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Abstract. Martensitic stainless steels with 13 % Cr are widely used in many industries due to their high level of mechanical properties and acceptable
corrosion resistance. The paper consolidates information on the guaranteed level of properties and heat treatment conditions required for its
implementation. The properties after treatments proposed by researchers are compared with those known for industrial metal. The dependences
of the hardness of 13Cr type hardened steels with 0.20 — 0.50 % C on the austenitization temperature and the accompanying changes in structure
have been analyzed. The temperatures providing maximum hardening and the temperatures at which the steel ceases to harden have been revealed.
The effect of the duration of austenitization, heating and cooling rates on the properties of steels has been considered. The mechanical properties and
corrosion resistance after quenching, quenching and tempering in relation to structural-phase states of steels are considered. It is discussed in detail
how the type of secondary phases during tempering, their amount, and distribution affect the corrosion resistance of steels with 13 % Cr. It increases
with increasing heating temperature during austenitization and decreases with increasing tempering temperature due to the precipitation of Cr,,C,
carbides and depletion of the matrix in chromium to the concentrations below 12 %. The tempering temperature of 500 — 550 °C is recognized
as the worst: due to intensive precipitation of carbides the steel is not passive, and the corrosion rate is maximum. Quenching with low tempering
is recommended for 20Cr13 steels (to combine high strength, good corrosion resistance and satisfactory plasticity), or, more often, quenching with
high tempering is recommended at ~(650 — 700) °C (good plasticity, satisfactory corrosion resistance). For steels of 40Cr13 type the temperature
of ~700 °C is not recommended because of the increased concentration of carbides and insufficient corrosion resistance. Examples of increasing the
wear resistance properties of 40Cr13 steels due to surface treatments, from nitriding to laser and plasma surface quenching, are presented.
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AHHOmayus. MaprencutHble Hepkaseroue cranu ¢ 13 % Cr mMpoko UCHOJIb3YIOTCS BO MHOIHX OTPACIISIX MPOMBILIIEHHOCTH O1aroapst BBICOKOMY
YPOBHIO MEXaHHYECKHX CBOWCTB M HPHEMIIEMON KOPPO3HOHHOW cTOWKOCTH. B pabore koHconuaupoBaHa HH(pOpPMALMs O TapaHTUPOBAHHOM
YPOBHE CBOMCTB U YCIOBMSIX TEPMUUYECKOH 00pabOTKHM, HEOOXOAMMBIX I ero peanusanuu. CONOCTaBIECHbI CBOMCTBA IOCIE MPEIaraeMbiX
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UcCIenoBareNsiMu 00paboToOK ¢ U3BECTHBIMH ISl TPOMBIIIIEHHOTo MeTauia. [Ipoanann3upoBaHbl 3aBUCHMOCTH TBEPIOCTH 3aKAJICHHBIX CTaJIeH THIIA
13Cr ¢ 0,20 — 0,50 % C oT TeMmepaTypsl ayCTEHUTH3ALIHI U COITYTCTBYIOIINX H3MEHEHUH CTPYKTYpPbL. BEIABICHBI TeMIepaTypbl, 00eCIeUnBarOIIIe
MaKCUMaJIbHOE YIPOYHEHUE U TEeMIIepaTypbl, IIPU KOTOPBIX CTaJlb EPECTACT YIPOUHSTHCS. PACCMOTPEHO BIMSHUE JINTEIBHOCTH ayCTEHUTU3ALMH,
CKOpOCTell HarpeBa M OXJIAXICHHSA HAa CBOICTBAa CTalel. PaccMOTpeHBI MeXaHHYECKHE CBOWCTBA M KOPPO3HOHHAS CTOMKOCTH IOCIE 3AKAJIKH,
3aKaJKd U OTIyCKAa BO B3aUMOCBSI3U CO CTPYKTYPHO-()A30BBIMH COCTOSHMSIMU cTalyield. [1ogpoOHO paccMOTpeHo, Kak BHJ BTOPUYHBIX (a3 mpu
OTIyCKe, UX KOJIMYECTBO, PACIpesieIeHIe BIUIOT HAa KOPPO3HOHHYIO CTOHKOCTH craiei ¢ 13 % Cr. OHa IOBBINIAETCSA C POCTOM TEMIIEPATypPhI
Harpesa MpU ayCTEHUTH3ALMM M CHIKACTCS ¢ POCTOM TEMIIEPATyphl OTITyCKa BCJIEACTBHE Bblaenenus kapounos Cr,,C, n 00eIHEHUs MaTpHIIbI
XpoMoM 10 KoHueHTparmii Hike 12 %. Temmeparypa otmycka 500 — 550 °C mpusHaHa HaumXy/qUIeH: W3-3a HHTCHCHBHOTO BBIIEICHUS KapOHIOB
CTaJlb HE NTACCUBUPYETCS, CKOPOCTh KOPPO3uH MakcuMaibHa. [t craneit Tuna 20X 13 pekoMeHIyI0TCs 3aKaika ¢ HU3KMM OTITYCKOM (J1s1 cOueTaH st
BBICOKOI IPOYHOCTH, XOPOIICH KOPPO3UOHHON CTOMKOCTH M YIOBJICTBOPUTEIBHOH IUIACTHYHOCTH), MO0, Hallle, 3aKalka ¢ BBICOKHM OTITyCKOM
npu ~(650 — 700) °C (xopormiasi IIaCTUYHOCTB, YIOBJIETBOPUTEIbHAS KOPPO3HOHHAsI CTOMKOCTB). st cranei Tuna 40X 13 temmneparypa ~700 °C
HE PEeKOMCHJYeTCs H3-3a MOBBIICHHOI KOHIICHTPAIUK KapOUI0OB U HEJOCTATOYHOH KOPPO3UOHHOH CTOMKOCTH. IIpHBeneHBI IpUMeph! OBBIIICHIS
u3HOCOCTOMKOCTH cTasiet Thna 40X 13 3a cuer MoBEepXHOCTHBIX 00PabOTOK, OT A30THPOBAHUSL JI0 JIA3EPHOM U IIA3MEHHOH IIOBEPXHOCTHOH 3aKaJIKH.

Kaiouesvle ca08a: craib, XpoM, JIETHPOBAHHE, KapOHIbl, MAPTEHCHT, dyCTEHHT, 3aKaJIKa, OT)KUT, MEXaHHYECKHE CBOMCTBA, KOPPO3HOHHASI CTOUKOCTD
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[ INTRODUCTION

Medium-carbon high-strength martensitic steels with
0.20-0.40 % C and 12 — 14 % Cr are a widely demanded
constructional material, which is the most inexpensive
among corrosion-resistant steels. They are used in the man-
ufacture of loaded parts, friction pairs and metal seals, pres-
sure vessels, hydraulic units, casings for the oil and gas
industry, and steam turbine blades. Although they are not a
new material, there are many publications dedicated to them
in the scientific literature. These works are aimed at:

— modifying the surface of (20—40)Crl3 steels
to increase their strength and wear resistance properties,
studying their corrosion resistance;

— forming the structure and phase composition of simi-
lar steels, providing high strength while maintaining
the process ductility and ensuring corrosion resistance due
to variations in the chemical composition and heat treat-
ment modes.

In this review article:

— information on the structure and guaranteed level
of properties currently achievable in industrial steels with
0.20 — 0.40 % C and 12 — 14 % Cr is provided;

— the structure and mechanical properties of steels
of this type, obtained as a result of modern studies
of the effect of different variants for traditional heat treat-
ment of such steels — martensite quenching and different
types of tempering (annealing) — are considered;

— information on the results of studies of corrosion
resistance of these steels is given.

- PROPERTIES OF INDUSTRIAL STEELS
WITH £0.20-0.40 % CAND 12 -14 % Cr

When heated above 800 °C, austenite appears in steels
with 13 % Cr. The carbon concentration increase cont-

ributes to the expansion of the y-region' [1]. Dissolution
of carbide phase particles (primary carbides) occurs during
high-temperature annealing. Cooling from the austenitic
region fixes the martensitic structure in the steel. Depen-
ding on the quenching heating temperature and steel com-
position, some carbide, ferrite or residual austenite par-
ticles may be present in it. During the tempering process,
depending on the temperature and duration of the process,
there may be a return, polygonization, recrystallization,
nucleation of secondary dispersed carbides in martensite,
their growth and coagulation. In this way, it is possible
to obtain a structure consisting of tempered martensite
with carbides, or to bring the process to the decomposi-
tion of martensite into a ferrite-nitride mixture.

