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SOFTENING OF HARDENED MEDIUM-CARBON STEEL DURING
HEATING

Purpose. The work is aimed to clarify the softening mechanism during the heating of martensite hardened
carbon steel, which is of practical importance, especially in the development of the production technology of rolled
products with different levels of hardening. Methodology. The samples after martensite hardening were tempered at
the temperatures of 300-500°C. The microstructure was investigated under the electron microscope. Thin foils were
made using the Bolman and tweezer methods in chlorous-acetic solution and Morris reagent. Phase distortions of
crystalline lattice were determined by the methods of X-ray structural analysis, using the diffractometer. The cold-
worked layer of metal after grinding was removed by electrolytic dissolution. Tensile strength brake of the metal
was determined using the tensile diagrams of samples using the Instron type machine. Microhardness was measured
using the PMT-3 device with indentation load 0.49 N. Findings. When heating the hardened steel to a temperature
of 300°C, the softening effect is mainly related to the rate of reduction of the accumulated as a result of martensitic
transformation, density of the crystalline structure defects. The total result is caused by the development of
dislocations recombination and strengthening because of the emergence of additional number of cementite particles
during the martensitic crystals decomposition. Starting from the heating temperatures of 400°C and above, the
development of polygonization processes in the ferrite is accompanied by the emergence of additional sub-
boundaries, which enhance the effect of metal strengthening. With increase in the heating temperature of the
hardened steel, the level of strength properties is determined by the progressive softening from the decrease in
carbon atoms saturation degree of the solid solution, dislocations density and increase in the size of cementite
particles over the effect of strengthening from hindering of mobile dislocations by carbon atoms and the emergence
of additional sub-boundaries. Originality. For the tempering temperature of 300-400°C, the absence of the phase
distortion change indicates the emergence of additional factor in strengthening the metal from the formation of sub-
boundaries and the dispersion strengthening from the carbide particles. Practical value. The given explanation of the
mechanism of structural transformations in the process of tempering in the average temperature range of the hardened
carbon steel can be used to optimize the technology of thermal strengthening of rolled metal.
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Introduction

During the thermal hardening using the heat of
rolling heating [2, 4, 10], in the elements of
products of large sections a gradient of structures is
formed, which correspond to certain values of the
strength characteristics [1, 9, 11]. The observed
structural inhomogeneity is caused by the
cumulative effect of the development of phase
transformation processes with different nature of
influence on the properties. Thus, the achieved
level of metal hardening is proportional to the
speed of accelerated cooling, which decreases as
the distance from the cooled rolling surface
increases [5]. At the same time, the heating
temperature of the metal will increase when
approaching the central volumes [1, 4]. For the
detailed analysis, the continuous nature of the
structure change across the section of the rolled
product, depending on the distance from the
cooling surface, can be conditionally divided into
separate volumes with corresponding structure and
ability to work hardening [3]. Based on the above-
mentioned, the changes in the nature of behaviour
when loading the specified volumes of metal will
be similar to the influence of the temperature of
individual heating when tempering the hardened
steel [1]. Takin into account the additive nature of
influence of the dispersion and morphology of the
structural components on the general level of
carbon steel hardening [3], the formation of certain
gradient of structures across the rolled product
section should be considered as one of the
directions of technology optimization to achieve
the required structural state and the level of
strength characteristics [1, 3, 5].

Purpose

The work is aimed to clarify the mechanism of
softening during the heating of the hardened
medium-carbon steel in the average temperature
range.

