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Influence of the Isothermal Transformation Temperature on the Structure
and Properties of Low-Carbon Steel

Purpose. The study is aimed at evaluating the effect of the isothermal transformation temperature on the struc-
ture and properties of low-carbon steel. Methodology. The material for the study was a 3 mm diameter wire made
of mild steel with the following chemical composition: 0.21% C, 0.47% Mn, 1.2% Si, 0.1% Cr, 0.03% S, 0.012% P.
The 0.3 m long wire samples were subjected to austenitizing at 920 °C for 8...9 min, after which they were held iso-
thermally for 11 min at temperatures of 650...200 °C, followed by cooling in air. The strength, plastic properties,
and strain hardening coefficient were determined from the analysis of tensile curves. Findings. It was found that
a decrease in the temperature of isothermal transformation, starting from 450...400 °C, increases the amount of
Widmannstétten ferrite due to the disappearance of polyhedral ferrite grains. At the same time, the number of areas
with locally located dispersed cementite particles similar to pearlite colonies increases, and bainite crystals appear.
Against the background of a sharp decrease in the strain hardening coefficient in the range of 450...400 °C, the abil-
ity of the bainite phase to undergo plastic deformation should be considered one of the reasons for the delay in den-
sity reduction. Originality. The effect of steel hardening with a decrease in the pearlite transformation temperature
is based on the grinding of ferrite grains, an increase in the amount of Widmannstitten ferrite, and the dispersion of
pearlite colonies. The strengthening effect of steel with a bainite structure is based on an increase in the degree of
supersaturation of the solid solution with carbon atoms and dispersion hardening by particles of the carbide phase.
Practical value. The optimal structural state of steel intended for the manufacture of such critical elements as a sup-
port beam, railroad car bogie, etc. is a mixture of phase components with different dispersion and morphology, and
their quantitative ratio is determined by the operating conditions of a particular product.

Keywords: low-carbon steel; austenite; ferrite; temperature; isothermal transformation; dislocation; recrystalliza-
tion; yield strength

Introduction from low-carbon steels [1]. It is believed that use
of rolled products with increased strength proper-
ties is a key to increasing reliability at operation of
the railway cars for various purposes.

For the manufacture of certain supporting ele-
ments of railway cars, such as a center beam, car-
riage bogie, etc. they use shaped rolled products

Creative Commons Attribution 4.0 International © L. O. Vakulenko, S. O. Plitchenko, K. Asgarov,
doi: https://doi.org/10.15802/stp2024/307344 B. V. Lytvynov, A. Orak, H. Umur, 2024

43


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.15802/stp2023/292720
https://doi.org/10.15802/stp2024/307344

MATEPIAJIO3HABCTBO

ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayka ta nporpec Tpancnopty, 2024, Ne 2 (106)

Compared to the structure of low-carbon steel
after hot plastic deformation, use of thermal
strengthening in flow of a rolling mill is accompa-
nied by qualitative changes at structural state and
the corresponding set of properties.

Proportional to cross-section of the rolled prod-
uct, the difficulty achieving a critical cooling rate
causes to formation gradient of structures, starting
from the surface of intensive heat removal [3].
Considering process formation of a thermally
strengthened surface layer in rolled steel, several
mutually dependent factors are discovered that de-
termine mechanism of austenite transformation
during steel cooling [13].

One of them is ability of ferrite to inherit chem-
ical elements that are dissolved in austenite. This
phenomenon can have a certain influence on the
mechanism of austenite transformation [14]. For
low-carbon steel, a fairly narrow temperature range
transition from the shear mechanism of austenite
transformation to intermediate one is sensitive to
minor changes in cooling conditions [4]. Thus, low
stability of low-carbon steel austenite during cool-
ing [3, 5] and change in the activity of carbon at-
oms at inter phase during transformation process
[14] can affect the transformation rate.

At same time, diffusion of carbon atoms in
phase components of the steel should also change
[13]. Based on this, a continuous decrease at cool-
ing rate, as volumes of metal move away from sur-
face of the rolled product, in its effect on the struc-
ture and properties, can be represented as an in-
crease in the temperature at end of forced cooling.
In this case, continuous change at dispersion and
morphology phase components of the steel will
correspond to gradient of temperature by forced
cooling of the rolled product [7, 11].

Purpose

The purpose of the work was to assess influ-
ence temperature isothermal transformation on the
structure and properties of low-carbon steel.

Methodology

The material for study was a wire with a diame-
ter of 3 mm, made of low-carbon steel, with a con-
centration of chemical elements: 0.21% C, 0.47%
Mn, 1,2% Si, 0.1% Cr, 0.03% S, 0.012% P. Differ-

ent structural states of steel were obtained after cer-
tain processing.