Table 1 provides standard grade chemical compositions
of common industrial steel grades with <0.20 — 0.40 % C
and 12 — 14 % Cr. In Russia these are steel grades 20Cr13,
30Cr13 and 40Crl3, differing in carbon content only.
According to standard GOST RF 5632-2014, they do not
contain other metallic alloying elements except chromium
(and up to 0.8 % Mn, see Table 1). Such steels are also
known to be supplied with up to 0.6 % Ni, up to 0.2 % Ti,
and up to 0.3 % Cu?. Steel AISI 420 is an analogue of all
the mentioned Crl3 grades with 0.2 — 0.4 % C, because
its carbon content is limited to the lower limit of 0.15 %,
but the upper limit is not specified?® (see Table 1).

Using reference resources” ~ %, the authors summarized
the information on industrial steels of Cr13 type (13Cr are
foreign grades):

! Phase diagram of Fe-Cr-0.2%C. Wikimedia Commons. URL: https://
upload.wikimedia.org/wikipedia/commons/thumb/3/3c/Phase diagram of
Fe-Cr-0.2%25C.svg/1024px-Phase_diagram_of Fe-Cr-0.2%25C.svg.png

2 Steel grades and alloys. Central Metal Portal. URL: https:/
metallicheckiy-portal.ru/marki_metallov

3 Standard specification for stainless steel bars and shapes. Cont-
ractors Materials Company. URL: https://cmemmi.com/wp-content/
uploads/ASTM-A276.pdf
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Table 1

Chemical composition, % (wt.), of Russian and foreign steel grades with 0.20 — 0.40 % C
and 12 — 14 % Cr (iron is the basis) according to GOST RF 5632-2014 and Contractors Materials Company 3

Tabnuya 1. Xumudeckuii cocta, % (10 Macce), pOCCHIICKHX H 3apy0esKHBIX MapOK cTaJjei
¢ 0,20 - 0,40 % C u 12 — 14 % Cr (:xese30 — ocnoBa) coriiacio 'OCT P® 5632-2014
u Contractors Materials Company?

Steel grade Standard @ N Mn Si Cr Mo | Ni S 2 Other
20Crl3 0.16-0.25| —
30Crl13 GOST 026-0.35| — <0.8 <0.8 120-14.0| - | — | <0.025 <0.030 -
r 56322014 | . . . . . . .
40Crl13 036-0.45| —
AISI 420 | ASTM A276 | 0.15min | — <1.0 <1.0 120-14.0| - | — | <0.030 <0.040 -

*In the USA these are the AISI 420 grades, in Germany — 1.4031, 1.4034, X38Cr13, X39Cr13, X40Cr13, X42Cr13, X46CM3,
X46Cr13; in Japan — SUS420J2; in France — X40Cr14, Z33C13, Z38C13M, Z40C13, Z40C14, Z44C14, Z50C14; in the European
Union — 1. 4031, 1.4034, X39Crl13, X40Cr13, X41Crl13; and in China — X40Cr14, X41Cr13KU, X46Crl13

— critical points, treatment modes and structure
(Table 2);

— impact of the tempering temperature after quenching
on their mechanical properties (Table 3);

— mechanical properties of semiproducts from these
steels, giving the idea of their guaranteed level of proper-
ties, which modern researchers try to surpass (Table 4).

Table 3 shows that high annealing (tempering)
at 700 °C causes increased ductility and impact strength,
because at this temperature martensite in steel is con-
verted to ferrite and carbides (see Table 2). The yield
strength of rods and forgings varies depending on the sec-
tion and carbon concentration from 440 to 635 MPa,
the tensile strength from 510 to 830 MPa, and the duc-
tility from 12 to 16 %. After quenching and low tem-
pering at 200 to 300 °C, these steels have high strength
and low ductility (see Table 3). Therefore, for Russian
industrial semiproducts after such treatment only hard-
ness values are given (see Table 4), and for semiproducts
made of AISI 420 steel the data of tensile tests are also
given. Table 4 shows that for semiproducts from Crl3
type steel the main type of heat treatment is quenching
from 1000 — 1050 °C and tempering, mainly high, at tem-
peratures in the range of 600 — 770 °C.

*Index of steel. Lasmet — Laboratory of Special Metallurgy. URL:
http://www.lasmet.ru/steel

5 Critical points of steel. HeatTreatment.ru — Equipment and
Technologies for Heat Treatment of Metals. URL: https://heattreatment.
ru/kriticheskie-tochki-stali

©40X13. MarkMet — Education, Profession, Business. URL:
https://markmet.ru/encyclopedia/40x13

7 Stainless steel 420 grade data sheet. Atlas Steels — Australia’s largest
supplier of stainless steel, aluminium and specialty steel products. URL:
https://atlassteels.com.au/wp-content/uploads/2021/06/Stainless-Steel-
420-Grade-Data-Sheet-28-04-21.pdf

8 8S420 grade AISI 420 stainless steel properties, heat treatment,
hardness, magnetic. The World Material. URL: https://www.theworldma-
terial.com/ss420-astm-aisi-420-stainless-steel-grade/
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- STUDIES OF THE IMPACT OF QUENCHING
AND TEMPERING (AGING) PROCESSES ON THE STRUCTURE
AND PROPERTIES OF CR13 TYPE STEELS

At the end of this section summary Table 5 is presented
with the chemical composition of all steels considered
here.

Hardness measurements are most often used to eva-
luate the mechanical properties of Crl3 type steels, since
it correlates with strength. Few tensile and impact bending
test results given in the literature are collected in separate
summary Table 6 at the end of this section.

Heating temperature for quenching

(austenitizing)

It is known that hardening during martensite quenching
of steels is caused by several factors and primarily high
dislocation density and presence of carbon in the solid
solution. The results of studies [2—5] on the effect
of austenitizing temperatures of Crl3 type steels with
0.14 — 0.45 % C before quenching on their hardness and
phase composition are presented in Figure 1. After hol-
ding at 800 °C [2] or rolling at 850 °C [4] and quench-
ing in oil, the steel has a structure consisting of ferrite
and finely dispersed Cr,,C, carbides (F + C) and is char-
acterized by minimum hardness. Increasing the heat-
ing temperature for quenching to > 850 °C causes par-
tial dissolution of carbides and fixation of martensitic
structure (M(a)) in the steel during quenching [2]. As
the austenitizing temperature increases due to the inten-
sification of carbide dissolution, the hardness of martens-
ite-quenched steel increases. This is due to a significant
increase in the degree of tetragonality (c¢/a) of the mar-
tensite crystal lattice, described by dependence [6]

cla=0.45[C] + 1.00. (1)


http://www.lasmet.ru/steel
https://heattreatment.ru/kriticheskie-tochki-stali
https://heattreatment.ru/kriticheskie-tochki-stali
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https://atlassteels.com.au/wp-content/uploads/2021/06/Stainless-Steel-420-Grade-Data-Sheet-28-04-21.pdf
https://atlassteels.com.au/wp-content/uploads/2021/06/Stainless-Steel-420-Grade-Data-Sheet-28-04-21.pdf
https://www.theworldmaterial.com/ss420-astm-aisi-420-stainless-steel-grade/
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Table 2
Process parameters and structure of steels 20Cr13, 30Cr13, 40Cr13 (according to>*5)
Ta6auya 2. TexHoIOTHYECKHE APAMETPBI U CTPYKTYpa craseii 20X13, 30X13, 40X13 (mo nanubiM %4 5)
Feature 20Crl3 30Crl3 40Cr13
Temperature of the begin-
ning of austenite formation | Ac, 810%; 82024 810%7; 820* 8002; 810%; 820*
during heating
Temperature of the beginning
of austenite transformation Ar, 7802 7102 7802
during cooling
Critical Temperature of the end of
.o~ | ferrite dissolution during Ac 900°; 95024 8602:5; 860 — 8804 8603
points, °C . 3
heating
Temperature at the beginning
of ferrite precipitation during | Ar, 66072 6607 -
cooling
Temperature of the
beginning of martensite M, 3208 24023; 2704 2403; 2704
transformation
1100 — 875 -950 °C 1100 — 850 °C

Deformation temperatures, heating and cooling
conditions

Heating to deformation is carried out slowly to a temperature of

780 °C

830 °C

After deformation, slowed cooling in sand or a furnace

Annealing after deformation

750 — 800 °C, cooling with a
furnace to 500 °C

740 — 800 °C, cooling at 25 — 50 °C/h to 600 °C

Final treatment — quenching and tempering to

the required hardness and corrosion resistance .
tempering

Quenching at 950 — 1000°C
with cooling in oil or air +

Quenching at 950 — 1050 °C with cooling in oil or air
+ tempering. Medical steel: interrupted quenching
from 1020 °C to 1040 °C, cooling in alkali at 350 °C

Microstructure after quenching
Me,.C, type
236

Martensite and carbides of

Martensite, carbides of Me,,C, type have a small
amount of residual austenite. Its amount increases
as the quenching temperature increases above
>1050 °C

Microstructure after annealing
type

Mixture of high-chromium
ferrite and carbide of Me,.C

,,Ce | Ferrite-carbide mixture

Effect of tempering temperature

With an increase of 7
>450 °C the ductility
increases, and the strength
and corrosion resistance
decrease significantly

In the tempering temperature range of 450 — 550 °C,
the secondary hardness effect related to the precipi-
tation of dispersed carbides is observed

Herewith, in Cr13 steels parameter c¢/a with increasing
carbon content increases 2.5 times more intensively than
in similar unalloyed steels [2].

