
tion there is no pearlite, i.e. f, = 0), can be calculated
from a reconstructed equation (10) as follows

%€ = X ~ fi¥a _ Xg ~foXy 11
b4 ]; 1- f;

Summarizing, the volume fraction of the phases can
be determined from the dilatation curve by utilizing
the lattice parameters, the linear thermal expansion
coefficients and the phase compositions under the ther-
modynamic condition. However, on the account of the
complexity of the problem an analytical solution for the
equations (1) and (2) does not exist. Therefore, iterative
procedures and numerical methods are developed with
above assumptions and equations (1+11) as a computer
program. The proposed model and its implementation
is described in next section.

3. MODEL DEVELOPMENT

The quantitative dilatometric analysis model for
the austenite decomposition into ferrite and pearlite
during a continuous cooling treatment is proposed.
Accordingly, and based on the equation (2) the follo-
wing equation to determine the total atomic volume, V,
of the alloy can be deduced

V=£V,. .1V 1V, (12)
where: f — is the volume fraction of austenite, ferrite
and pearlite for the following subscripts 7, o, p, respec-
tively.

The dilatometric analysis is performed separately
in two steps by the assumption that the austenite de-
composition is divided into two separate temperature
regions, where the formation of ferrite and pearlite

appears, as is expected from the phase diagram. The-
refore, the crucial aspect of the analysis is to define
a characteristic temperature, i.e. pearlite start tempe-
rature, which separates the austenite transformation
into two temperature regions. There are several ways
to determine this temperature, which are extensively
described in the work of Kop et al. [4] and the work of
Choi [6].

The suggested model is based on the carbon enrich-
ment of the austenite and the difference in the atomic
volume of phases during the phase transformation.
Hence, at the first region of high temperatures when
austenite decomposition starts, the volume fraction of
ferrite can be calculated by the following relation

V-V
= Y (13)
V.-,

As it was stated earlier, there is no analytical solu-
tion for the equations (1) and (2) and consequently the
equation (13). This is mainly due to the carbon enrich-
ment of the austenite, which depends directly on the
current volume fraction of ferrite at a given stage of
the phase transformation. Therefore, the ferrite volu-
me fraction is determined by an iterative scheme, in
which the Newton-Raphson method [10] is used. In the
iterative scheme the average carbon concentration in
the austenite is calculated using the equation (11), and
the carbon concentration in ferrite is determined from
the phase equilibrium line in Fe-Fe;C phase diagram
which is calculated via Thermo-Calc [11]. Additionally,
to solve the problem with iterative procedure the goal
function needs to be defined. Accordingly, the recon-
structed equation (1) with the relative change in length
proportional to the ratio of atomic volumes of phases
present at current temperature is applied in the follo-
wing form

AL 14V _1V-T (14)

L, 3V, 3 V,

In the second temperature region only the transfor-
mation of austenite to pearlite is analyzed. Thus, in
the further analysis the volume fraction of ferrite is
assumed to be constant and also carbon enrichment at
austenite do not occur. The pearlite composition with
carbon is constant and equals to the austenite composi-
tion with the average carbon concentration immediate-
ly after finishing of the austenite to ferrite transforma-
tion. This composition determines the ratio of cementi-
te and ferrite in the pearlite [4]. The volume fraction of
pearlite can be derived directly from the equation (12)
as follows

V-Vt LV, - V)

v,
The contribution of experimental errors, i.e. some no-
n-idealities which cause deviations between calculated
and measured length change, is compensated via the

scaling factor [4], x, and the applying equation (1) is
defined by

(15)

V:KVO<3fL +1> (16)
0
The scaling factor, «, for an ideal case equals 1. Ac-
tually, always some non-idealities take place. The cir-
cumstances which influence the scaling factor and the
way to determine its value are well described in the
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work of Kop et al. [4]. According to this concept two re-
ference temperatures need to be defined, i.e. before and
after the austenite phase transformation, at which the
two scaling factors are calculated based on the equation
(16). Subsequently, a linear function with temperature
is defined based on values of scaling factors. Thereby,
it is possible to determine a current scaling factor in
dilatometric analysis with a changing temperature.

The general scheme of the algorithm for calculating
the phase transformation kinetics from dilatation data
is presented in Fig. 1. This flow chart describes the
data flow and a call of subsequent procedures which
are necessary to obtain the final results of a quantita-
tive dilatometric analysis, i.e. the volume fraction of
transformed phases and their carbon contents.

In order to demonstrate the capabilities of the pro-
posed model the evaluation and validation were per-
formed based on the original data and results from the
work of Kop et al. [4] as well as using experimental
results carried out within this work. Obtained results
are shown in the next chapters.