Methodology

The fragments of the railway wheel set axis
made of carbon steel with the concentration of
chemical elements: 0.41% C, 0.36% Si, 0.61% Mn,
0.0022% S, 0.015% P served as a material for the
research. The plates 2 mm thick, 20 mm wide and

250 mm long were the test samples. The samples
were austenitized at temperatures higher than Ac,

followed by forced cooling in a water tank. After
hardening, the samples were subjected to
tempering at temperatures of 300-500°C during
1 h. The heating was carried out in the SNOL
electric furnace — 1.6.2.5.1/11-1Z. The temperature
was controlled by the  chromel-alumel
thermocouple and DC potentiometer. The
microstructure of the samples was studied under
electron microscope at accelerating voltage of 100
kV. Thin foils for the research under electron
microscope were made using the Bolman and
tweezer methods in chlorous-acetic electrolyte and
Morris reagent. During the manufacture of the
objects for X-ray studies, the cold-worked layer of
metal, after making the polished sections were
removed by dissolution in the chlorous-acetic
electrolyte. The phase distortions of crystalline

lattice (A% ), where a is the ferrite lattice

parameter, were determined by the methods of X-
ray structural analysis using the DRON-2.0
diffractometer at scintillation registration of

reflexes, in monochromatic CuK, radiation, at

room temperature. The error in the determination
A% was up to 5%. Tensile strength brake of the

metal was evaluated under tension using the Instron
type machine, at room temperature and deformation

rate of 10 °s™'. As a characteristic of the strength
of metal microvolumes, the microhardness was
used, which was measured using the PMT-3 device
with indentation load 0.49 N.

Findings

The level of the values of tensile strength break
of the studied steel after hardening and tempering
at the temperatures of 300-500°C corresponded to
the known experimental data for the steels with
similar chemical composition [1, 5, 7]. As the
tempering temperature increases, well-defined
structural changes, detected starting from the
temperatures of 200-250°C, correspond to the
progressive metal softening [3, 9]. Indeed, as
shown in the works [6, 8] for carbon steels with
a carbon content of about 0.4%, the temperature of
the beginning of martensitic transformation is
about 300°C. This temperature should be enough
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to start the emission of cementite particles from the
solid solution during the formation of the
martensitic crystal itself. Thus, depending on the
temperature of the end of forced cooling,
a different combination in the development of the
processes of hardening and softening in steel,
determines the final level of strength properties.

The effect of hardening from the ordering of
carbon atoms in the crystalline lattice of the
martensitic crystal [6] and quenching aging [2, 10],
when tempering at 300°C, is almost completely
suppressed by the progressive metal softening
(Fig. 1, a).

Indeed, for steels with medium carbon content,
the degree of supersaturation of the solid solution
achieved during the martensite hardening
determines the resource of maintaining the
increased metal strength after heating to certain
temperatures. Based on this, it is safe to believe that
for the studied steel after hardening, the effect from
reducing the tetragonality degree of the ferrite
crystalline lattice (martensitic crystal) during low-
temperature tempering can be to some extent
compensated by the increasing role of quenching
aging processes [2, 10]. However, already after
heating of hardened steel, starting from 300°C, the
monotonous nature of the decrease in strength
characteristics indicates
a definite excess of softening effect over hardening
(Fig. 1, a). A qualitatively different nature of the
dependence on tempering temperature is observed
for the value of the phase distortions (Fig. 1, b).
A comparative analysis of the absolute values of
these characteristics, depending on the structural
state of the metal, showed that as a result of
tempering at 400°C, the H, reduction reaches

about 40-43%, and for A% up to 20% of

relatively hardened state. After tempering at 500°C,
the values of the corresponding characteristics are
58 and 30%, respectively. Thus, the observed
differences in the nature of changes of H  and A%

at tempering up to 400°C (Fig. 1) can be associated
only with different sensitivity to sub-structural
changes during tempering of the hardened steel. It is
hoped that the analysis of the microstructure of
hardened steel after tempering at 400°C made it
possible to explain the nature of change of A% :
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Fig. 1. Influence of tempering temperature
on micro hardness («) and micro distortions
(b) of the hardened steel

The microstructure presented in Fig. 2, a
corresponds to the hardened state, and in Fig. 2, b
to the state after tempering at
a temperature of 400°C. The detected sections of
the lath martensite with a high dislocation density
(Fig. 2, a) indicate the development of austenite
transformation according to a shear mechanism.
The laths width is generally up to 1 micron.