The maximum values of HV 540 — 570 for 20Cr13
type steels are achieved after quenching from the temper-
atures of 1000 — 1050 °C [2 — 4]. For steel with 0.45 % C,
the maximum HV level of 696 — 710 is achieved after
quenching from 1110 — 1130 °C [5] (see Figure 1). Large-
needle martensite is noted in the samples quenched from
1000 °C [2]. When comparing the X-ray diffraction
spectra of annealed (a-Fe) and austenitized and marten-
site-quenched (M(a)) samples, expansion and shifting

of peaks are clearly visible, which is due to the stress state
of the martensitic lattice due to its saturation with car-
bon [3]. Peak shifting increases with increasing quenching
temperature, which indicates greater dissociation of chro-
mium carbides with temperature and increased saturation
of martensite with carbon.

The noticeable effect of hardness reduction after
reaching its maximum during further increase of the heat-
ing temperature over 1000 °C, recorded for 20Cr13 steel
with 0.08 % N (420U6) [4], 45Crl13 and 50Crl13 steels
during heating at 1100 °C and above [5, 7] is explained
by the following:

11
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Table 3
Mechanical properties at 20 °C of 20Cr13 and 40Cr13° and AISI 4207
steels after quenching and annealing at temperatures from 200 to 700 °C
Tabnuya 3. Mexannueckue cBoiicrsa npu 20 °C craJjeii 20X13 u 40X13° u craan AISI 4207
nocJie 3aKaJIKH M O0TKUra npu remmneparypax ot 200 go 700 °C
Steel Tempering G5 o, 3, v, KCU, J/cm? HRC
temperature, °C | MPa MPa % % (KCV,)) (HB)
Quenching: Quenching at 1050 °C, air
200 1300 1600 13 50 81 46
300 1270 1460 14 57 98 42
20Cr13 400 1330 1510 15 57 71 45
(billet with 14 mm section) 500 1300 1510 19 54 75 46
600 920 1020 14 60 71 29
700 650 780 18 64 102 20
Quenching: Quenching at 1000 °C, oil
200 1620 1840 1 2 19 52
350 1450 1710 11 22 25 50
40X13
500 1390 1680 7 9 19 51
700 500 780 35 59 71 217)
Quenching: Quenching at 980-1035 °C, oil or air”’
Annealed 345 655 25 - - (255 max)
204 1360 1600 12 - (20) (444)
316 1365 1580 14 - (19) (444)
AIST 420 (UNS S42000) 427 1420 1620 10 - # (461)
538 1095 1305 15 - # (375)
593 810 1035 18 - (22) (302)
650 680 895 20 - (42) (262)

# This steel shall not be quenched in the range from 425 to 600 °C due to induced low impact strength.

800 ,
Austenite B R ==
700 | ”,/ P e v
,”r "‘—
600 - , ol Stabilization
Dissolution
O (C) .
T , of carbides ,‘—G(_‘ of eszdyal
o 900 | Pt | "%, a austenite
§ | /.«— u | ~....~ /
S 400 | IR | e
S »".
| R |
= 00 | | . M(o) +K | M(o) FK+A
+ |
200 &°
¢ ,:,F+K I All carbides are dissolved
100 | ] ] ] ] | ] ] ] ]

800 850 900 950 1000 1050 1100 1150 1200 1250

Temperature, °C

Fig. 1. Effect of austenitization temperature’ before quenching on hardness'® and phase composition of Cr13 steels with 0.14 — 0.45 % C:
@ - steel 20Cr13 [2]; [l - steel 20Cr13 [3]; A — steel 20Cr13 + 0.008 N [4]; ¥ —steel 45Cr13 [5]; € — steel 50Cr13 [7]

Puc. 1. BiusiHue TeMIiepaTypsl ayCTeHUTH3AIMK TIEPE] 3aKakoil Ha TBepaocTh' u (hasoBelii cocTas craneii X13 ¢ 0,14 — 0,45 % C:
@ — cranb 20X13 [2]; [l - crams 20X13 [3]; A — crans 20X13 + 0,008 N [4]; ¥ — crans 45X 13 [5]; € — crans 50X13 [7]

° BblIEp)KKU TIpU Harpese, oxiaxaenue: [2, 3] — 30 Mun, 3akajika 10 3nauenns nsmepennii B enurmnax HRC u3 pador [2, 4] nepeBesiens!
B Macio; [5] — 60 ¢, oxnaxnenue co ckopocteio 2 °Ce. B 3Ha4eHUs TBeprocTr HV 1o mikarne nepecuera, IpuBeaeHHOH B padore [§].
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Table

Mechanical properties of semiproducts from 4Cr13 type steels according to the RF standards and AIST 4203 steel

Tabnuya 4. Mexanudeckue cBoiicTBa mosiy(pabpuKaros u3 craseil Tuna 4X13 mo crangapram P® u cramu AISI 4208

4

GOST Type of semiproduct, Section, | o,, G, 3., | ¥, | KCU, HB (HRC,
heat treatment mode mm MPa MPa % | % | kJ/m? max)
Mechanical properties of 20Cr13 steel
Rods. Quenching at 1000 — 1050 °C, air or
oil. Tempering at 600 — 700 °C, air or oil 60 633 830 10} 50 39 -
GOST 5949-75 | Rods. Quenching at 1000 — 1050 °C, air
or oil. Tempering at 660 — 700 °C, air, oil 60 440 650 16 | 55 78 -
or water
GOST 18907-73 Ground rods, machined to the specified 1-30 ~ Is10-780] 14 | — 3 3
strength
Hot- or cold-rolled sheets. Quenching
at 1000 — 1050 °C, air. Tempering at
GOST7330-77 1 6e0— 780 °C, air or furnace (transverse Overd | 372 309 20 - B -
specimens)
Forgings. Quenching at 1000 — 1050 °C,
GOST23054-81 air or oil. Tempering at 660 — 770 °C, air 1000 44l 588 14| 40 39 -
- i i i Up0.2 - 500 8 - - -
GOST 4986-79 Cold-rolled s(t)np. Annealing or tempering p
at 740 — 800 °C 02-20| - 500 16 | — - -
GOST 18143-72 | Heat-treated wire 1.0-6.0 — 1490-780| 14 | - - —
Mechanical properties of 30Cr13 steel
Quenching at 950 — 1020 °C, oil. Speci- 3 _ 3 3 3
GOST 5949-75 Tempering at 200 — 300 °C, air or oil mens (50)
GOST 18907-73 Ground rods machined to the specified 1-30 B 530-780 | 12 | — B 3
strength
Forgings. Quenching at 1000 — 1050 °C, Up to Surfaces
GOST 25054-81 oil. Tempering at 700 — 750 °C, air 1000 >88 735 141 40 2 235-277
GOST 18143-72 | Heat-treated wire 1.0-6.0 — 1490-830| 12 | - - —
Thin sheet, annealing or tempering at
GOST 5582-75 740 — 800 °C - - 490 15| - - -
Mechanical properties of 40Cr13 steel
Rods. Quenching at 1000 — 1050 °C, oil. Speci-
GOST 5949-75 | Quenching at 200 — 300 °C, cooling in the nlzens - - - — - (>52)
air or in oil
Rods:
GOST 18907-73 — ground, machined to the specified 130 ~ Is90—g10| 10 | - 3 3
strength;
— annealed Over 5 - - - - - 143 — 229
Thin, hot-rolled or cold-rolled sheets.
GOST 5582-75 | Annealing or tempering at 740 — 800 °C Up3.9 - 550 15| - - -
(transverse samples)
GOST 18143-72 | Heat-treated wire 1.0-6.0 - |590-810| 10 | — - -
Mechanical properties of AISI 420 steel (UNS S42000)#
Quench}ng from 1838 C in oil. B 1482 1724 g | 25 201 =52)
ASTM AISI and | Quenching at 316 °C
SAE Standards | Annealed rod - 345 655 25 | 55 - 195
Annealing, drawing - 690 760 14 | 40 - 228
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— in the structure of these steels due to the intensifi-
cation of carbides and carbonitrides dissolution the con-
centration of austenite-forming elements (carbon [5, 6],
carbon and nitrogen [4]) is achieved and increases, con-
tributing to the formation of residual austenite and increas-
ing its quantity after quenching (Fig. 1);

— growth of the austenite grain [7].