4. VALIDATION

The developed model is validated using the data
from the work of Kop et al. [4]. From this publication
Figure 7 was copied and digitalized with the dilatation
curve of C22 steel. Prepared data (see Fig. 2), experi-
mental information and also calculated thermodynam-
ic data for C22 constitute an input to the analysis per-
formed with the model developed by the authors (see
Fig. 1).

The validation results are presented in Fig. 3 for the
two assumptions to determine the start temperature of
the austenite to pearlite transformation. For the first
case it is assumed that pearlite transformation starts
when a pro-eutectoid ferrite formation obtains the fi-
nal equilibrium volume fraction of ferrite. The second
approach is that the pearlite start temperature is de-
termined from a dilatometric diagram based on the (se-
cond) point of inflection. For more details see reference
[4].

INPUT DATA:
dilatation dsta, chemical com position,

b ¢

sample size, characteristic temperatures, /

/

type of phase transformation,
thermodynamic data (phase diagram ),
lattice parameters, thermal expansion coefficients

!

Calculation of Vi, i.e. average stomic volume at reference tem perature T,
Definition of scaling factors (k;, ki) before and after phase transformations at reference tem peratures Tez Tees

e e

CALCULATIONS IN LOOP WITH TEMPERATURES

Start and finish temperatures of transform ations

|
+

[ Determination of current temperature T, for analysis ]

[ Calculation of therm odynamic data i.e. equilibrium composition of phases ]

!

l Determination of scalingfactor (k) based on current temperature T, ‘

.

‘ Cuantitative dilatation analysis of austenite to ferrite transformation ‘

by iterstive method to obtain optimal ferrite volume fraction

If proeutectoid ferrite is completed
and austenite is remained

[ Quantitative dilatation analysis of austenite to pearlite transformation by linear calculations J

If transform stion is completed

OUTPUT DATA:
volume fraction of transform ed phases,
carbon contents of phases

Fig. 1. Flow chart with algorithm of a quantitative dilatometric analysis for austenite decomposition into ferrite and pear-

lite

Rys. 1. Schemat blokowy z algorytmem ilo$ciowej analizy dylatometrycznej dla rozpadu austenitu w ferryt i perlit
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Fig. 2. Dilatation curve during cooling (20°C/min) for C22

steel copied and digitalized from the work of Kop et al. [4]

Rys. 2. Krzywa dylatacyjna podczas chlodzenia (20°C/min)
stali C22, skopiowana i zdigitalizowana z pracy Kopa i in.

[4]

In (Fig. 3) one can observe an excellent convergence
of the calculated ferrite volume fraction as the function
of temperature with digitalized data from the work [4].
However, slight discrepancies between the calculated
and digitalized results can be observed for pearlite vo-
lume fraction changes with temperature, especially in
Fig. 3b. This deviation can be explained either by an in-
accurate digitalization of picture with dilatometric cu-
rve, from the work [4], within the pearlite transforma-
tion range or by the differences in the implementation
of a procedure to calculate atomic volume of pearlite.
Nevertheless, the depicted results state a convincing
confirmation that the quantitative dilatometric ana-
lysis model is correctly developed by the authors. An
application of the model is demonstrated in case of con-
tinuous cooling experiments of hypoeutectoid steel in
the next section.

D 100 . HeaTt caz {Fase: p.'=f'“)

r

Ferrite - Kop et al.
-~ Pearlite - Kop et al.
80+ { Ferrite - Present model

a0 4
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& 50 4
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750 800
Temperature [*C]

5. EXPERIMENTAL PROCEDURE

The chemical composition of steel used for dilatome-
tric measurement is shown in Tab. 2. The dilatometric
measurements were carried out on ¢$p4x$p2x10.0mm
samples using a Béhr 805A/D quench dilatometer.
The samples were thermally stabilized due to heating
by induction to 650°C at rate of 10°C/s, annealing for
10 minutes and cooling to room temperature at a rate
of 0.5°C/s. Then the samples were heated to 920°C at
a rate of 10°C/s, held for 10 minutes and subsequen-
tly cooled with different rates of 0.1°C/s, 0.5°C/s, 1°C/s,
2°C/s and 4°C/s. The characteristic temperatures of
phase transformations were determined by the concept
of an inflection point.

Table 2. Chemical composition of S355J2 steel (European
standard steel number 1.0577) in wt.%

Tabela 2. Sklad chemiczny stali S355J2 (wg normy europej-
skiej numer stali 1.0577) w % wag.

C Si | Mn P S Cu | Al Ti N
0.17 | 0.40 | 1.55 | 0.017 { 0.026 | 0.07 | 0.032 | 0.0014 | 0.0070

The microstructure was observed by light optical mi-
croscopy after a standard method of preparation with
3% nital etchant. Quantitative analysis of phase frac-
tions were conducted on four images per each sample
using quantitative image analysis software MetlIlo [12].