At sufficiently careful study, in separate
martensitic crystals, simultaneously with thin twins
(designation 1), stroked randomly oriented
cementite emissions of high dispersity (designation
2) were found, Fig. 2, a. Analysis of the results [2,
8] indicates that the emergence of the observed
emissions of the carbide phase is in fact caused by
the development of the decomposition processes of
martensitic crystals, which are formed at
a relatively high transformation temperature.
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Fig. 2. Microstructure of steel after hardening
(@) and tempering at 400°C (b)

As compared to H o the absence of the

decrease A% indicates the complex change in the

ratio in the development of the softening and
hardening processes of the metal. In the first
approximation, the hardening effect is provided by
the simultaneous influence of the formation of
additional interfaces in the ferrite (sub-boundaries)
and dispersion hardening from the emitted carbide
particles (Fig. 2, b). Considering the influence of
cementite particles on the hardening effect
separately, it should be noted that in addition to the
carbide particles formed during steel hardening,
the influence from the emitted particles even when
tempering of the hardened steel is added. As

follows from the works [6, 8], simultaneously with
the emission of the dispersed particles during
tempering, the processes of spheroidization and
coalescence for the particles that are formed during
martensitic transformation receive a certain
acceleration. Thus, the expected total hardening
effect from the dispersed particles of cementite,
which are formed as a result of tempering, will in
fact be somewhat reduced. However, in fact, based
on a comparative analysis of the microstructure
(Fig. 2), no evidence of the existence of carbide
particles with markedly increased sizes was found.
At a sufficiently careful study of the structure, the
particles of cementite located at the sub-boundaries
(formed during tempering) and in the internal
volumes of the former martensitic crystals
(hardening precipitation) (Fig. 2, b, designation 1)
have almost identical diameters. On the basis of
the known results of the study, the permanence of
particle sizes is explained by the cyclical nature of
the change in the stages of particles growth, when
they are located at the grain boundaries due to the
dissolving particles located inside of the grain.
Thus, despite the fact that at heating temperatures

up to 400° C, the process of carbon atoms emission
from the tetragonal insertion positions is almost
completed, as evidenced by the decrease in the
blurring of reflections in  microdiffraction
photographs and the broadening of x-ray
interferences [2, 6]. The insufficient acceleration of
cementite coalescence is one of the reasons for a
certain decrease in the rate of steel softening. The
presence of unessential anomaly on the
monotonous course of the curve H , (Fig. 1, a)

confirms these positions.

With a further increase in tempering
temperature, the sub-structural changes observed at
400°C receive additional acceleration. As follows
from the microstructure analysis (Fig. 3), the
heating to 500°C is already sufficient for the
beginning of the formation of the sections with
almost equiaxial subgrains in the hardened steel.
(Fig. 3, a, designation 1). At the same time, there
are volumes in the metal in which the formation of
sub-boundaries is just beginning (Fig. 3, a,
designation 2).
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Fig. 3. Microstructure of steel after hardening
and tempering at 500°C

Based on this, the differences in the conditions
for the beginning of spheroidization and
coalescence processes of cementite particles in the
metal microvolumes are one of the reasons for the
formation of a certain sub-structural heterogeneity.
In microvolumes in which a significant amount of
finely dispersed carbide particles have been
preserved, the polygonization processes are
significantly inhibited, as evidenced by the
increased dislocation density (Fig. 3, a, designation
3). In contrast, in the sections with more intensive
polygonization development, the dislocations
redistribution leads to the improvement of sub-
boundaries, the purification of the internal volumes
of fragmented martensitic crystals from unbound
dislocations (Fig. 3, b, designation 4). Considering

that the additional formation of sub-boundaries and
the emission of cementite particles by the nature of
their influence are related to hardening, these
phenomena should slow down the development of
softening processes with increasing the tempering
temperature. From the analysis of the results, it
follows that the cumulative effect of softening
during tempering of hardened steel from the solid
solution decomposition, reducing the dislocation
density and the coalescence of carbide particles
exceeds the hardening from the interaction of
dislocations with carbon atoms, the formation of
additional sub-boundaries and the hardening from
cementite particles of various dispersity.