It is noteworthy that in the 20Cr13 steel, in the absence
of nitrogen in its composition, stabilization of austenite
after holding at 1050 °C did not occur [2, 3] in contrast
to the 20Cr13 steel with 0.08 % N [4] (Fig. 1). It should
be noted that in the 50Cr13 steel, which is on the modi-
fied Schaeffler—Delong diagram in the martensite-auste-
nite region near the boundary with the austenite region,
the amount of austenite after austenitization at tem-
peratures in the range of 1000 — 1200 °C and quenching
increases from 97.5 to 100 % [7].

Grain-boundary carbides not dissolved during thermal
soaking inhibit grain growth during heating. Increasing
the austenitizing temperature of the 20Cr13 steel with
0.08 % N from 950 to 1100 °C (holding during 30 min)
leads to an order decrease in carbide density from ~0.053
to ~0.004 1/um?, and their average diameter decrease
from 0.57 to 0.26 um (Fig. 2, a) [4]. Further increase
in the annealing temperature to 1150 °C no longer cont-
ributed to significant changes in the particle density and
size. Increasing the austenitizing temperature from 950
to 1000 °C did not cause the grain growth during holding
for 30 and 60 min at those temperatures, and the grain size
remained equal to 15 — 18 pum. Increasing the heating tem-
peratures above 1000 °C led to significant grain growth
(Fig. 2, b). Obviously, decrease in the carbide density and
increase in the grain size also contribute to the decrease in
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950 1000 1050 1100 1150
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hardness of this steel quenched from temperatures above
1000 °C.

Only weak grain growth from 10 to 20 pm was
observed for the 45Cr13 steel with higher carbon con-
tent [5] in the heating tempering range for quenching
of 1000 — 1120 °C; austenitization at 1170 and 1240 °C
resulted in the grain growth to 47 and 65 um respectively.
For steel X46Cr13 (1.4034) it was noted [9] that auste-
nitizing at temperatures above 1100 °C causes complete
dissolution of carbides in X46Cr13 and optimum dist-
ribution of chromium and carbon in the mixed crystal.
The elimination of the blocking effect of carbides and
the higher diffusion rate lead to significant grain enlarge-
ment. Decreasing the austenitizing temperature below
1100 °C leaves mixed chromium and iron carbides
in the structure, which reduce hardness and corrosion
resistance.

Duration of heating during austenitization

(during heating for quenching)

The effect of duration of annealing (~950 — 1200 °C,
30, 60 and 120 min) of the 20Cr13 steel with 0.08 % N
on the structure and hardness has been studied [4]. It is
shown that the longer the holding time at a given tem-
perature, the coarser the grain size, and this effect is more
significant the higher the heating temperature (Fig. 2, b).
At low temperatures (960 and 1000 °C), the holding time
had little effect and the grain growth from the 15 — 20 pm
level was practically not registered. At 1200 °C such hold-
ing led to the grain growth up to 87 — 142 um. With all
holding times, the hardness maximum was observed when
the austenitization temperature increased to 1000 °C, and
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Fig. 2. Effect of austenitization temperature of 20Cr13 steel with 0.08 % N on density (/) and average size of carbide particles (2)
during holding for 30 min (a) and martensite grain size (b) during soaking for:
3 —30 min; 4 — 60 min; 5 — 120 min [4]

Puc. 2. Bimsnue temneparypsl ayctenutuszanuu ctamm 20X13 ¢ 0,08 % N na rmuiotHocTs (/) M cpefiHuii pa3mep KapOuIHbIX yacTull (2)
npu BbLiepkke 30 MUH (@) 1 pa3mep 3epHa MapTeHcuTa (b) npu BBIIEPIKKE:
3 =30 muH; 4 — 60 mun; 5 — 120 MuH [4]
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Table 5

Chemical composition of 13Cr steels under study

Tabnuya 5. Xumudeckuii cocraB paccMoTpeHHbIX cTajeil 13Cr

Source C N Mn Si Cr Mo Ni S P Other components
[2] 0.16-0.25 - <0.800 | <0.800 | 12.00-14.00 | — |<0.600 | <0.025 | <0.0300 Cu<0.3,Ti<0.2
[3] 0.17 - 0.700 | 0.500 12.20 - - 0.030 | 0.2300 -

[4] 0.14 0.085 | 0.590 | 0.380 13.78 - 0.006 | 0.0270 -
[5] 0.45 - 0.440 | 0.320 13.00 - 0.380 | 0.016 | 0.0300 -
[9] 0.42 - 0.530 | 0.400 13.92 0.030 | 0.310 - - Cu=0.15
[10] 0.45 - 0.440 | 0.320 13.00 - 0.380 | 0.016 | 0.0300 -
0.43 - 0.600 | 0.560 13.00 - - - - -
[t 0.19 - 0.640 - 12.77 - - - - -
[12] <0.2 <0.020 | 0.500 | 0.310 12.78 <0.050| 0.130 | 0.016 | 0.0010 Nb+ \8; 111200'064’
1 0.26 —0.35 - <1.500 | <1.000 | 12.00 - 14.00 | - - <0.030 | <0.0400 Cu<0.3,Ti<0.2
[13] 0.15 - 1.160 | 1.060 12.08 0.131 | 0.952 | 0.030 | 0.0400 -
[16] 0.38 - 0.600 | 0.900 13.60 - - - - V=0.30
[17] 0.18 - 0.850 | 0.300 12.90 - - 0.002 | 0.0200 -
[18] 0.347 - 0.332 | 0.422 14.11 - - 0.030 | 0.0156 -

then it decreased with increasing temperature. The longer
the holding time in the range of 1050 — 1150 °C, the more
residual austenite was in the steel and the lower the hard-
ness was achieved during subsequent quenching. Treat-
ment at 1000 °C for 30 min was chosen as optimal, as it
provided maximum hardness while maintaining a rela-
tively fine grain size.

Thus, the maximum effective temperature of austeniti-
zation before quenching, which provides high hardness, is
1000 — 1020 °C for steel type 20Cr13 and 1100 — 1120 °C
for steel type 45Cr13.

Heating rate during austenitization

and cooling rate during quenching

When quenching carbon-containing steels, martensitic
transformation occurs in a shear manner. However, this
does not exclude the possibility of diffusive redistribution
of carbon in austenite during cooling to the temperature
of the beginning of martensitic transformation (M ) and
further in the formed martensite when cooling from M
to the room temperature [6].

The study [10] conducted on steel with 0.45 % C and
13Cr (45Crl13) showed that the temperature required
to achieve complete dissolution of Me,,C, carbides
in the austenitic phase increases with the increasing

heating rate from 0.05 to 10 K/s, changing from 1353

1'X30Cr13 — Nr. 1.4028. Rodacciai. URL: https://www.rodacciai.
com/UPLOAD/datasheets/420B_X30Cr13-Nr.1.4028-ENG.pdf

to 1448 K (1080 — 1175 °C). For a given heating rate and
holding time (60 s), the amount of carbide in the quenched
microstructure of this steel decreases with increasing tem-
perature. Carbide precipitation was found during quen-
ching from 1393 K (1120 °C) and slower cooling rates
than 20 K/s. For these cooling rates, the amount of car-
bide precipitation increased with the decreasing cooling
rate. With continuous cooling at any quenching rate from
1333 K (1060 °C) no significant carbide precipitation is
observed. After annealing at optimum temperatures, start-
ing from the cooling rate of 1 °C/s, the hardness of mar-
tensite microstructures is very close to the maximum.
The hardness obtained by quenching from their respec-
tive optimum temperatures reaches the values between
700 and 710 HV, when cooling at 1 °C/s. For X45Crl13
steel heated to 1120 °C, the percentage of the carbide area
in the final microstructure after quenching at a cooling rate
of 1 °C/s is 3.2 %, whereas when quenched from 1060 °C
at a cooling rate of more than 25 °C/s it is 6 % [10].

