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FEATURES OF FORMATION
OF AUSTENITE GRAINS IN 12 % Cr HEAT-RESISTANT
FERRITIC-MARTENSITIC STEELS

M. Yu. Belomyttsev
I National University of Science and Technology “MISIS” (4 Leninskii Ave., Moscow 119049, Russian Federation)

Abstract. Ferritic-martensitic heat-resistant high-chromium steels (FMHS) with chromium content of 11 — 12 % are quenched to martensite from
temperatures of 1050 — 1100 °C. Possible undesirable consequences of heating to such high temperatures are an increase in the size of austenite grains,
increase in the amount of delta ferrite in the final structure, and a decrease in mechanical characteristics. In this work, the change of all these factors
during heating of FHMS to quenching temperatures in the range of 950 — 1250 °C was studied. Ratios of the contents of martensite (its amount was
identified with the proportion of austenite before quenching) and high-temperature delta ferrite on metallographic sections were analyzed. It was found
that behavior of structure of the studied FHMS upon heating to temperatures of 1150 °C and above depends on the steels structural class. In steels whose
structure at room temperature consists of martensite and delta ferrite, or in which delta ferrite begins to form at heating temperatures of 1200 °C and
higher, size of austenite grain decreases with increasing temperature in the range of 1200 — 1250 °C, and the amount of delta ferrite — increases. Such
structural transformations can be associated with features of the phase equilibrium diagrams of steels of this class. Such structural transformations can be
associated with a change in the position and (or) inclination of boundaries of the high-temperature region of coexistence of austenite and delta-ferrite
in the phase equilibrium diagrams of FHMS at a change in heating temperature in this range. Compression tests at 20 °C of 15Cr12Mn3SiMoW2VB
steel samples after heat treatment with heating to temperatures for hardening 1000 — 1250 °C showed that formation of an additional amount of delta
ferrite at temperatures above 1200 °C is a stronger factor than the refinement of austenite grains. This causes a decrease in yield strength of the samples
quenched from these temperatures followed by high tempering.
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3AKOHOMEPHOCTU ®OPMUPOBAHUA
AYCTEHUTHOTO 3EPHA B 12 %-HbIX XPOMMUCTbIX YXAPOMPOUYHbIX
®EPPUTHO-MAPTEHCUTHbIX CTANAX

M. 10. bes1omMmbITIIEB
| Haumonanbnblii HecaenoBaTeabeknii Texnogorndeckuii yausepeuter « MUCHC» (Poccus, 119049, Mocksa, JlernHckuit nip., 4)

