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Article history Abstract. Hypoeutectoid steel with 0,25% carbon without preliminary heat
Received: January 25, 2022 treatment was investigated. The article describes an experimental study of
Revised: April 17,2022 the hardness and coercive force of this steel during heating and subsequent
Accepted: April 22, 2022 cooling in calm air. The magnetization depth of the device used and the pene-

tration depth of the indenter when measuring hardness are significantly greater
Keywords: than the thickness of the total oxide films, therefore the measurement result
magnetic properties, coercive force, is a complex value depending on the properties of the base metal and oxides.
temper colors, cooling in calm air, The influence on the studied parameters is proved not only of the structure
temperature interval of the base metal, but also of the properties of oxide films that appear on

the steel surface in an oxygen-containing medium during heating. As a result,
hardness and coercive force do not correlate with each other at all tempera-
ture intervals of heating. It is shown that the visual assessment of tempera-
ture by temper colors is subjective, and when the temperature threshold
exceeds 500°C (for the research steel in given modes), the visually deter-
mined dependence between the temperature and the color of the sample
surface after temperature exposure disappears.
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Hcropus craTbu AnHoTanus. VccrnenoBana J03BTEKTOMAHAS CTallb C COIEPXKAHHUEM yTile-
IocTymuna B penauuto: 25 sHapst 2022 1. pona 0,25 % Oe3 npenBapurenbHOI TepMuueckoil oOpaborku. OmnucaHo
Hopaborana: 17 anpens 2022 r. SKCIIEPUMEHTAIBHOE UCCIIEI0BAaHIE TBEPIOCTH M KOIPIUTHBHON CHUJIBI IPU
Ipunsra k my6nuxanuu: 22 anpenst 2022 r. HarpeBe U MOCJIEAYIOUIEM OXJIaXICHUU Ha CIIOKOIIHOM Bo3nyxe. IiryOuna
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KiroueBble ciioBa:

MAarHUTHBIE CBOWCTBA, KOIPIIUTHBHAS
CHJja, [BETa M00EKATIOCTH, OXJIAXKICHUE
Ha CIIOKOWHOM BO3JIyX€e, TeMITePaTypPHBII
HUHTEpBaJ

HAMarHM4UBaHUs UCIOJb3YEMOro Ipubopa U riIyOrHa IPOHUKHOBEHUSI MH/IEH-
TOpa MPU U3MEPEHUN TBEPAOCTH 3HAYUTEILHO OOJBIIE TOMIMHEI CYMMapHBIX
OKCUJIHBIX IUICHOK, IIOTOMY PE3yJIbTaT M3MEPEHMs IPENCTaBIseT COoO0H
KOMIIIEKCHYIO BEJTMUMHY, 3aBHCAIILYI0 OT CBOHCTB OCHOBHOTO METAJIa M OKCH-
J0B. JIoKa3aHO BIMSHUE HA UCCIELYEMBIE TAPAMETPhI HE TOIBKO CTPYKTYPBI

OCHOBHOI'O METAJI/Ia, HO U CBOICTB OKCHIHBIX IUICHOK, BO3HUKAIOLIUX HA II0-
BEPXHOCTH CTAIlH B KHUCIIOPOJCOAepIKaIllel cpesie IpH Harpese. B pesynbrare
TBEPAOCTh U KOAPLMTHBHAS CUJIAa HE KOPPEIUPYIOT APYT ¢ APYrOM BO BCEX
TeMIEpaTypHbIX MHTepBanax HarpeBa. Iloka3aHo, 4TO BU3yallbHas OLICHKA
TEMIIEPaTypsl 10 IBETaM IT00EKATOCTH HOCHT CyOBEKTHBHBIN XapakTep
U IIpU NpeBbIIIEHUU TeMIepaTrypHoro nopora B 500 °C (aist uccnenyemoit
CTaJll Ha 331aHHBIX PEKMMaxX) BU3yallbHO OMpeJIeNsieMast 3aBHCHMOCTD MEKITY
TeMIEepaTypoll U IBETOM IOBEPXHOCTH oOpasla IOCIEe TEeMIEpaTypHOro
BO3JIEHCTBHS HCYE3aET.
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Introduction