Originality and practical value

During the research it was for the first time
established that for the tempering temperatures of
300-400°C, the absence of phase distortions
change indicates the emergence of additional factor
in the metal hardening from the formation of sub-
boundaries and the dispersion hardening from
carbide particles.

The given explanation of the mechanism of
structural transformations in the process of
tempering in the average temperature range of the
hardened carbon steel can be used to optimize the
technology of thermal hardening of rolled
products.

Conclusions

1. During the tempering of hardened steel in the
temperature range of 300-500°C, the effect of
softening from the solid solution decomposition,
the reduction of dislocation density and the
coalescence of carbide particles exceeds hardening
from the dislocations interaction with carbon
atoms, the formation of additional sub-boundaries
and dispersion hardening from cementite particles.

2. The dependence of the value of the phase
distortion indicates the development of complex
structural changes during the tempering of 300-
400°C in hardened steel with the opposite nature of
influence on the strength properties.
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SHEMIIIHEHHAA T YAC HAT'PIBAHHSI 3ATAPTOBAHOI
CEPEJHBOBYIJVIEHEBOI CTAJII

era. 000TI HEOOXIAHO IMPOBECTH YTOYHEHHS MEXaHI3My MOM IKIIEHHS IIPW HArpiBl 3araproBaHoi Ha
M VY pob 6 y y ’