6. RESULTS AND DISCUSSION

The dilatometric curves for continuous cooling at va-
rious cooling rates are shown in Fig. 4. For the analy-
zed values of cooling rates the two subsequent trans-
formations are visible. The higher cooling rate value
the lower start and finish temperatures and a change
in the dilatation effect of the above-mentioned trans-
formations is observed.

Heat C22 (Case: P=T )
b) 100 T g T T 4 !
ol ——Ferrite - Kop et al. I
~——— Pearlite - Kop et al. |

80 Ferrite - Present model
e Pearlite - Present mode! |

50 4

40 4

Volume Fraction [%]

30 <
20 -

10 4

650 ' 700 ?éu 800
Temperature [*C]

Fig. 3. Validation of the volume fraction change of ferrite and pearlite as a function of temperature based on the data from
the work of Kop et al. [4] for C22 steel. The two assumptions are considered to determine the start temperature of austenite
to pearlite transformation: (a) pearlite starts when pro-eutectoid ferrite formation obtains the final equilibrium volume
fraction of ferrite; (b) pearlite start temperature is determined from a dilatometric diagram based on the (second) point of
inflection

Rys. 3. Walidacja zmian udzialu objetosciowego ferrytu i perlitu w funkcji temperatury na podstawie danych z pracy Kopaiin.
[4] dla stali C22. Przyjeto dwa zalozenia przy wyznaczaniu temperatury rozpoczecia przemiany austenitu w perlit: (a) formowa-
nie perlitu rozpoczyna sie gdy przyrost ferrytu przedeutektoidalnego osiaga koricowy rownowagowy udzial objetosci ferrytu;
(b) temperatura rozpoczecia formowania sie perlitu jest okreslana z wykresu dylatometrycznego na podstawie (drugiego)
punktu przegiecia
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Fig. 4. Dilatometric curves for S355J2 steel cooled at various cooling rates. For better readability the curves are shifted along

”relative change length” axis

Rys. 4. Krzywe dylatometryczne dla stali S355J2 chlodzonej z r6znymi szybkosciami chlodzenia. Dla zwiekszenia czytelnosci
krzywe zostaly przesuniete wzdluz osi ,,wzglednej zmiany dlugosci”

Microstructures after cooling at a series of cooling
rates are shown in Fig. 5. In all the analyzed samples a
mixture of ferrite and pearlite is observed. The higher
cooling rate, the smaller grain size of ferrite. The re-
sults of the quantitative image analysis for fractions of
structural constituents are shown in (Tab. 3) together
with the results of fraction calculations based on dilato-
metric measurements. The results from the developed
quantitative dilatometric analysis model coincide with
the quantitative image analysis ones whereas the re-
sults from the lever rule method in case of ferrite are
higher on average about 10 percentage points. The
fraction of ferrite is probably overestimated in the le-
ver rule method since the carbon enrichment and the
increasing atomic volume of the austenite during fer-
rite formation is not taken into account in the analysis
of the samples dilatation.

Additionally, an application of the quantitative dila-
tometric analysis model gives a possibility to determi-
ne kinetics of phase transformations. The increasing
volume fraction of ferrite and pearlite as a function of
temperature for the analyzed experiments is presented
in Fig. 6. One can observe that temperatures at which
a certain fraction of ferrite and pearlite are reached de-
crease as the cooling rate increases. The determined
values of start and finish temperatures of transforma-
tions taken into consideration are presented in Tab. 4.
A temperature span between start and finish of pearli-
tic transformation (Tab. 4) is the highest at 1°C/s and
2°C/s, where it is equal AT = 50°C and both for higher
and lower cooling rates decreases to circa AT = 34°C.
And in case of ferritic transformation the temperature
span remains at around A7 = 118°C.

Table 3. Volume fractions of ferrite and pearlite in steel S355J2 cooled at various cooling rates determined in the quantitative
image analysis and on the basis of the length change of the samples by the lever rule method and the developed quantitative

dilatometric analysis model

Tabela 3. Ulamki objetosci ferrytu i perlitu w stali S355J2 chlodzonej z r6znymi szybkos$ciami chlodzenia wyznaczone na
podstawie iloSciowej analizy obrazu oraz reguly dzwigni bazujacej na zmianach dlugosci préobki oraz opracowanego modelu

ilosciowej analizy dylatograméw

Quantitative image analysis Lever rule Quantitatiw.e CHEGT TG
Cooling rate analysis model