When a temperature load is applied and subse-
quent cooling occurs in metals and alloys, two syner-
gistically affecting each other processes take place
simultaneously — a change in the structure and pro-
perties of the base metal and the appearance of oxide
films on the surface. During the oxidation, the fol-
lowing iron oxides are formed: FeO (wustite), Fe;O4
(magnetite) and Fe;Os (hematite). Oxides are ar-
ranged in layers according to the decrease in oxygen
content from the outer to the inner layer (Figure 1).
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Figure 1. Simplified scheme of oxide films
on the surface of carbon steel during heating
in an oxygen-containing environment

Wustite (FeO) has face-centered cubic (FCC)
and stable at temperatures above 570 °C. Below this
temperature, it decomposes. The largest amount
of wustiteis formed in the temperature interval
700-900 °C. Wustite is the softest and loosest layer
of the oxide film. Magnetite (FesO4) has a cubic

crystal lattice, highly abrasiveness and is insoluble
in acids. Hematite (Fe,O3) has the highest abrasive-
ness and practically does not dissolve in acids [1].
With a metal hardness according to Vickers of
140 units, the hardness of FeO is 270-350,
Fe;04 420-500, Fe,03 1030 units.

In mechanical engineering, the study of proces-
ses that occur during heating and cooling of steel,
as an alloy of iron with carbon and other elements,
is typically limited to the study and optimization of
the base metal’s structure. The composition, thick-
ness, and properties of oxide films are dealt with
either by specialists in hot rolling [2—5], where scale
(a high-temperature oxide film on the surface of
steel) is defective, or by specialists in processing
scale and restoring iron from it' [6-8].

Therefore, the purpose of this research is
to determine the effect of temperature loading on
the hardness and magnetic properties of hypoeutec-
toid steel, which depend both on the processes oc-
curring in the base metal and on the properties of
surface oxide films.

1. Methods and materials

The work is experimental. For the experiment,
cylindrical samples made of carbon steel 25 (carbon
content from 0.25-0.33%) were used. The critical
points of the researched steel are Ac; = 735 °C,

! Degai AS, Zuev MV, Zasukhin AL, Karmanov OB,
Mikurova MI, Orekhov OE, Gusev RV. Method of preparation
of oiled scale for processing. RU2279491C2. 10.07.2006.
(In Russ.)
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Acs =835 °C. To study the coercive force (Hc, A/m),
a verified and certified structuroscope (coercimeter)
KIM-2M was used. Figure 2 shows a sample and
nozzles for measuring coercive force. For hardness,
the Rockwell method B scale (HRB, dimension —
arbitrary units) was chosen, implemented in a statio-
nary hardness tester TK-14-250. The samples were
heated in a laboratory furnace with a PM-16M-V
thermostat. The experiment was carried out as fol-
lows: the samples were placed in a furnace heated
to a given temperature, held for 15 minutes, and
cooled in calm air. The temperature ranged from
200 to 1000 °C. In each sample, before heating and
after cooling, the hardness and coercive force were
measured several times along the length of the sam-
ple, and then the values were averaged. Before heat-
ing, for all samples — the average value of hardness
is 89 units of the Rockwell B scale, the average
value of the coercive force is 1023 A/m.

Figure 2. Sample and nozzles for measuring coercive force

2. Results and discussion

On Figure 3, numbers from 1 to 9 show the heating
temperatures of the samples under study, plotted on
the steel corner of the Fe—Fe;C diagram. Samples 1-6
were heated to temperatures below the critical point
Aci, sample 7 — between Ac; and Acs, samples 8
and 9 were completely austenitized during heating.
All samples, except the first, were heated above
the Curie point of cementite (210 °C). Research
the behavior of the coercive force during thermal
cycling near the Curie point of cementite (210 °C) is
the subject of works [9-13]. However, the study of
the complex influence of processes in the base metal
and in the zone of formation of oxide films on engi-
neering characteristics — hardness and magnetic pro-
perties during single heating has not been carried out.