Wire samples 0.3 m long were subjected to aus-
tenitization at a temperature of 920 °C for 8...9
minutes. This was followed by isothermal holding
for 11 minutes at temperatures of 650...200 °C and
cooling on air. Heating of the samples to the austen-
itization temperature, isothermal holding of the met-
al was carried out in molten mixtures of various
salts.

The preparation of objects and study of the mi-
crostructure were carried out using light and elec-
tron microscopy techniques [2]. Strength, plastic
properties and strain hardening coefficient (n) were
determined from the analysis of tensile curves [10,
12].

Findings

The process forming structure of the thermally
strengthened steel after completion of hot defor-
mation can be represented at form of an isothermal
transformation of austenite at temperature of the
end accelerated cooling.

At temperature range until the minimum stabil-
ity of austenite is achieved, the diffusion transfor-
mation mechanism will determine morphology and
dispersity structural components of the steel under
study. Thus, at transformation temperature range
starting from 650 °C, the formed structure consists
of sections similar to Widmanstatten ferrite
(Fig. 1, &), polyhedral ferrite grains and pearlite
colonies of certain dispersion.

It should be expected that at temperatures iso-
thermal transformation of the austenite by the dif-
fusion mechanism, formation of the structure is
determined by a quantitative relationship of the
structural components and their dispersity, without
qualitative changes in the phase composition of the
steel. Indeed, with a decrease at isothermal trans-
formation temperature to 600 °C, against the back-
ground dispersion of structural components, a pro-
gressive decrease at number of polyhedral ferrite
grains is observed (Fig. 1, D). At the same time,
proportion of the Widmanstitten ferrite and pearl-
ite colonies of increased dispersion increases
(Fig. 1, ¢).
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Fig. 1. Structure of the low-carbon steel after isothermal
transformation at temperatures of 650 °C (a) and 600 °C
(b, ¢). Magnification:

a—1000; b — 6000; ¢ — 10000

The absence of qualitative changes in the struc-
ture of steel when the transformation temperature
is reduced to 600 °C is explained by the insuffi-

cient stability of the austenite during cooling
[3, 12], which is similar to the effect of reducing
the carbon concentration in steel. A further de-
crease at temperature isothermal transformation of
the austenite to range of 500...400 °C, against the
background of continued dispersion of the struc-
tural components, the first qualitative changes in
the phase components of the steel are already ob-
served (Fig. 2, a).

With a decrease at average grain size of the
polyhedral ferrite and its volume fraction, there is
a simultaneous increase at amount of Widmanstat-
ten ferrite with a beginning of a change in its mor-
phology (Fig. 2, b). This situation is more clearly
illustrated structure of the steel after isothermal
transformation of the austenite at 400 °C
(Fig. 2, ¢).

Thus, number individual plates of the Wid-
manstitten ferrite that are formed at a temperature
of 500 °C (Fig. 2, a) become significantly smaller
at 400 °C. In proportion to decrease at transfor-
mation temperature, dispersion of compactly locat-
ed cementite particles also increases (Fig. 2, d).

Moreover, Widmanstétten ferrite begins to
form at form of two varieties: branched formations
and in the form of a package of plates (Fig. 2, ).
These changes at structure should be considered as
an approach to the temperatures of a possible
change at mechanism of the austenite transfor-
mation [3, 11]. Thus, when the isothermal trans-
formation temperature decreases below 400 °C,
qualitative changes at structural state of the steel
should be expected.

The formed structure after isothermal transfor-
mation at temperatures of 300 and 200 °C confirms
these expectations. Considering that even a slight
decrease at isothermal transformation temperature,
starting from 350 °C, leads to a rapid decrease at
number of the polyhedral ferrite grains [3, 12], at
300°C it is quite difficult to detect them
(Fig. 3, a).

At the same time, areas resembling highly dis-
persed pearlite colonies are found (Fig. 3, b), and
the appearance volumes of metal with a bainite
structure (Fig. 3, ¢) should be considered as evi-
dence of its qualitative changes.