MapTEHCHT BYIJELEBOi CTalli, IO Ma€ BAXJIMBE IPAKTUYHE 3HAYEHHS, OCOOJMBO MPH PO3POOIN TEXHOJOTil
BHPOOHHMIITBA TPOKATy 3 PI3HHUM piBHeM 3MinHeHHS. Mertoamka. 3pa3Ku MmiciIs TrapTyBaHHS Ha MapTCHCUT
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Biamyckanu npu temneparypax 300-500°C. MikpocTpyKTypy AOCIIKYBaJld IiJ €JIEKTPOHHUM MiKPOCKOIIOM.
@onbru BUTOTOBISIIM MeToJaMK bojbMaHa 1 MiHIETY, B XJIOPHO-OLITOBOMY pO34YHMHI W peakTtuBi Moppica.
BuxpuBieHHs Ipyroro poAy KPHCTAIIYHOI PELIITKM BH3HAYalHW 33 METOAWKAMH PEHTT€HIBCBKOTO CTPYKTYpPHOI'O
aHaNizy 3 BHKOPHCTaHHAM auppakToMeTrpa. Hakiemanmii mmmap wMeramy [micas UOTiYBaHHS BHIAISUIIH
CJIeKTPOITHIHUM PO3YMHEHHSAM. THMYacoBHA omip pyHHYBaHHIO BH3HAYal M 3 JiarpaM PO3TATaHHS 3pa3KiB Ha
MammHi iy «[HCTpoH». MIKpOTBEpIiCTh BUMIPIOBANN 3 BUKOpUCTAaHHAM npuiany [IMT-3, 3 HaBaHTa)keHHSIM Ha
napentop 0,49 H. PesyasraTn. [Ipu HarpiBanui go temmeparypu 300 °C 3araproBaHoi cTaii eeKT mom’ aKIeHHS
OB’ SI3aHUIl 3 TEMIIOM 3HIKEHHsI HAKOIIMYEHOI B pe3yJbTaTi MapTEHCUTHOTO IEPETBOPEHHS IMUIBHOCTI Ae(eKTiB
KpuctaimiyHoi OymoBu. CymapHuWil pe3ynbrarT o0OyMOBICHHII PO3BUTKOM peKoMOiHamii Juciokamid Ta
MIOM’SIKIIICHHSIM BiJl TIOSIBH JI0IaTKOBUX YaCTHHOK LIEMEHTHUTY NPH PO3IMaji MapTEeHCUTHHUX KpucTaiiB. [lounHaroun
Bix Ttemmepatyp HarpiBy 400 °C i Buime, pO3BHTOK NPOLECIB MOJIroHi3alii y ¢epuri CyNpOBOIKYETHCS
BUHUKHCHHSM JOJaTKOBUX CYOMEX, SIKi MiJICHIIIOIOTh e(EKT 3MII[HCHHSA METaly. 3 IiJBUIICHHSIM TEMIICPaTypH
HarpiBy 3arapToBaHOi CTayi PiBeHb MIIIHOCTI BJIACTHMBOCTEH BH3HAYA€THCS NPOIPECYIOUMM IOM’ SKIICHHSIM Bij
3HIDKCHHS CTYNCHS NEePeCHYCHHS aTOMaMM BYIJICLIO TBEPAOrO PO3YMHY, T'YCTHHH INHUCJIOKAId 1 301IbLICHHS
PO3Mipy YaCTHHOK LIEMEHTHUTY HaJl e(peKTOM 3MIil[HEHHS BiJ raJJbMyBaHHsS PYXOMUX JUCIIOKALiil aTOMaMH BYTJICLIO
Ta BHHUKHCHHA NonmaTkoBux cyOmexxk. HaykoBa nHoBu3ua. [ Temmeparyp Bimmycky 300—400 °C BiacyTHicTh
3MiHH CIIOTBOPEHB JPYTOTO POAY CBIAYUTH IPO MOSBY MOJATKOBOTO (hakTOpa B 3MIITHCHHI METaly Bix GopMyBaHHS
cyOMex 1 mucriepciiHOro 3MIIHEHHS Bix KapOimHux dacTHHOK. IlpakTmuHa 3HaumMicTh. HaBeneHe mosicHEHHS
MEXaHI3My CTPYKTYPHHX [EpETBOPEHb B MpOILeci BiAMYCKY B CEpeIHbOMY IHTEpBaJi TEMIIEpaTyp 3arapTOBaHOI
BYTJIEIIEBOT CTaJIl MOYKe OYTH BUKOPUCTAHO JUIS ONTHMI3allii TEXHOJIOTI] TEpMIYHOTO 3MILHEHHS ITPOKATY.
Kiouosi croea: MIKpOCTPYKTYpa; MApTEHCHT; IIEMEHTHT; CYOMEXKi; rapTyBaHHS; TOM’ SIKIIICHHS
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PA3YIPOUYHEHUE ITPU HAT'PEBE 3AKAJIEHHOM
CPEJHEYIJIEPOJUCTOM CTAJIA