Annomayus. ®eppuTHO-MapPTEHCUTHBIE XKapoIpouHble BbIcokoxpomucTele ctanu (PMXC) ¢ copepkanueM xpoma 11 — 12 % noxsepraroT 3axaike
Ha MapreHcuT ot Temneparyp 1050 — 1100 °C. Bo3MoskHbIe HexenaTe bHble MOCJISCTBHS HArPEBOB HA TAKHE BEICOKUE TEMIIEPATYPhl — yBEJIMUSHHUE
pa3MepoB ayCTEHUTHOTO 3€pHA, yBEJIIMYEHHE KOJMYECTBA JieNbTa-(eppuTa B UTOrOBOH CTPYKTYPE, CHHIKEHHE MEXaHMYECKHX XapaKTepUCTHUK.
B pabore n3y4eHo usmMeHeHue Beex 3Tux paxkropos npu Harpesax ®XMC no temmneparyp 3akainku B uHTepBaiie 950 — 1250 °C. IIposeseH aHanm3
COOTHOIIEHUS COAEPIKAHMSA MaPTEHCHUTA (€r0 KOIMYECTBO OTOXKICCTBILUIN C TOJIEH ayCTeHNUTa Hepe]] 3aKaIKol) M BBICOKOTEMIIePaTypHOTO JeIbTa-
(epputa Ha MeTamorpadudeckux nutpax. OOHapyKeHO, 4TO H3MEHEHHE CTPYKTYpbI H3ydeHHbIX DXMC npu HarpeBax Ha Temmeparypst 1150 °C
U BBIIIIC 3aBUCUT OT CTPYKTYPHOTO KJIacca cTajel. B cTaisax, KoTopble Ipi KOMHATHOM TeMIIepaType COCTOST U3 MapTEHCHUTA U JIeIbTa-(heppura, Win
B KOTOPBIX JleJIbTa-(heppuT HAYUMHAeT 00pa30BbIBATHCS MPU TeMneparypax Harpesa 1200 °C u Bblle, pa3Mep ayCTEHUTHOTO 3epHA YMEHBILAETCS C
poctom Temneparypsl B uuTepsaie 1200 — 1250 °C, a konnuecTBo aenbra-(Geppura yBennuusaercs. Takue cTpyKTypHbIe IPeBpalleHust MOI'YT ObITh
CBA3aHBI C N3MEHEHUEM TIOJI0KEHHS U (IJIM) HAKJIOHA TPAHMI] BEICOKOTEMIIEPATyPHOI 001aCTH COCYILIECTBOBAHUS ayCTCHUTA U ieabTa-heppuTa Ha
nuarpammax (azooro paBaoBecust DXMC npu n3MeHEHHH TeMIIepaTypbl HarpeBa B 3ToM nHTepBaie. Mcnbsitanus Ha cxxarue mpu 20 °C o6pasios
cramu 15X12I'3CMB2®P nocne TepMooOpaboTok ¢ 3akankoil or Temmeparyp 1000 — 1250 °C noxasanu, 9Tto oOpa3oBaHHE JONOIHUTEIBHOTO
KOIIMYECTBA JeNbra-(Geppura npu temneparypax soime 1200 °C sBisercs 6o1ee BaxXHBIM (HaKTOpoOM, 4eM U3MEIBICHNE ayCTCHUTHOTO 3¢pHa. DTO
BBI3bIBACT CHU)KEHHUE TIPEieNa TeKyuecTH 00pasIoB.
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[ InTRODUCTION

Steels containing 10 — 13 wt. % of chromium (heat-
resistant  ferritic-martensitic  high-chromium  steels
(FMHS)), depending on the alloying elements content,
can experience martensitic transformation when cooled
from high temperatures, and then have a mixed structure
consisting of martensite, bainite and high-temperature
delta-ferrite (o-ferrite) [1 — 3]. Below is the rationale for
using high heating temperatures for such steels during
heat treatments:

— high content of alloying elements which causes
an increase in critical temperatures (Asl and As3);

— formation in the structure of carbides of alloying
elements (V, Mo, W, Nb, Ta) which have high dissolu-
tion temperatures in austenite [4];

— complex chemical composition which makes FMHS
prone to the formation of highly developed chemical het-
erogeneity during crystallization, the basis of which is
liquation of alloying elements [5].

All these reasons cause an increase in the heat-
ing temperature for quenching to 1000 °C (more often
1050 — 1100 °C) [6; 7], and the homogenizing annea-
ling temperature to reduce the liquation phenomena
to 1050 — 1240 °C with a dwell time up to 10 h [8; 9].
Heating to these temperatures raises concerns related
to the growth of the austenitic grain size and change
in the ratio of phase components (austenite and
o-ferrite). The possibility of the second process is illus-
trated by experimental phase equilibrium diagrams [10].
According to these diagrams, the relationship between
austenite (which transforms into martensite upon cool-
ing) and d-ferrite can change at the specified tempera-
tures due to transition of the alloy from phase region y
to phase region y + 3, as well as due to change in the posi-
tion of the boundary of regions y <> y + 6 upon tempera-
ture change.

All the works describing the effect of high heat-
ing temperatures during homogenization on changes
in the FMHS structure pay more attention to the amount
of d-ferrite which impairs certain mechanical and pro-
cess characteristics of these steels [10 — 12]. The funda-
mental work [10] shows the possibility of non-monotonic
(with minimum at some time of homogenization annea-
ling) change of the &-ferrite content in 1Cr16Ni4B steel.
In [7] it is noted that final heat treatment performed
after homogenizing annealing with heating to 1050 °C
for steel 07Cr12NiMoVB provides some average con-
tent of d-ferrite regardless of its content after homoge-