After reducing isothermal transformation tem-
perature to 200 °C, no signs of austenite transfor-
mation by a shear mechanism were found in the
steel structure (Fig. 4).
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Fig. 2. The structure of low-carbon steel after isothermal transformation
at temperatures of 500 °C (a, b) and 400 °C (c, d). Magnification:
a, ¢ —1000; b — 6000; d — 14000
a
c
Fig. 3. Structure of the low-carbon steel after isothermal transformation
at temperature of 300 °C. Magnification:
a—1000; b. c — 18000
Creative Commons Attribution 4.0 International © L. O. Vakulenko, S. O. Plitchenko, K. Asgarov,
doi: https://doi.org/10.15802/stp2024/307344 B. V. Lytvynov, A. Orak, H. Umur, 2024

46


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.15802/stp2023/292720
https://doi.org/10.15802/stp2024/307344

MATEPIAJIO3HABCTBO

ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayka ta nporpec Tpancnopty, 2024, Ne 2 (106)

4

= -Lﬁ‘ ¢

..

Fig. 4. Structure of low-carbon steel after isothermal
transformation at a temperature of 200 °C.
Magnification:

a—1000; b, c — 18000

The structure consists of bainite crystals
(Fig. 4,a,b) and fine cementite particles with a
local arrangement, similar to the eutectoid colony
(Fig. 4, c). One of the reasons for the absence of
martensite may be a low stability of the austenite
in low-carbon steel due to the high temperature of

the onset martensite transformation (Ms). Ms can
be estimated using A. Popov’s relation:

Ms=520 — 320 (% C) — 50 (% Mn) — 30 (% Cr) —
~20 (% Ni+ % Mo) — 5 (% Si + % Cu), (1)

where % C — is designation concentration of the
carbon and other chemical elements, showed a val-
ue of 423 °C, which coincides with a known exper-
imental data (420...400 °C) [3, 11].

Based on this, preventing intermediate decom-
position of austenite during cooling and isothermal
holding at 200 °C is a rather difficult task. As
a result of partial decomposition of austenite, in
proportion to degree of its super cooling, starting
from temperatures order of 400 °C, a gradual in-
crease at volume fraction of the bainite phase in
the steel structure occurs. In general, it can be as-
sumed that at process of isothermal cooling low-
carbon steel to temperatures order Ms, qualitatively
similar structures are formed, differing only in the
ratio of structural components and their dispersion.

When the temperature decreases below Ms, a
gradual replacement products of austenite trans-
formation by the diffusion mechanism with an in-
termediate one occurs [8]. The observed transfor-
mation of the steel structure depending on the tem-
perature isothermal transformation of austenite
corresponds to a very definite nature change in
mechanical properties (Fig. 5).

In view of the fact that range changes in the
relative narrowing is 73...75%, uniform elongation
(dp) was used as a characteristic plasticity of the
steel.

From analysis of the presented dependences it
follows that an increase at transformation tempera-
ture is accompanied by a quite expected decrease
in strength characteristics and increase ductility. At
the same time, ability of the metal to strain harden-
ing changes according to a more complex depend-
ence (Fig. 5, C).

In general, the observed violations monotonic
nature of changes in properties indicate to need for
conditionally dividing curves into separate sec-
tions: | (650...500 °C), 1l (450...350 °C), Il
(300...200 °C), with qualitatively others character
behavior.
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Fig. 5. Influence temperature isothermal transformation

and the mutual change in n - dp (for sections of temperature:

= 11— A; 1l - m)(d)

For section | (Fig. 5), starting from 650 °C, a
gradual decrease at isothermal transformation tem-
perature to 500...450 °C is accompanied by a
monotonic decrease in Jp, an increase in strength
characteristics (yield stress — oy and strength stress
— o0s) and ability of the metal to strain hardening
(n).

The given nature change in mechanical proper-
ties is explained by the evolution of the structure
and phase composition of steel. Indeed, as follows
from analysis of the microstructure (Fig. 1), when
isothermal transformation temperature decreases
from 650...600 °C (Fig. 1) to 500 °C (Fig. 2, a, b),
there are practically no qualitative changes struc-
ture. The phase composition remains largely con-
stant and only quantitative ratio and dispersion of
the structural components changes.

In general, increase in strength properties is due
to increase in the amount of Widmanstatten ferrite,
a decrease grain size of polyhedral ferrite (dp) and
thickness ferrite gap of the pearlite colony (1)
[3, 12]. If we take into account that according to
stoichiometry for the steel under study, the amount
of pearlite component does not exceed 30%, for
temperatures of 650...600 °C, dp should be taken
as the main structural element, although presence
of Widmanstétten ferrite may distort its effect.

On other hand, when assessing the role of dp, it
should be taken into account that only at absence
substructural components and super saturation of
the ferrite with carbon atoms, the main structural
element of low-carbon steel is a ferrite grain size.