Figures 4 and 5 are show graphical dependences
of the experimental results. Numbers 1-9 correspond
to the temperatures of the experiment in Figure 3.
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Figure 3.The steel angle of the Fe—Fe3C diagram,
with points (1-9) corresponding to experiment temperatures
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Figure 4. Dependence of the change in hardness
after heating and cooling on the heating temperature:
a — average hardness before heating; b — after heating and cooling
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Figure 5. Dependence of the change in the coercive force
after heating and cooling on the heating temperature:
a — the average value of the coercive force before heating;
b — after heating and cooling

Figure 6 shows the temper colors of the sam-
ples after heating and cooling. Sample 0 is one of
the samples at the same experimental series, not par-
ticipating in the experiment. Obviously, the visual
assessment of temperature by temper colors is sub-
jective, when the temperature threshold of 500 °C
is exceeded (in this work), the visually determined
dependence between the temperature and the color
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of the sample surface after exposure to temperature
disappears.

In this experiment, both the coercive force
and hardness were determined taking into account
the properties of the base metal and surface oxide
films. The depth of magnetization of the device
used and the depth of penetration of the indenter
when measuring hardness are significantly greater
than the thickness of the total oxide films, therefore,
the measurement result is a complex value depend-
ing on the properties of the base metal and oxides.
Description of the processes occurring in steel
during experimental studies is given in Table.

Figure 6. Temper colors of samples after heating and cooling

Description of the occurring processes in the research samples during heating and cooling

Temperature interval

Reaction of hardness and coercive force

Steel changes

Slight drop from unloaded temperature state

Residual stresses decrease in the base metal, a thin

200-300°C single-layer oxide film appears on the surface
Hardness reduction continues. Coercive force Deformed crystal lattice begins to align in the base
300-400°C decreases slightly metal; hematite predominates in the structure of sur-
face oxides (sample 3, Figure 6)
Increased hardness and coercive force There is a similarity of incomplete annealing in the struc-
400-500°C ture of the base metal, but the thickness of a particu-
larly hard layer (hematite) increases on the surface
500-600 °C Hardness drop. Avalanche-like drop in coercive  Incomplete annealing of the base metal occurs, loose
600-700 °C force due to the appearance of non-ferromagnetic ~ wustite predominates in the structure of the surface
elements in the structure of surface oxide films layers (appeared at a temperature of 570 °C)
Hardness drop. Growth of the coercive force due  The transition during heating to the GSF region of
700-800 °C to the predominance of the wustite ferromagnetic  the Fe-Fe3C diagram (Figure 2), an increase in
component in the oxide structure, the phenome-  the thickness of oxide films on the surface
non of scale detachment from the base metal
Hardness increase. Sharp drop in coercive Complete austenization of the base metal, hardening
800-900 °C force takes place in it due to a process of similar normaliza-
tion, partial removal of oxides from the surface occurs
Sharp drop in hardness and coercive force There is an overheating of the base metal, uncontrolled
900-1000 °C growth of austenite grains, self-removal of scale from
the surface (Figure 7)
Niitet \K L - P ol - v )
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Figure 7. High temperature scale on the sample surface
in the structure and properties of the base metal and
Conclusion the appearance of oxide films on the surface. Hard-

When applying a temperature load and subse-
quent cooling in carbon steel, two synergistically in-
fluencing processes occur simultaneously — a change

ness and coercive force (the most structurally sensi-
tive magnetic characteristic of a ferromagnet) are
not correlated with each other at all temperature
intervals of heating.
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It is obvious that the visual assessment of tem-
perature by temper colors is subjective, when the tem-
perature threshold of 500 °C is exceeded (for the re-
search steel in given modes); the visually determined
dependence between the temperature and the color
of the sample surface after temperature exposure
disappears. Therefore, recommendations for deter-
mining the temperature of the fire effect on metal
structures by the temper colors of steel structures
(for example, after a fire) cannot be recognized as
sufficiently reliable.
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