nizing annealing. However, the authors of work [6]
did not observe changes in the amount of dferrite
in 10Cr9Co3W2MoVBR, 02Cr9Co3W2MoVBR, or
005Z9C0o3W2MoVBR steels at homogenizing tempera-
tures of 1000 — 1200 °C. The researchers [8] noted only
reduction in the amount of dferrite upon heating of steel
10Cr11W3Co2VBTaNdP (SAVE12) to 1050 — 1100 °C
with a weld time for up to 20 h. Studies [13 — 15] paid
practically no attention to the size of d-ferrite grains
and austenite grains formed. The results obtained
in [16] for steel R92 are presented in the same way.
The growth or constancy [7] of d-ferrite grain sizes for
07Cr12NiMoVB steel in the homogenizing tem-
perature range of 1150 — 1240 °C, the constancy [6]
or increase [6;17;18] of the austenite grain size
in 10Cr9Co3W2MoVBR, 02Cr9Co3W2MoVBR, and
005Cr9Co3W2MoVBR (at 1000 - 1200 °C) [6] and
in steel 27Cr16Mo2W2V at 900 — 1150 °C [18] are noted
as accompanying the homogenizing annealing. In gene-
ral, there is no uniform structure behavior for all FMHS
in the analyzed temperature range.

The purpose of this work is to study the effect
of the heating temperature in the austenite + o-ferrite phase
region on the austenite grain size, grain size (regions)
of d-ferrite and the yield strength of experimental FMHS
with different “initial” ratios of structural components:
martensite — d-ferrite.

[l RESEARCH METHODOLOGY

Studies were carried out on five steels of experimental
composition, smelted in a vacuum induction furnace, and
steel 40Cr12 of commercial smelting.

The steels presented in the work were selected accord-
ing to their o-ferrite content. They illustrate the “extreme
points” in terms of the J-ferrite content (0 and 100 %)
(Table 1, steels 1 and 5), with the minimum (~0 — 1.5 %)
content of d-ferrite (Table 1, steel 2), the most frequently
obtained values in steels with optimum mechanical prop-
erties (Table 1, steel 3), and steel with high (40 %) content
of 6-ferrite (Table 1, steel 4).

Experimental steel ingots weighing 3 kg were hot
forged into square bars with a side of ~14 mm. Steel
40Cr12 was used as a round bar with a diameter of 40 mm.
The chemical composition of all steels was determined
by the mass spectrometric method and is given in Table 1.

The structure and mechanical properties of steels
are largely determined by the ratio of alloying elements
that help to stabilize either austenite (y-stabilizers) or fer-

169


https://fermet.misis.ru/index.php/jour/search/?subject=жаропрочные стали
https://fermet.misis.ru/index.php/jour/search/?subject=мартенсит
https://fermet.misis.ru/index.php/jour/search/?subject=дельта-феррит
https://fermet.misis.ru/index.php/jour/search/?subject=термическая обработка
https://fermet.misis.ru/index.php/jour/search/?subject=предел текучести
https://fermet.misis.ru/index.php/jour/search/?subject=уравнение Петча-Холла
https://doi.org/10.17073/0368-0797-2023-2-168-176

N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2023;66(2):168-176.
Beaombimyes M.I0. 3akoHOMepHOCTH GOPMHUPOBAHUS ayCTEHUTHOTO 3epHa B 12 %-HbIX XPOMUCTBIX XKapONPOYHbIX pepPUTHO-MAaPTEHCUTHDIX ...