High-rate heating (50 °C/s) by the method of cur-
rent transmission through the specimen was carried out
on steel 20Cr13 specimens (length of 100 mm, diameter
of 10 mm), after which they were quenched in oil [2].
The obtained properties were compared with the results
of metal heated in the furnace and similarly quenched
metal. The maximum value of the tensile strength
of 1530 MPa when heated in the furnace was achieved
after quenching from 950 °C, and the relative elongation
did not exceed 4.7 %. During high-rate heating the same
strength was obtained after quenching from a temperature
0f 1020 °C, and the relative elongation in this case did not
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exceed 6.5 %. After a series of experiments in [2] it was
concluded that high-rate heating leads to a shift of harde-
ning curves by 40 — 60 °C up the temperature scale com-
pared to the curves obtained during furnace heating.

The effect of different cooling rates (from 3 to 100 K/s)
during hot forging of X46Crl3 steel on the hardness,
strength and ductility of steel after quenching (1100 °C,
300 s) and after additional tempering (1100 °C, 300 s)
was studied [11]. This factor was shown to have no effect
on hardness: it is at a level of about 700 HV, after quen-
ching and 580 HV , after tempering. During the study
of the effect on strength and ductility, the steel sheets were
cooled to the room temperature at a rate of 3 to 140 K/s,
caused by different surface pressures in the tool and out-
side the cooling medium. No significant effect on the ten-
sile strength was found, whereas the relative tensile elon-
gation could decrease from 11 to 6 % with the increasing
cooling rate. The best properties (strength of 1800 MPa
and relative elongation of 11 %) were obtained after a low
surface pressure of 1 MPa and a cooling rate of 30 K/s.

Effect of tempering modes after quenching
from different temperatures

Tempering of quenched laboratory steels 20Cr13 [2],
AISI 420 with 0.17 % C [3] and <0.20 % C [12] causes
their hardness reduction especially significant in the tem-
perature range from 400 to 780 °C (Fig. 3, a). In the tem-
pering temperature range up to ~600 °C higher hard-
ness values are inherent in steels quenched from higher
temperatures, which have higher supersaturation of aus-
tenite with carbon during quenching (this shows a sig-
nificant difference in hardness values for the same
tempering temperature obtained in different studies).
The results of the study of properties after quenching and
tempering over the widest temperature range are given
for the X30Cr13 steel (1.4028) with a grade content
0f 0.26 — 0.35 % C and up to 1 % Si (Fig. 3, b)'\.

The annealing temperature range of 710 — 780 °C was
studied in [12] due to the fact that the 13Cr steel casings
are used in the condition after quenching and tempering
at 680 — 780 °C (API-5CT). After quenching from 975 °C,
the steel was characterized by the presence of lath mar-
tensite and hardness of 525 HV. Holding of such marten-
site for 20 min at 710, 730, 750, 770, 780 °C showed that
tempering at ~(710 — 730) °C leads to martensite enlarge-
ment. It becomes equiaxial, and in its structure there are
Cr,,C, carbides in the form of spheres/rods and needle
Cr,C, carbides (~100 nm). Tempering at 770 °C causes
dissolution of Cr7C3 carbides and enlargement of spheri-
cal Cr,,C, carbides, and recrystallization occurs. Hardness
at such high tempering decreases (Fig. 3, a).

Hardness of the X30Crl3 steel weakly decreases
in the temperature range up to 300 °C, then a pla-
teau is observed up to 500 °C, after which, in the range

of 500 — 600 °C, there is a sharp decrease in hardness
(Fig. 3, b). The strength properties change in a simi-
lar way, including the ultimate strength decreasing from
1600 to 900 MPa for anneals between 500 and 700 °C.
The ductility and impact strength change mirror-like,
and when annealed at temperatures above 500 °C they
increase significantly. The manufacturer recommends!!
the following temperatures for this steel: 900 — 1100 °C
for hot deformation, 745 — 825 °C for annealing with
cooling in the air, 950 — 1050 °C for quenching in oil or
air, and 625 — 675 °C for annealing (after quenching from
850 °C).
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Fig. 3. Effect of annealing temperature:

a — on hardness of laboratory steels of 20Cr13 type
after quenching from different temperatures [2, 3, 12]
(@—950, 975, A — 1000 and ¥ — 1050 °C);
b — on hardness, strength, ductility and impact energy
of industrial steel X30Cr13 — Nr. 1.4028 (30Kh13)!!

Puc. 3. Biusituue temneparypsl OTXKHTa:
a — Ha TBEpJIOCTb JlabopaTopHbIX craneit tuna 20X13
TocJIe 3aKaJIKH OT pa3HbIX Temmeparyp [2, 3, 12]
(@ —950, 975, A — 1000 u ¥ — 1050 °C);
b — Ha TBEpPIIOCTh, IPOYHOCTD, INIACTUYHOCTD U YHEPTHIO YIAPHOTO
paspy1enus npoMbiiuieHHol cram X30Cr13 — Nr. 1.4028 (30X13)"
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The effect of isothermal holding of steel quenched
from 975 °C at 750 °C for 5 —60 min on the carbide
formation processes was studied [12]. After isothermal
treatment for 5 min, Cr,,C, carbides were formed mainly
at the grain and lath boundaries, and Cr,C, carbides were
formed inside the laths. Further increase in the time of iso-
thermal annealing led to dissolution of Cr,C, carbides and
enlargement of Cr,,C, carbides. Accordingly, after hold-
ing for 5 and 15 min, the return processes were observed,
and after longer holding recrystallization and grain growth
processes took place. The return and recrystallization dur-
ing tempering reduce the hardness of steels up to 250 HV.
Minimum hardness at 750 °C is achieved during 15 min
holding, at which time it decreases from 550 to 275 HV.
Further heating at 750 °C (up to 60 min) does not lead
to changes in hardness. In this case, the average particle
size increases from ~45 to ~130 nm, and their density
decreases compared to the maximum one by a factor of 3.
The density of the particles is maximum after holding for
5 min; and during this time about 50 % of the total amount
of the carbide phase is precipitated for 60 min, estimated
by the “area fraction, %” parameter.

In [11] the heating temperatures for quenching
of the X20Cr13 steel varied from 950 to 1150 °C and
the tempering temperatures were 225, 375 and 525 °C.
The holding times during such treatments were 240 and
480 s. The strength of the steel in this case ranged from
1310 to 1660 MPa, and the ductility varied from 3.5
to 7.5 %. The best combination of these characteristics,
1515 MPa strength and 7.5 % elongation, was achieved
after quenching from 1050 °C (240 s) and tempering at
375 °C (420 s).

In this section only the effect of tempering on the struc-
ture and mechanical properties of steels is considered;
below, in a separate section, attention is paid to the effect
of this treatment on the corrosion resistance of steels with
13 % Cr.

Use of complex heat treatments:

repeated austenitization, double annealing,

cooldown

The effect of double annealing on the structure, hard-
ness, strength and impact strength of AISI 410 steel was
studied [13]. In the initial state the steel had a structure
consisting of ferrite and chromium-rich carbides Me,,C,
after annealing at 750 °C for 2 h followed by slow cooling
inside the furnace to a temperature of 25 °C for 20 h in
order to obtain maximum softness for molding [13, 14].
Such samples were heated in the range of 900 and
1100 °C (30 min) and quenched in oil, followed by dou-
ble annealing at temperatures between 200 and 700 °C
(steel was cooled after annealing and then annealed again
at the same temperature). The purpose of repeated anneal-
ing was to promote the transformation of residual aus-
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tenite into martensite, since, according to [15], residual
austenite is almost completely transformed as a result
of double tempering at high temperature.

It was shown [13] that chromium carbides Me,,C,
dissolve in the temperature range from 950 °C. Varying
the tempering temperature of steel samples austenitized
at 900 °C does not effectively change the microstructure
or cause hardening (Fig. 4, a), as Me,,C, carbides are not
precipitated, martensite and ferrite become softer and duc-
tility increases. The structure after this treatment is fer-
rite in a matrix of lath-tempered martensite with Me,,C,
chromium carbide particles (primary and small particles
of secondary). The highest values of hardness as well as
the yield strength and tensile strength are achieved after
quenching from higher 7, = 1050 °C and tempering at

200 °C (Fig. 4, a — ¢).