Hean. B pabore HE0OX0IMMO MPOBECTH YTOUYHEHHWE MEXAaHH3Ma Pa3yNpPOUYHEHMS NMPU HArpeBe 3aKaJeHHOH Ha
MapTEeHCHUT YIJIEPOAMCTOW CTaJld, YTO HMEET Ba)KHOE IIPAaKTHYECKOEe 3HAa4YeHWE, OCOOEHHO NpH pa3pabdoTKe
TEXHOJIOTHH IIPOM3BOJICTBA MpPOKAaTa C pa3HbIM ypoBHEM ympouHeHus. Meroamka. OOpasnbl mociie 3aKajikd Ha
MapTeHcuT ortnyckanu npu  temneparypax 300-500°C. MUKpOCTPYKTYpY HCCIENOBAIM IO/ AJIEKTPOHHBIM
MHUKpocKoroM. Pobru U3roTaBIuBaId MeTOJaMU boilbMaHa 1 MUHIIETA, B XJIOPHO-YKCYCHOM PacTBOpPE U peaKTHBE
Moppuca. MckakeHHss BTOPOrO poja KPUCTAJUIMYECKOM PEHIeTKH OMpPEeNeNsUId 10 METOIUKaM PEHTI€HOBCKOTO
CTPYKTYpPHOTO aHANIU3a, C MUCIOJIb30BaHHEM udpakToMeTpa. HaknemaHHBIN cloif MeTaula mocnie IutMQoBaHHSA
yIAJsUIU 3JIEKTPOIUTHYECKUM PacTBOpeHHeM. BpeMeHHOe COMPOTUBIICHNE Pa3pYIICHUIO ONPEAEISUI U3 AUarpaMm
pacTsokeHHs OOpa3loB TPH HCIBITAaHUSIX Ha MamuHe Ttnma «MHCTpoH». MHUKpPOTBEPIOCT H3MEPSIH
¢ ucnosszoBanueM npudopa [IMT-3, ¢ Harpy3koit Ha uHznentop 0,49 H. Pesyasrtarsl. [Ipn narpese mo 300°C
3aKaJleHHOW cTanu 3(QQEeKT pa3ynpovyHEHHs CBA3aH C TEMIIOM CHIDKEHHS HAaKOIUIEHHOW B pe3ylibTaTe
MapTEHCUTHOTO TNPEBPAICHUSI IUIOTHOCTH Je(eKTOB KpUCTAUIMYEeCKoro crpoeHus. CyMMapHbBI pe3yiabTaT
00yCJIOBIIEH pa3BUTHEM DPEKOMOMHAIMU AMCIIOKALMI M yNPOYHEHHWEM OT IOSIBJIECHUS JOIOJHHUTEIBHBIX YacTHIL
LIEMEHTHTA NPY pacliajie MapTeHCUTHBIX KprcTauioB. Haunnas ot remneparyp 400°C u BbllIe, pa3BUTHE IPOLIECCOB
TIOJIMTOHM3AIMH B (peppHUTEe COMPOBOXKIAETCS BOZHUKHOBEHHUEM JIONOJHUTENBHBIX CyOrpaHull, KOTOPbIE yCHUIINBAIOT
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MATEPIAJIO3HABCTBO

s dext ynpounenust Metaiuia. C pocToM TeMIeparyphbl HarpeBa 3aKaJeHHOW CTalli YPOBEHb IIPOYHOCTHBIX CBOMCTB
OTIpEJIETISIETCST POTPECCUPYIONIMM pasylpOYHEHHEM OT CHIDKCHMsl CTENEHHM IPECHILICHUS aTOMaMH yriiepoja
TBEpPIOTO pacTBOpa, IUIOTHOCTH IHCIOKAIMI M yBENIWYCHUS pa3Mepa 4YacTHI LEeMEHTUTa Hax 3ddexTom
YIIPOYHEHHSI OT TOPMOXKCHHUS MOABMIKHBIX NHUCIOKAIMH aTOMaMH yriepoJa W BO3HUKHOBEHHS JOIOJHHTEIBHBIX
cyorpannn. Hayunas HoBu3Ha. J[[ns Ttemmeparyp ormycka 300400 °C  oTcyTcTBHE = H3MEHEHHS
BEJIMYMHBI MCKKEHHUII BTOPOTO POJa CBUICTENILCTBYET O IOSBJICHUH JIONOJHHUTEIBHOTO (hakTOpa B YIPOUYHEHHH
Meraula 0T (OPMUpPOBaHMSA CyOrpaHHMI] ¥  IUCHEPCHOHHOTO YHPOYHEHUS OT KapOMAHBIX  YacTHIL
IIpakTuyeckass 3HaYUMOCTh. [IpHBeneHHOE OOBSCHEHHE MEXaHM3Ma CTPYKTYpPHBIX IMpEBpallleHHH B Iporecce
OTIIyCKa B CpPEeIHEM HHTEpBaje TeMIIEpaTyp 3aKaJICHHOW YIJIEpPOJUCTON CTald MOXET OBITh HCIIOJBb30BaHO IS
ONITUMU3AIMY TEXHOJIOTUU TEPMHYECKOTO YIIPOUYHEHUs IIPOKaTa.
Kniouegvie cnoea: MUKpOCTPYKTYpa; MapTEHCHUT; LIEMEHTHT; CyOrpaHUIIbl; 3aKajKa; pa3ylnpoYHeHNE
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