170

Table 1

Chemical composition and some indicators of the studied steels

1 COCTAaB U HEKOTOPbIEC XaPAKTCPUCTUKH UCCJICTOBAHHBIX craJeii

Tabnuya 1. XMMHYECKH

Content of
o-ferrite, vol. %

1100

1250*

1,5
9,8

65
100

2,8

40
100

Values of critical
points, °C

Mn

323
250
240
220

As3

870
880
965

1010

Asl

810
760
780
900

Values of chromium-nickel
equivalents

Ni-equivalent

9,1
4,29
4,78
2,92
5,07

Cr-equivalent

9,82
10,86
11,97
11,98
15,21

Content of alloying elements, wt. %

B

0,004

0,006

0,004

0,004

Ta

0,1

Nb

0,35
0,34

0,30
0,17
0,12
0,31

0,06
1,42

2,10

Mo

0,11

0,56
1,70
1,60

Mn

0,51
1,98
2,80

1,33

Si
0,23
0,48
0,50
0,21
0,55

Ni

0,24
0,28
0,11
0,20
0,13

Cr

12,1

11,7

12,2

11,8

12,3

0,38
0,13
0,15

0,11

0,14

Steel

1**

Indication of quenching temperature, °C

*

This steel has an additional copper content of 0.1 wt. %

sk

rite (o-stabilizers). The Cr- and Ni-equivalents accord-
ing to Schaeffler [1] are commonly used as generalized
parameters to describe this property. The formulas used
for their calculations can vary (variants of such formu-
las by Schaeffler, Schneider, Biduli, Potak, Raghavan,
Yufarov, etc. are known). Each author chooses the model
which gives the best coincidence of the predicted values
of the structural composition with that observed. In this
paper, we used our own version of such formulas found
experimentally. In the following formulas used to deter-
mine the equivalents, concentrations of alloying ele-
ments designated by their chemical symbols are taken
in weight percentages. The calculated Cr- and Ni-equi-
valents are given in Table 1. The parameter “generalized
Cr-Ni-equivalent = (Cr-equivalent) — (Ni-equivalent)”
uses the sigmoidal dependence to describe the amount
of d-ferrite in the steels used in the investigations, which
also includes data on all the steels studied (more than 70)
(Fig. 1). The values of generalized equivalents together
with the values of critical points As1, As3, Mn are shown
in Table 1.

Cr-equivalent = 0.75Cr + 4.13A1 + 3.75V +
+1.5Si+ 1.3INb + 1.13Mo + 1.88Ti + 0.56W +
+0.38Ta + 0.75Zr + 1.5Ce,Y + 1.157;

Ni-equivalent = 0.75Ni +22.5C + 18.78N +
+0.75Co + 0.38Mn + 0.23Cu — 0.593.

Heat treatment of the samples in all cases was carried
out in an argon environment. The samples in the ampoule
filled with inert gas were placed in a preheated furnace.
After holding for 15 min they were quenched in oil.

The typical heat treatment for ferritic-martensitic steels
of the class studied and used for obtaining the required

100
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Cr-Ni-equivalent

Fig. 1. Relationship between generalized Cr-Ni-equivalent
and amount of d-ferrite in experimental steels (the steels described
in the article are highlighted in circles)

Puc. 1. Casp 0600mennoro Cr-Ni-2KBUBaJIeHTa U KOJTUYECTBA
S-eppuTa B IKCHEPUMEHTAIBHBIX CTANISX (OMUCHIBAEMBIC B JAHHOW
paboTe CTalu BhIICICHBI KPYKKaMH)
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set of operational properties, is quenching at temperatures
of 1050 — 1120 °C with tempering at 650 — 780 °C [19].
The normalization of ferritic-martensitic steel samples
is carried out in order to determine their structural class
(according to the Gaultier method) from the same tem-
peratures of 1050 — 1200 °C. In the present study quench-
ing from 1100 °C followed by tempering at 720 °C for
2 h was used to produce the same initial state for all sam-
ples. It was in this condition that the content of d-ferrite
in steels was determined. The data is presented in Fig. 1
and in Table 1 in the column corresponding to a quench-
ing temperature of 1100 °C. In order to study the effect
of quenching temperature proper on the structure of pilot
steels, the samples were reheated to 900 — 1250 °C, held
at these temperatures for 15 min and quenched in oil.
Tempering after repeated quenching was not performed
on the samples for metallographic studies.

The samples for structure studies were cubes with
sides of 6 —8 mm. A metal layer at least 0.7 mm thick
was removed from the selected plane before preparing a
thin section. The structure of the metal was determined
by glyceregia (a weak solution of hydrochloric, nitric
and picric acids in ethanol) and then analyzed using
an Axio Lab.A1 microscope. The images were saved as
electronic documents. The sizes of the austenitic grains
(identified with the sizes of martensitic regions) were
determined by the secant method. The sizes of the regions
(grains) of o-ferrite were almost always calculated from
measurements of their maximum diameters. The same
data was used to calculate the volume fraction of 5-ferrite.