The microstructure after tempering at 200 — 650 °C
consists of ferrite islands and small spheroidal parti-
cles of secondary chromium carbide Me,,C, in a matrix
of coarse-grained lath-tempered martensite. Tempering at
t > 550 °C leads to an increase in the number of precipita-
tions along grain boundaries. A satisfactory combination
of hardness, strength and impact energy is achieved by
double tempering of steel at 200 and 450 °C after quench-
ing from 1050 °C (Fig. 4, Table 6) [22]. In general, double
tempering did not result in a significant change in mecha-
nical properties for any of the tested specimens; the micro-
structure after it still contained a significant amount
of residual austenite. During conventional austenitizing
treatment, carbide dissolution and grain size growth inten-
sified with increasing austenitizing temperature, while
double tempering treatment promoted carbide formation
with a slight increase in the grain size. For comparison,
in the 40Cr13 type steel (with 0.38 % C and 0.3 % V, i.e.,
in which the number of carbide particles must be much
larger) the precipitations in the samples after single tem-
pering at 300, 500 and 650 °C are nanosized &-Me,C
carbides, chromium-rich nanosized Me,,C, carbides and

micron or submicron Me,,C, carbides, respectively [16].

The effect of treatment with double quenching and dou-
ble annealing (710 °C + 680 °C) on the microstructure,
hardness, and mechanical properties of 13Cr hot-rolled
steel with 0.2 % C was studied [17]. Austenitizing fol-
lowed by quenching (duration of 3 h 15 min) was carried
out according to the following modes: 980 °C, quench-
ing + 1040 °C, quenching; 1040 °C, quenching + 980 °C,
quenching. Cooling during quenching and after tempering
was carried out in oil. Both in the case of single quench-
ing at 980 °C and double quenching (1040 °C + 980 °C),
there was no delta-ferrite in the tempered martensite
microstructure. After single heat treatment, the struc-
ture contained carbides along the grain boundaries,
and very fine distribution of ferrite was observed. Dur-
ing single quenching, continuous carbide chains along
the grain boundaries of the former austenite contributed
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Fig. 4. Effect of double annealing temperature on hardness (), yield strength (b), tensile strength (c),
impact strength (d) of AISI 410 steel after quenching from austenitization temperatures (7, ), °C [13]:
1-900; 2 —950; 3 —1000; 4 —1050; 5 — 1100

Puc. 4. Biiusinue Temiiepatypbl IBOWHOTO OTXKHTA Ha TBEPAOCTS (a), mpesen TekydectH (b), mpeaen IpouHocTH (¢)
U yapHyo Ba3kocThb (d) cranu AISI 410 nocne 3akajku oT Temneparyp aycrenurusauuu (7,), °C [13]:
1-900; 2—950; 3 —1000; 4 —1050; 5 — 1100

to the reduction of the impact strength, and its values did
not meet the specification requirements. When this steel
with the initial martensite microstructure obtained during
the first quench from 1040 °C was subjected to second-
ary austenitizing at 980 °C, recrystallization of the grain
structure from the defective matrix of martensitic laths
obtained during the first quench occurred. The modified
heat treatment with double quenching at 1040 °C + 980 °C
provided a finer grain size along with a higher degree
of carbon dissolution in the austenitic matrix. During
tempering, very fine carbides (having a much smaller size
compared to the single heat treatment process) formed in
small numbers at low-angle and high-angle boundaries.
This resulted in the increased strength and impact strength
after tempering, compared to single quenching from
980 °C (Table 2).

In [18] the effect of conventional heat treatment
and cryogenic treatment on the mechanical properties
of AISI 420 steel was compared. Cryogenic treatment
was carried out by a gradual decrease in temperature
to avoid the thermal shock: —20 °C, 4 h; —-70 °C, 5 h;
—196 °C, 24 h. Subsequent heating occurred in the reverse
sequence. In the initial state (annealing at 850 °C and cool-
ing with a furnace) the steel had a ferrite-carbide structure
with low mechanical properties. Quenching to martensite
from 1000 °C followed by tempering at 200 °C provided

a martensite structure with residual austenite and undis-
solved dispersed carbides, and a combination of strength
of 989 MPa with ductility of 15 %. Increasing the tem-
pering temperature to 500 °C resulted in coarsening
of Me,C, carbides and partial transformation to Me,,C,
carbides, some reduction in strength and increase in duc-
tility. Conducting a stepwise cryogenic treatment before
tempering at 500 °C increased the strength properties
to 933 MPa and the relative elongation to 40 % (Table 6)
due to the precipitation of finely dispersed carbides.
The combination of strength and plastic properties thus
obtained for this steel is a good result, but the disadvan-
tage of such treatment is the complexity of cryogenic
treatment using long periods of holding in a refrigera-
tor, dry ice and liquid nitrogen and subsequent heating
in the reverse sequence.

Suggested heat treatment options

and mechanical properties

Data on the chemical composition of 13Cr type steels
discussed above are given in Table 5. The mechanical
properties obtained by researchers for 13Cr steels when
varying both conventional quenching and tempering
modes and dual heat treatments are given in Table 6. Com-
parison of the properties of treatments No. 1 — 21 from
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Table 6 with the properties of industrial steels of the 13Cr
group (Table 3) shows that treatments No. 1 and 2 for
20Crl13 type steels and treatment No. 21 for the 40Cr13
steel achieved a higher level of strength than that speci-
fied in the known reference materials for these steels.
After treatments No. 4 and 5, the 20Cr13 type steel had
a level of strength close to that of this steel after tempering
at 700 °C in Table 3, but a higher ductility was achieved
in this case. The results of treatments No. 16 — 20 are new,
and in the reference literature there is no such data for
the 30Cr13 steel.

The publications dedicated to the study of corrosion
resistance and the possibilities to increase the wear resis-
tance of steels of the Cr13 group are considered below.

[ STUDIES OF WEAR RESISTANCE OF STEELS WITH 13 % Cr

In the Russian scientific segment, a number of pub-
lications have been found that consider the prospect
of increasing the wear resistance of 40Crl13 steel due
to surface treatments. In addition, a significant place is
given to the surface layer saturation with nitrogen during
the following treatments:

— nitrocementation [19];

—ion-plasma nitriding [20, 21], including thermal-
cycle [20];

— nitriding combined with heat treatment [22].

It is demonstrated that diffusion layers on the cutting
surfaces of 40Cr13 steel, saturated with large amounts
of carbonitrides during nitrocementation, provide high
cutting ability, self-sharpening and wear resistance [19].
Ion-plasma thermal-cycle nitriding made it possible
to obtain hardened wear-resistant surfaces, which have
a complex of specific physical, mechanical and opera-
tional properties [20]. It has been established that during
high-frequency nitriding of 40Cr13 steel in inductively
coupled plasma of the argon, hydrogen and nitrogen mix-
ture a three-layer structure is formed in the near-surface
layer. Its wear rate is the lower the higher the amplitude
of the displacement potential [21]. A study of the wear
mechanism of ion-modified nitrogen in 40Crl3 steel
subjected to various modes of pretreatment has shown
that the nitrated layer is an a-Fe matrix phase with chro-
mium nitrides CrN. In the process of friction of nitrogen-
modified 40Crl13 steel, accelerated wear of the nitrided
layer is registered as its thickness decreases to a certain
critical value. As the hardness of the substrate increases,
the critical thickness of the nitrided layer decreases from
11 -12t09—10 um [22].

The possibilities of hardening the 40Cr13 steel by
surface laser and plasma quenching have been stu-
died [23, 24]. The possibility of effective surface harde-
ning of products using laser heating is also considered.
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The influence of arising thermal stresses on the tem-
perature interval of austenitic transformation is taken
into account, and the dependences of hardness on density,
power and treatment rate are analyzed. The work showed
that high hardness is achieved when heating to a tempera-
ture of 150 — 200 K below the melting temperature [23].
The technology of plasma surface hardening of products
made of high-alloy corrosion-resistant steel 40Cr13
allows obtaining a hardened martensitic layer more than
4 mm deep on its surface [24]. The feature of the techno-
logy is the microhardness values evenly distributed over
the section, the absence of changes in the geometric shape
and structure of the 40Cr13 steel part core. In the hard-
ening zone from the solid phase a spectrum of struc-
tures is observed — from the martensitic type structure
on the boundary with the melting zone with the transition
to the martensitic type structure with carbides precipita-
tion (both in the grain body and on the grain boundaries).
In the transition zone (thermal impact zone) the structure
has the form of a ferrite-carbide mixture of sorbitic type
of different dispersion. Such a distribution of microstruc-
tures in zones is characteristic of the traditional harden-
ing of 40Cr13 steel products for maximum hardness with
preservation of corrosion resistance properties.

Complex treatment of the 40Crl13 steel consisting
of heat and mechanical treatments, high-vacuum annea-
ling and diffusion siliconizing has been proposed [25].
It provides the possibility of hardening to a depth
of 4.2 mm. Tests of fracture and wear resistance, evalua-
tion of the hardness and microgeometry of the surface
layer of samples showed that this treatment can increase
the durability of parts.