In this case, strain hardening coefficient and
plasticity of steel are directly proportional to each
other [9]. For a pearlite colony, a qualitatively dif-
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ferent relationship is observed: decrease in A pro-
motes an increase ductility of eutectoid steel with a
decrease in n [12]. Thus, when the austenite trans-
formation temperature changes from 650 to
500 °C, ferrite grain refinement, an increase in the
amount of Widmanstitten ferrite and its super satu-
ration with carbon atoms are the main factors re-
ducing Jdp. Dispersing pearlite colonies, on the con-
trary, should increase Jp.

However, the amount of perlite is not enough to
have an effective effect and the end result is a de-
crease in Jp. In this case, the strain hardening coef-
ficient and dp are inversely proportional to each
other (Fig. 5, d). A decrease at temperature of the
isothermal transformation austenite in section (II)
is accompanied, similarly to (I), by an increase in
strength and a decrease in plastic characteristics.
The exception is n.

The observed nature of the n dependence indi-
cates the appearance of changes in the steel struc-
ture that can influence development of strain hard-
ening processes (Fig. 5, ¢). Indeed, as follows from
analysis of the microstructure (Fig. 2, ¢), decrease
at isothermal transformation temperature starting
from 450...400 °C increases amount of Wid-
manstitten ferrite due to the disappearance of pol-
yhedral ferrite grains. At the same time, the num-
ber of areas with locally located dispersed cement-
ite particles, similar to pearlite colonies, increases.

Moreover, as follows from results of study
[7, 11], for steel of a similar composition after iso-
thermal  transformation  of  austenite  at
450...400 °C, volumes are found in the structure
that are similar in appearance to bainite crystals.
Based on this, it can be assumed that appearance of
the bainite phase is one of reasons for qualitative
changes in the dependencies of steel properties.
Against the background of a sharp decrease at
strain hardening coefficient in the range of
450...400 °C, the ability of the bainite phase to
undergo plastic deformation [3, 13] should be con-
sidered as one of the reasons for delay in reducing
Op.

On other hand, at a temperature of 350 °C, the
almost complete disappearance of Widmanstétten
ferrite and increase at amount of bainite phase,
dispersion particles of cementite (Fig. 3, ¢) and
decrease at number of pearlite colonies (Fig. 3, b),
together lead to a sharp decrease at ductility of
steel. As an additional source of reduction in steel

ductility, differences in the ability to strain harden-
ing of bainite and pearlite should be considered,
which is confirmed by the n — dp ratio (Fig. 5, d,
designation A).

In section Ill, a decrease in temperature from
300 to 200 °C is accompanied by the formation
bainite structure (Fig. 3, 4). In this case, the strain
hardening coefficient remains practically un-
changed (Fig. 5, d), which is confirmed by the
equidistant arrangement of the curves oy and os
versus transformation temperature (Fig. 5, a).

The sharp decrease in steel ductility is due to
the combined effect super saturation of the solid
solution with carbon atoms during formation of
bainite crystals [13, 14] (Fig. 3,c and 4,b) and
dispersion strengthening from carbide phase parti-
cles (Fig. 4, ¢) [2, 6].

According results of the studies [2,5, 7], it is
determined that steels with perlite structures after
thermal strengthening, compared to martensite and
beinite structures, have increased resistance against
heating and cyclic loads.

On a basis of this, one of the directions deter-
mining optimal structural state of steel for manu-
facture of a particular product, should be mixture
with a various ratio of phase components, taking
into account the conditions of its operation.

Originality and practical value

The effect of steel strengthening with a de-
crease at pearlite transformation temperature is
based on the refinement of the ferrite grains, an
increase at amount of Widmanstitten ferrite, and
dispersion of pearlite colonies. The strengthening
effect at steel with bainite structure based on an
increase degree of super saturation of the solid so-
lution with carbon atoms and dispersion strength-
ening by carbide phase particles.

The directions determining optimal structural
state of steel for manufacture backbone beam,
wagon trolley, etc., should be mixture with various
ratio of phase components, taking into account the
conditions of its operation.

Conclusions

1. A change at mechanism of austenite trans-
formation during isothermal cooling of the steel is
accompanied by qualitative changes in structure
and properties.
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2. The effect of steel strengthening with a de-
crease at pearlite transformation temperature is
based on the refinement of the ferrite grains, an
increase at amount of Widmanstitten ferrite, and
dispersion of pearlite colonies.