In order to estimate the mechanical properties from
“cubes” with ~8 mm sides, subjected to quenching, we
made cylindrical samples with a diameter and height
of 5 — 6 mm, after which they were tempered at 720 °C for
2 h in an argon environment, followed by cooling in air.
Compression tests at 20 °C were carried out with determi-
nation of the yield strength.

[ RESEARCH AND DISCUSSION

The typical structure of FMHS after quenching with
the variable content of d-ferrite and martensite grain size
is shown in Fig. 2.

Analysis of the steel structure as a function of the heat-
ing temperature for quenching shows that for all steels
in the temperature range of 950 — 1175 °C, an expected
growth of the austenitic grain is observed. However, in all
steels with the initial ferritic-martensitic and martensitic
structure (except for steel 40Cr12), the pattern changes
with further increase in temperature and the size of the aus-
tenitic grain formed begins to decrease. At the same time,
the amount of 3-ferrite increases (Fig. 3). This behavior is
characteristic of steels 2 — 4.

This effect is observed only if d-ferrite begins to appear
in the steel at a given heating temperature (steel 2), and
its amount begins to increase sharply (steel 3, 4). For
example, in steel 2 d-ferrite is not detected by metallo-
graphic method after quenching from 1100 °C, allowing
this steel to be referred to the martensitic class. However,
this begins to be fixed at heating temperatures of 1200 °C
and above, accompanied by refinement of the austenitic
grain formed (Fig. 3, a).

In steel / (grade 40Cr12) no d-ferrite is detected after
heating to any (of the studied) temperatures. The clas-
sic uninterrupted growth of austenitic grains in this
steel occurs as the heating temperature for quenching
increases from 950 to 1250 °C (Fig. 3, b). In single-
phase steels (steel 5 with 100 % ferrite or austenitic steel
08Cr18Nil0T), a grain refinement effect with increasing
heating temperature is not observed (Fig. 3, ¢, d).

Delta-ferrite, while being a temperature-resistant
form of iron, does not undergo polymorphic transforma-
tions during heating. This contrasts to martensite, which
is the main structural component of FMHS at room tem-
perature. In this respect, d-ferrite could be the phase
that serves as a “mechanical” obstacle to the growth
of austenitic grains. However, comparison of the distance
between the volumes of o-ferrite (“inter-ferrite distance”)
and the size of the resulting austenitic grain (Fig. 4) does
not support this assumption (Fig. 5) (otherwise, the points
in Fig.5 would be located along a solid line drawn
at an angle of 45° to the coordinate axes).

The described sequence of change in the austenitic
grain size in steels 2 — 4 and the characteristics of §-ferrite
as a function of quenching temperature does not depend
on the initial state of the BCC-phase prior to heating
(quenched martensite or isothermal transformation fer-
rite). Thus, a completely ferrite structure (a mixture of o
and o-ferrite) with some amount (~0.3 %) of primary car-
bides precipitated at the first stage of isothermal decom-
position of supercooled austenite was formed in steel 3
by means of isothermal quenching at 650 — 680 °C and a
dwell time of 350 — 500 h. Subsequent experiments car-
ried out on steel with this structure give a similar depen-
dence of the austenitic grain size on temperature, as
in the case of steel with the original martensite + d-ferrite
structure (Fig. 3, a).

The unusual dependence of the structure on the heat-
ing temperature raised the question of the reversibility
of the observed changes. For the study, two-stage experi-
ments were carried out with heating to a high-temperature
region of steel 3:

— first heating to 1200 — 1250 °C, to form a condition-
ally large amount of §-ferrite (~9 %);

— second heating to typical quenching temperatures
of 1080 —1110°C, at which the amount of &-ferrite
in steels is much less (~3 %).
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Fig. 2. Structures of FMHS after heat treatment:
a, b —steel 1 (martensite); ¢, d — steel 2 (after quenching from 1100 °C — martensite; after quenching from 1250 °C — martensite + 5-ferrite —
indicated by arrows); e, f— steel 3 (martensite + d-ferrite — indicated by arrows); g, i — steel 4 (5-ferrite + martensite — indicated by arrows);
a, ¢, e, g — quenching from 1100 °C; b, d, f, h — quenching from 1250 °C