The use of the 40Cr13 steel as a coating on steel 45
to increase the wear resistance of the material is of inter-
est [26]. Gas-thermal coating of 40Cr13 wire steel was
applied to steel 45 plates by high-speed metallization.
Additionally, the coating was treated with nitrogen ions.
Ion-beam treatment increases the microhardness of coat-
ings to the values of 1000 — 1450 HV .. and their wear
resistance under friction in the I-20 lubricant medium
by 1.7 times. Based on the results obtained, the tempera-
ture mode of ion-beam nitriding with the highest tribotech-
nical properties has been selected.

- STUDIES OF CORROSION RESISTANCE
OF STEELS WITH 13 % Cr

It is known that heat treatment is an important factor
influencing the tendency of alloys to corrosion. Stainless
steels are most resistant to corrosion effects in the state
of treatment for a solid solution. Tempering in the tem-
perature range of excess phases (carbides, carbonitrides,
nitrides) reduces the resistance of steel to intergranular
and pitting corrosion. This is due to the emergence around
the carbides of zones depleted in chromium, with reduced
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corrosion resistance. The less (negative) the pitting cor-
rosion potential of an alloy, the greater its tendency
to pitting. The value of the pitting potential is a measure
of the tendency of metals to pitting.

The works [7, 9, 16, 27 — 31] are dedicated to the stu-
dies of the effect of heat treatment on corrosion resistance
of steels with 13 % Cr.

In [7] the object of the studies was steel with 13.7 % Cr
with increased carbon content (0.497 %), high-purity due
to vacuum melting. The effect of microstructure changes at
different austenitizing (7',) temperatures on various corro-
sion mechanisms was studied. Polarization scanning was
carried out in the 0.1 M NaCl + 0.1 M phosphate buffer
solution (pH = 7.5). It is demonstrated that the resistance
against general corrosion increases with increasing T,
up to 1100 °C due to dissolution of carbides and the asso-
ciated increase in the chromium content of the alloy
matrix. This also leads to better passivation and a thicker
internal passive layer rich in chromium. A further increase
in T, does not increase the chromium content and resis-
tance to general corrosion, since all carbides are dissolved.
On the other hand, with increasing T, up to 1100 °C,
the carbon content increases, which increases the inter-
nal lattice stress and leads to a more defective passive
layer, causing a decrease in the resistance to pitting. A fur-
ther increase in T, , without affecting the carbon content,
increases the grain size. The density of lattice defects
in the bulk material decreases, reducing the defectiveness
of the passive layer and increasing the resistance to pit-
ting. In contrast, the critical potential shows a contradic-
tory course, increasing up to 1100 °C and decreasing at
lower temperatures. A higher pitting potential means less
susceptibility to pitting, while a higher critical pitting
potential means slower pitting, if any. The authors of [7]
note that:

— the research can show that there is not one corrosion
resistance, but several different corrosion mechanisms,
which are influenced by different microstructure proper-
ties;

— the amount of carbon is a critical factor for the pit-
ting corrosion potential;

— alloys with a lower carbon content exhibit different
pitting behavior and, given this, the seemingly contradic-
tory results simply refer to different phenomena and are
not a contradiction.

A similar study to evaluate the effect of austenitiz-
ing temperature and cooling rate (water/air) on corrosion
resistance was also conducted on high carbon steel with
13.92 % Cr, 0.42 % C (X46Cr13 (1.4034)) under poten-
tiodynamic polarization in 0.1 M H,SO, [9]. Heating fol-
lowed by cooling in water was performed at temperatures:
850 °C (72 h), 900 °C (9 h), 950 °C (90 min), 1000 °C
(30 min), 1050, 1100, 1150 °C (15 min), and 1200 °C

(10 min). Heating followed by air cooling was performed
at 1000 °C (30 min), 1050 and 1100 °C (15 min). It was
also noted, as in [7], that austenitization at temperatures
of 1100 °C and above leads to a complete dissolution
of carbides. The optimal distribution of chromium and
carbon in the mixed crystal is ensured. The elimination
of the blocking effect of carbides and the higher diffu-
sion rate lead to significant grain enlargement. Decreas-
ing the austenitizing temperature below 1100 °C leaves
mixed chromium and iron carbides in the structure, which
reduce hardness and corrosion resistance. Temperature-
dependent diffusion processes occur during slow air
cooling. New carbides form during cooling at the grain
boundaries or in the grains themselves and locally remove
chromium from the matrix. Second, iron is precipitated
from the remaining mixed chromium and iron carbides as
solubility drops sharply with temperature. Both processes
lead to chromium depletion during air cooling, which is
localized mainly on carbides at 1100 °C and on carbides
and grain boundaries at 1000 and 1050 °C. Depletion
of the chromium content locally worsens the stability
of the passive layer, and the resistance to pitting decreases
significantly.

In works [16, 27 — 29] the effect of tempering modes
on electrochemical corrosion in aqueous NaCl solutions
of 13Cr steels with different carbon content was studied.

Experiments on the potentiodynamic polarization
in the 3.5 % aqueous NaCl solution of low carbon steel
with 0.03 % C and 12.8 % Cr (AISI 410) were performed
after quenching from the temperatures in the range from
950 to 1100 °C and quenching from 1050 °C with tempe-
ring at 300 — 700 °C [27]. The corrosion rate of AISI 410
steel decreases as the austenitizing temperature increases.
The microstructure after austenitizing and tempering is
represented by tempered martensite, residual austenite
and carbides. The lowest corrosion current density was
obtained after tempering at 300 and 400 °C, and the lowest
corrosion rate after austenitizing at 1050 °C, quenching
and tempering at 600 °C.

The effect of heat treatment on the corrosion behavior
of AISI 420 steel (12.10 % Cr, 0.23 % C) in 0.5 M NaCl
with pH = 6.26 and electrical conductivity of 49.9 mS/cm
was studied on samples in four structural states [28].
In the initial state (4), a continuously cast calibrated rod
was considered. Treatment B was annealing at 770 °C
for 20 min and cooling with a furnace. Treatment C was
1000 °C, 30 min, martensite quenching in water. Treat-
ment D was tempering at 700 °C, 60 min, cooling in air.
The order of samples by corrosion resistance value from
higher to lower was established: B> C>D > A. Sam-
ple AISI 420 (B) is the most resistant to corrosion, and
sample A4 is the most susceptible to corrosion. Sample C
also showed high polarization resistance.
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The results of studies [16,29] of steels close
in the chemical composition of the studied steels, heat
treatment modes and conclusions made are summarized
in Table 7.

The peculiarity of research [30] is that the evolution
of microstructure and corrosion behavior of martensitic
stainless steel of type 420 with increased carbon content
(13.7 % Cr, 0.46 % C, 0.47 % Si, 0.39 % Mn) was stu-
died, tempering of which after austenitizing (950 °C, 1 h,
water) was carried out not only at 550 and 700 °C, but also
at lower temperatures of 250 and 400 °C (1 h, air), and
the potentiodynamic polarization test was conducted not in
salt solution, but in the 0.1 M HCI solution at 20 °C. After
austenitization and quenching, the metal had a martensitic
structure and most of the Cr,,C, carbides dissolved. After
tempering at 250 °C some amount of Cr,,C, carbides was
found on the grain boundaries. After tempering at 400 °C
they were larger and more abundant, and after tempering
at 550 °C precipitation of CrC, Cr,C, and an even greater
number of Cr,,C, particles, also at the grain boundaries,
were found. After tempering at 700 °C only Cr,,C, car-
bides were observed, with local corrosion and nucleation
of pits near carbides. After all tempering temperatures,
pitting corrosion was observed, with the specimen tem-
pered at 250 °C having the highest corrosion resistance
and a hardness value of well above 500 HV, and after
treatment at 550 °C, general and intergranular corro-
sion was also observed. The concentration of chromium
in the solid solution after different treatments was: 200,
400 °C —>12 %, 550 °C — 10.5 %, 700 °C — =11.5 %, i.e.
after the last two treatments it was below the critical level.
Thus, in contrast to works [16, 29] (see Table 7), a dif-
ferent order of carbide occurrence during tempering can
be noted for the studied steel. The temperature of 250 °C
is specified as the best choice of tempering temperature,
which provides the highest corrosion resistance (high
kinetics Epit and low pit growth kinetics). Tempering
modes at 550 and 700 °C should be avoided because cor-
rosion resistance reduced due to a large amount of large-
size chromium carbides formed at these tempering tem-
peratures.