3. The transition from the diffusion mechanism
of austenite transformation to the intermediate one

leads to the gradual replacement of Widmanstétten
ferrite and pearlite colonies with bainite crystals.
The strengthening effect in steel is based on an
increase in the degree of super saturation of the
solid solution with carbon atoms during the for-
mation of bainite and dispersion strengthening by
carbide phase particles.
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BB TeMnepaTypu i30TepMivHOI0 NepeTBOPEHHSI HA CTPYKTYPY
i BJIaCTHBOCTI HU3bKOBYIJIELIEBOI CTAJII

Merta. JlocnikeHHs CIPSIMOBAHO Ha OLIHKY BIUIMBY TEMIIEpaTypH 130TEPMIYHOTO NMEPETBOPEHHS Ha CTPYKTYPY
Ta BJIACTHBOCTI HU3bKOBYTIJeleBoi craii. Meroamka. MarepianoM Juisi JOCHIKEHHST OyB ApIT niaMeTpoM 3 M,
BHTOTOBJICHHH 13 HU3BKOBYTIIEIEBOI cTaii 3 TakuM XimigHuM ckmagom: 0,21 % C, 0,47 % Mn, 1,2 % Si, 0,1 % Cr,
0,03 % S, 0,012 % P. 3paszku gporty nosxwunoro 0,3 M miggaBanu aycteHizamii 3a Temmeparypu 920 °C mpoTsrom
8...9 XB, MiCIIA 9OT0 BUKOHYBAIHU 130TEpPMIUHY BHTPUMKY mpoTsroM 11 xB 3a temmeparyp 650...200 °C 3 momams-
IIMM OXOJIO[KEHHSM Ha MOBITpi. 3 aHali3y KPUBUX PO3TATY BU3HAYATIH MIllHICTh, IUIACTHYHI BIACTHBOCTI Ta Koedi-
LieHT fedopMamiiHOro 3MinHEHHS. Pe3ysibTaTH. Y CTaHOBIIEHO, 110 3HKEHHS TEMIEPaTypH 130TEPMIYHOTO MepeT-
BopeHHs, nounHatoun 3 450...400 °C, 30inp01ye KiMbKicTh Geputy BimMaHIITETTEHA 32 PaXyHOK 3HUKHEHHS TOJIi-
enpuuHuX (eputoBux 3epeH. [Ipu 1boMy 30UIBIIYETHCS KiJIBKICTh AUISHOK i3 JIOKAJIbHO PO3TAIIOBAHUMU AMCIIEPC-
HUMH YaCTHHKAMU [[EMEHTHUTY, CXOKUMH Ha KOJIOHIT MEPJIiTy, Ta 3’ IBIIIOTHCS KpucTanu Oeinity. Ha doni pizkoro
3HIKCHHS Koedirienta aedopmariiinoro 3minHenns B miana3oni 450...400 °C omHi€0 3 NMPUYHH 3aTPUMKH 3HU-
JKCHHS [IUILHOCTI CJIiJ] BBaXaTH 3MaTHICTh OCHHITHOI (hasu 0 muactuunoi aedopmaiiii. Haykora HoBu3zHa. Edexr
3MII[HEHHsI CTaJi 31 3HW)KEHHSIM TeMIIepaTypy IepeTBOPEHHs MepIIiTy 3aCHOBaHUI Ha MojpiOHEHHI 3epeH depury,
30UIbIIeHHI KibKOCTI (eputy BiaMaHmrerrena Ta aucrepcii KOJIOHIN nepuiTy. 3MilHIOBaIbHUH edekT crami 3i
CTPYKTYpOIO OCHHITY I'pyHTY€ThCS Ha IIJBHIICHHI CTYIEHS NMEPEHACHYCHHS TBEPJOr0 PO3YMHY aTOMaMHM BYTJIEIIIO
Ta JUCTIEPCiTHOTO 3MIITHEHHS YacTHHKaMu KapOigHoi ¢a3u. [lpakTuuHa 3HaYMMicTh. ONTUMAaTbHAN CTPYKTYPHUH
CTaH cTaJli, NPU3HAYCHOI JJIs1 BUTOTOBJICHHS TAaKMX BiJIIOBIAJILHUX €JIEMEHTIB, SIK ONIOpHa Oaika, Bi30OK BaroHa Ta
iH., CTAaHOBUTH CyMill (pa30BUX CKIAJOBHX i3 PI3HOIO JWUCHEPCHICTIO Ta MOP(OIOTi€I0, a X KIIBKICHE CITiBBiIHO-
IIEHHS BU3HAYAIOTh 38 yMOBAMH EKCILTyaTallil KOHKPETHOTO BHPOOY.

Kniouosi crosa: HU3bKOBYTJICLIEBA CTallb, ayCTEHIT; (PEPUT; TeMIepaTrypa; i30TepMidyHe NepeTBOPEHHS; IUCIIO-
Kallist; peKpUCTaTI3aIlisT, MeXa IUIMHHOCTI
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