Puc. 2. Crpyxrypst DMXC nocie TepMuueckoil 00paboTKH:
a, b—cranp | (MmapreHcur); ¢, d — crans 2 (nocne 3akanku ot 1100 °C — mapreHcut, nocie 3akainku ot 1250 °C — mapreHcut + o-hepput — ykazaH
CTpEJIKAMH); e, f— CTallb 3 (MapTeHCHT + d-(heppUT — yKa3aH CTPENIKaMH); g, i — ctainb 4 (3-pepput + MapTEeHCUT — yKa3aH CTPEIKaMuU);
a, c, e, g —3akanka ot 1100 °C; b, d, f, h — 3axanka ot 1250 °C

The results of such experiments showed that repeated
heating to the region, where the d-ferrite content is
expected to be small (with a dwell time in this region up
to 3 h), does not lead to the recovery of both contents
and sizes of o-ferrite “regions” to the values typical for
“low” temperature (Table 2): 6 — 8 % of d-ferrite is still
observed in steel. However, the characteristics of mar-
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tensite regions (originally, at high temperature, they cor-
responded to austenite regions) tend towards their initial
values after repeated quenching from lower tempera-
tures. As in the case of single-phase quenching, the sizes
of martensitic regions (martensite grains) after two-stage
quenching correlate poorly with the distance between
d-ferrite regions.
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Fig. 3. Dependence of grain size of austenite in steels on heating temperature:
a — steel 3 (1, 2 — with the initial structure d-ferrite + martensite and d-ferrite + a-ferrite, respectively);
b — steel I; ¢ — ferrite grains in steel 5; d — 08Kh18N10T

Puc. 3. 3aBUCHMOCTH pa3Mepa 3epHa ayCTCHHTA OT TEMIICPaTyphl HarpeBa B CTAIAX:
a—crainb 3 (1, 2 — ¢ UCXOAHOM CTPYKTypoii d-heppuT + MapTeHCUT U d-heppuT + a-heppuT COOTBETCTBEHHO);
b —cransb 1; ¢ —3epHa deppura B cranu 5; d — 08X18H10T
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Fig. 4. Dimensions (d;,. ), pm (/) and number (V/.), vol. % (2)

of “regions” of 8-ferrite in steel 3

Puc. 4. Pazmepsi (dd]epp), MKM (/) ¥ KOJIMYECTBO (Vf), % (00.) (2)
«obmacreii» d-epputa B cramu 3

The observations describing changes in the amount
of o-ferrite with increasing heating temperature
in the region of temperatures above 1080 °C may reflect
the features of “movement” of a point corresponding
to the chemical compositions of steels in phase state
diagrams. Fig. 6 shows variants of phase diagrams for
steels with 12 —-16 % Cr of the Fe—12 % Cr—C and
Fe—16 % Cr—2 % Ni— C systems [9 — 10]. The experi-

I[aust’ “m
]
@ e )
40 -
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[}
[}
30 ®
[}
®/e
@
® [}
® e
! I
20 30 40 A, pm

Fig. 5. Relationship between grain sizes of austenite (D, )
and distance between the volumes of d-ferrite (A)

Puc. 5. B3auMHOe cOOTBETCTBUE pa3MepoB 3epHa aycteHuTa (/]
U PacCTOSHUA MEXIy o0beMaMul d-peppura (A)

aycT)

mental phase diagrams built for steels with a more entan-
gled alloying complex, such as in modern FMHS, have not
been found, and the diagrams built by phase region syn-
thesis programs of TermoCalc type do not appear to be
sufficiently reliable. In the diagrams presented, the dull
vertical line marks the region with the carbon content
characteristic of the studied FMHS. Two conclusions fol-
low from the diagrams presented:
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Table 2

Characteristics of ferrite and martensite regions in steel 3 after double quenching

Tabnuya 2. XapakTepucTHUKHU odJiacTeii peppuTa M MAPTEHCUTA B CTAJH 3 MOCJI€ ABOHHBIX 3aKAJOK