Ferrite Pearlite Ferrite Pearlite Ferrite Pearlite

[°C/s] [%] [%] [%] [%] [%] [%]

0.1 71.4 28.6 80.2 19.8 70.9 29.1

0.5 73.7 26.3 82.9 17.1 72.6 274

1 76.8 23.2 84.1 15.9 73.9 26.1

2 77.2 22.8 88.0 12.0 75.2 24.8

4 73.9 26.1 89.3 10.7 76.7 23.3
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Table 4. Start and finish temperatures of ferritic and pear-
litic transformations for S355J2 steel for various cooling
rates

Tabela 4. Temperatury poczatku i konca przemian fazo-
wych ferrytu i perlitu dla stali S355J2 przy réznych szyb-
kosciach chlodzenia

Cooling rate F, F;=P, P, AP,
[°C/s] [°C] [°C] [°C] [°C]
0.1 787 666 634 32
0.5 773 654 618 36
1 759 646 595 51
2 753 636 586 50
4 743 622 588 34

Fig. 5. Microstructure of steel S355J2 after cooling with
rate: a) 0.1°C/s, b) 0.5°C/s, ¢) 1°C/s, d) 2°C/s, e) 4°C/s

Rys. 5. Mikrostruktura stali S355J2 po chlodzeniu z szyb-
koscia: a) 0.1°C/s, b) 0.5°C/s, ¢) 1°C/s, d) 2°C/s, e) 4°C/s

Kinetics of ferritic and pearlitic transformations are
shown in Fig. 7. Due to the changes of the cooling rate
between the experiments a span of time between start
and finish of ferritic and pearlitic transformations beco-
mes larger when the cooling rate decreases (Fig. 7a, c).
When normalized time of transformation is used (Fig.
7b, d) one can find that the kinetic of ferritic transfor-
mation is almost not affected by the cooling rate where-
as the kinetics of pearlitic transformation accelerates
and changes with the increasing cooling rate.

Another feature of the quantitative dilatometric
analysis model is an excellent possibility to track car-
bon enrichment of austenite during its decomposition.
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Fig. 6. Volume fraction changes with temperature of ferrite (a) and pearlite (b) during austenite decomposition for different
cooling rates

Rys. 6. Zmiany udzialu objetosciowego ferrytu (a) i perlitu (b) w funkcji temperatury podczas rozpadu austenitu dla r6znych
szybkosci chlodzenia
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Rys. 7. Kinetyki rozpadu austenitu w ferryt (a, b) i perlit (c, d) dla ré6znych szybkosci chlodzenia
The austenite enrichment in carbon in the analyzed to higher values beyond the extrapolated A,,, line. The
experiments is shown in Fig. 8. One can observe that phenomenon of such a shift raises a question about the
the increasing cooling rate causes that the austenite criteria of a pearlitic transformation — a concept that
enrichment takes place in lower temperatures and si- a pearlitic transformation starts when the carbon con-
multaneously the maximum carbon concentration in centration value equals the A, value at a certain tem-

austenite (at the end of ferritic transformation) shifts perature [6] seems to be not applicable in this case.
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Fig. 8. Partial Fe-Fe;C phase diagram of S355J2 steel with
curves of average carbon concentration at austenite for
different cooling rates

Rys. 8. Czes$ciowy uklad réwnowagi fazowej stali S355J2
z przebiegami Sredniego stezenia wegla w austenicie dla
réznych szybkosci chlodzenia

7. CONCLUSIONS

In the present study the quantitative dilatometric
analysis model of ferritic and pearlitic transformation
during continuous cooling in hypoeutectoid steel has
been presented. The model takes into account the diffe-
rences in the atomic volume of present phases and the
carbon enrichment of austenite during ferrite forma-
tion. The following conclusions can be made:

¢ The results of the validation confirm that the model
is correctly developed;

e The comparison of the results from the quantitative
dilatometric analysis model and quantitative image
analysis of the microstructure show an excellent co-
nvergence. The fractions of ferrite calculated by the
lever rule method are overestimated since this me-
thod does not take into account the increasing atomic
volume of austenite during ferrite formation;

+ The analysis of kinetics of ferritic and pearlitic trans-
formation with normalized transformation time re-
veals that the kinetic of pearlitic transformation is
in greater extent dependent on the cooling rate than
the kinetic of ferritic transformation;

* The obtained results of kinetics can be used directly
in validation of numerical models for phase transfor-
mations;

« The quantitative dilatometric analysis model shows
that the increasing cooling rate causes a shift of the
maximum carbon concentration in the austenite (at
the end of ferritic transformation) beyond the extra-
polated A,,, line. It raises a question about the crite-
ria of the pearlitic transformation start. This pheno-
menon is going to be a subject of a further research.
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