Since the AISI420 martensitic stainless steel is
quenched and tempered or double tempered at tempera-
tures up to 250 °C for tableware applications, corrosion
resistance was also compared for steel with 12.1 % Cr
and 0.19 % C after single and double tempering at 180 °C
(2 h, air) after austenitizing at 1050 °C (5 min, air) [31].
The potentiodynamic polarization test was performed in
aerated 3.5 % NaCl (pH = 6.0). Single tempering showed
a hardness close to air quenching and did not degrade
the pitting corrosion resistance. Double tempering did not
improve the resistance to pitting corrosion, and hardness
decreased afterwards. Only single tempering is recom-
mended.
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- CONCLUSIONS

The properties of steels with 12 —-14 % Cr and
0.2<% C=>0.4: industrial steels produced with heat
treatment according to the standards and known from
reference literature, as well as metal properties of labora-
tory melts treated by various modes of austenitizing and
tempering are considered.

In these steels initially annealed at ~800 °C with
the formation of the ferrite-carbide structure, with their
heating from 800 to 1240 °C, the dissolution of carbides
of Me,,C, type occurs, which causes the formation of aus-
tenite at 810 — 820 °C with the fixation during quenching
of the martensite-carbide structure. Depending on the con-
centration of carbon in these steels, carbide dissolution
in them ends at 950 — 1050 °C. Dissolution of carbides
is accompanied by the growth of the austenite grain
and preservation of residual austenite after quenching
in the structure. Therefore, as the austenitization tem-
perature increases, the quenched steels first show a linear
increase in martensite hardness due to carbide harden-
ing (c/a=0.45[C]+ 1.00). And then, when the maxi-
mum degree of carbide dissolution is achieved, the steels
hardness decreases with further heating, which is associ-
ated with the formation of residual austenite and growth
of the austenite grain. The maximum effective austenitiz-
ing temperature before quenching, which provides high
hardness, is 1000 — 1020 °C (HV ~550) for 20Cr13 steels
and 1100 — 1120 °C (HV 700 — 750) for 45Cr13 steels.

The grain size during austenitization is the coarser
the longer the holding time at a given temperature, and
this effect is the more significant the higher the heating
temperature. The longer the holding time in the temper-
ature range above the maximum effective austenitizing
temperature, the greater the residual austenite in the steel
and the lower the hardness after hardening.

The temperature required to achieve complete dissolu-
tion of Me,,C, carbides in the austenitic phase increases
with the increasing heating rate. High-rate heating leads
to ashift of hardening curves after quenching by 40 — 60 °C
up the temperature scale compared to the curves obtained

during furnace heating.

Quenching not in water at slower cooling rates than
20 K/s (including air) causes precipitation of some car-
bides.

Hardened steels 20Cr13 —40Cr13 are characterized
by high strength, hardness, and low ductility, especially
high-carbon steels. Tempering of hardened laboratory
steels in the range up to 400 °C causes a slight decrease in
martensite hardness and strength (a small amount of car-
bides precipitates in martensite, and it becomes unstable).
In the interval of 400 — 500 °C a slight increase in hard-
ness and strength due to the effect of dispersion harden-
ing is possible. Then, in the range of 500 — 780 °C, there
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Table

Effect of tempering at 300, 500-550 and 650 — 700 °C on corrosion resistance of steels

with 13 % Cr and 0.31 -0.38 % C

Tabnuya 7. Bausinue ormycka npu 300, 500 — 550 u 650 — 700 °C Ha KOPpPO3HOHHYIO CTOMKOCTD CTaJIeil

¢13 % Cru 0,31- 0,38 % C

7

Main provisions
of the paper

Source [29]

Source [16]

Steel

13.3%Cr, 0.31 % C, 0.04 % V, 0.48 % Cu

13%Cr, 038%C,03 %V

Quenching mode

1020 °C (30 min, quenching in oil)

1030 °C (45 min, quenching in oil)

Tempering mode

300, 550 and 700 °C (2.5 h, cooling in air)

300, 500 °C and 650 °C (2 h, cooling in air)

Type of tests

Potentiostatic polarization tests

Test medium

0.1 M NaCl solution

3.5 % NaCl aqueous solution

Precipitation in steels
during tempering

300 °C —nanosized e-Me,C carbides;
500 — 550 °C — nanosized Me,,C, carbides;
650 — 700 °C — micron or submicron Me,,C, carbides

Structure after
austenitizing

Austenitizing at 1020 — 1030 °C did not lead to the complete dissolution of carbides

Fine-lath martensite with residual austenite interlayers at

the lath boundaries, Cr,,C, carbides

Martensite and Cr,,C, carbides

The share of residual austenite decreases with tempering
temperature, and after tempering at 550 and 700 °C
residual austenite is not observed

Residual austenite is observed only after
tempering at 300 °C, and there is no residual
austenite after tempering at 500 and 650 °C

Effect of austenitizing
and tempering at 300 °C
on corrosion resistance

In the austenitized state a passive film enriched with
chromium is formed. The sample austenitized and
tempered at 300 °C shows less current transients, and no
sustained pitting corrosion is observed in the 3 h test

Pitting corrosion potential Epit of hardened
steel is higher than that of tempered steel
and decreases with increasing tempering
temperature. Relatively low-temperature
tempering (300 °C) slightly reduced
corrosion resistance compared to steel after
quenching

Corrosion after
tempering at
500 - 550 °C

Tempering reduced the pitting potential and increased
the metastable pitting. Tempering at 550 °C made the
steel highly prone to pitting. Pitting occurred at the
carbide-matrix interface due to the presence of chromium
depletion areas associated with the massive precipitation
of chromium-rich carbide. The passive film formed at
corrosion potential was enriched with iron particles. It
was less protective than the film after austenitization
and increased the corrosion current density at corrosion
potential and showed no passivity in the 0.1 M NaCl
solution above the corrosion potential

The sample after tempering at 500 °C
exhibits active corrosion behavior without
passivation. This is explained by the

precipitation of a large number of chromium-

rich nanosized Me,,C, carbides. The large
carbide/matrix interface, as pitting occurred,
prevented the formation of a protective
passive film on the steel surface due to the
small distance between the carbides

Comparison of the
corrosion behavior after
tempering at 500 — 550
and 660 — 700 °C and
final conclusion

The Epit value is higher for the sample tempered at

700 °C compared to the sample tempered at 550 °C. A
possible reason is the repeated diffusion of Cr from the
matrix into the depleted regions, which minimizes the
discontinuity of the interfacial regions. The above results
confirm the assumption that tempering of steel with 13
% Cr should be carried out at 700 °C because it also
provides resistance to pitting.

The sample 1030-650 showed better

corrosion resistance than sample 1030-500,

even though the Cr content of the matrix
was slightly lower than that of sample
1030-500. The tempering temperature for
the 13 % Cr steels should be much lower

or higher than 500 °C to avoid the massive

precipitation of nanosized Me,,C,
Steels with 13 % Cr, tempered at 300
°C, show a combination of high relative
hardness and high corrosion resistance.

C, carbides.
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is a significant decline in these characteristics (intensive
precipitation of carbides — decomposition of martensite
into ferrite and carbides — coagulation of carbides and
their partial dissolution, recrystallization). The plasticity
and impact strength increase symmetrically.

The heat treatment with double quenching at
1040 °C + 980 °C provided a finer grain size along with
a higher degree of carbon dissolution in the austenitic
matrix. During tempering (double at 710 °C + 680 °C),
very fine carbides (having a much smaller size compared
to the single heat treatment process) formed in small num-
bers at low-angle and high-angle boundaries. This resulted
in increased strength and impact strength after tempering,
compared to single quenching from 980 °C.

Corrosion resistance increases with increasing auste-
nitizing heating temperature and decreases with increas-
ing tempering temperature, at which pitting and inter-
granular corrosion are added to general corrosion, which
is associated with the precipitation of Cr,,C, carbides and
depletion of the matrix in chromium to the concentrations
below 12 %. The recommended heat treatments for 20Cr13
steels are quenching with low tempering at 200 — 300 °C
(combination of high strength, good corrosion resistance
and satisfactory plasticity), or quenching with high tem-
pering at ~700 °C (good plasticity, satisfactory corrosion
resistance). For steels of 40Crl13 type the temperature
of ~700 °C 1is not recommended. The worst tempering
temperature is 500 — 550 °C because of the maximum pre-
cipitation of ultradispersed carbides.

The possibility of ensuring increased wear resistance
of 40Cr13 steels by saturating the surface layer with nitro-
gen (nitrocementation, ion-plasma nitriding, nitriding
and heat treatment), surface laser and plasma quenching,
a combination of heat and mechanical treatments, high-
vacuum annealing and diffusion siliconizing is demon-
strated.
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