Parameters of primary quenching
1250 °C — 15 min 1225 °C — 15 min 1100 °C — 15 min
Characteristics” Repeated quenching parameters
without rePeated 1100 °? - 1100°C — 3 h without rePeated 1100 °C — without repeated
quenching 15 min quenching 15 min quenching
% o-ferrite 9.6+3.10 5.85+0.75 8.0+ 1.00 6.2+2.40 5.9+ 1.80 2.8+0.10
d;,.., um 7.7+0.56 9.90+0.31 11.2+0.21 8.4+0.26 7.3+£0.15 5.8+0.13
d_..,um 19.6 £ 0.57 34.10 £ 0.69 42.9+0.96 21.6 £ 0.40 40.7 £ 0.60 422+1.10
Kpopps HIM 222 47.1 3255 30.1 26.6 324

“d,,is the size of 3-ferrite regions; d___ is the size of martensite regions; A, _is the distance between 3-ferrite regions

— the amount of J-ferrite may appear (if it was not
observed at lower heating temperatures) or increase
with increasing heating temperatures; this is deter-
mined by the position and slope of the line delimiting
the region of & +y with the region of existence of phase
y only;

—as the alloying of steels increases, a d + y coexistence
region is observed at increasingly lower temperatures
and expands to increasingly higher carbon contents. This
effect is evident in the experiments carried out in the pres-
ent work.

Analysis of the yield strength of steels measured
at 20 °C as a function of heating temperature shows
that an increase in the d-ferrite amount in the structure
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400 |

200 | | | | | | |

0 05 10 15 20 25 30

Carbon content, %

35 4.0

when the quenching temperature increases from 1200 °C
and higher causes a decrease in characteristic 6(2)_02 (Fig. 7).

The difference in strength characteristics is determined
by two factors:

— grain refinement should cause hardening of steels
in accordance with the Hall-Petch law [20]:

K
AG ~ —F

b
\[ ﬂdrain

where K is the Hall-Petch constant; I, . is the grain size;
y rain

— an increase in the amount of d-ferrite in the steel
structure should reduce its strength:

1800
b
1600
1400 -
1200 .
1000 | )
800 .

aty+C,
“ ¢ o0 * * * *

600 I 1 1 1 1 1
0 02 04 06 08 10 1.2 14

Carbon content, %

Fig. 6. Phase equilibrium diagrams of the systems Fe — 12 % Cr — C (a) and Fe — 16 % Cr—2 % Ni—C (b)
(C,, indicates the formation of carbides)

Puc. 6. [lnarpammer (azoBoro paBroBecus cucteMsl Fe — 12 % Cr— C (a) u Fe — 16 % Cr—2 % Ni— C (b)
(06o3Hauenue C, Ha pUCYHKAX yKa3blBaeT Ha 00pa30BaHUE KapOuIOB)
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Ao ~(1-kV}),

where k, n are constants; V., is the volume fraction of fer-
rite [20], since the yield strength of ferrite is about half
the yield strength of martensite of the same composition,
as was shown in [21].

A decrease in strength indicates that, under these
test conditions, hardening from a decreasing austen-
ite grain size is a weaker factor than strength degrada-
tion from an increase in the amount of d-ferrite. The rela-
tionship between the measured characteristics (G, Vs
H.in) 10 this temperature range (1175 — 1250 °C) can be
described by the general equation

20 _ 0,053 170,41
Go2 = 20 IV}‘ drain *

The above-described phenomena indicate
that the amount of d-ferrite, the content of which may be
a rejection feature for industrial FMHS, can be reduced
within certain limits by reducing the heating temperature
for quenching and simultaneously increasing the dwell
time at this temperature. This can be accomplished
either at the homogenizing annealing stage or at the final
heat treatment stage of quenching + tempering type.

- CONCLUSION

The size of martensitic grains in heat-resistant high-
chromium steels with a martensitic-ferritic structure does
not behave monotonously with increasing heating tem-
perature: when heated to 1200 °C and above it decreases.
In this case, the content of d-ferrite in the structure
increases.

In FMHS, 6-ferrite is formed not only in the high-
temperature region of the phase-equilibrium diagram
(in the crystallization temperature range), but also sig-
nificantly below — up to typical heating temperatures for
quenching of such steels.

An increase in the §-ferrite content in FMHS at quench-
ing temperatures of 1200 °C and above leads to a decrease
in the yield strength of such steels at 20 °C, despite
the refinement of the austenitic grain.
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