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which with a probability of 95 %, a correlation coefficient of 0.998 and an average
approximation error of 0.21 % describes the diffusion process.

As a result of the research, it was established that the dissolution of carbides in
austenite of hypereutectoid steels during heating is determined by the rate of carbon
diffusion, austenite grain sizes, time and temperature of the process.

A mathematical model of the kinetics of dissolution of carbides in austenite of
hypereutectoid steels during heating was developed, taking into account the influence
of the chemical composition and temperature of the steel on the diffusion mobility
of carbon and the size of the austenite grain. A comparison of the calculated and
experimental values of the dissolution time of cementite-type carbides in austenite
shows that there is a close correlation between them, with a probability of 95 %, a
correlation coefficient of 0.974 and a error of 4.5 %.

The materials of the article can be used by scientists for further research and
practitioners in the selection of materials for making tools.

Keywords: steel, chemical composition, temperature, diffusion, grain, austenite,
dissolution.
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3anexcnicms Kinbkocmi aycmenimy 6i0  memnepamypu. Ooepowcana, 3a 00NOMO20I0 NPOSPAMU
Origin, 3anexcnicms 3 0ocumv 6UCOKUM Koeiyichmom Odemepminosanocmi (0,99397) onucye
30LIbUEHHS KITbKOCMI aycmeHimy npu 30iIbuleHHi meMnepamypu Hazpiey cmaii 8 yCboMy IHmepeai
docniodcenux memnepamyp (6io 20 oo 800 °C). Koeghiyiecumu, wo 6xoosmo 00 yiei 3anexicnocmi
HAJICAL He MArmb YimKo20 (QIi3uuHoeo ceHcy, momy Oyia nposedeHa cnpodoa onucamu 3MmiHy
KiIbKOCMI aycmeniny 3a 00noMo2010 pigHsanHa Appeniyca. 3a 0onomozoro memooa ainiunoi pezpecii
ma suxopucmanms npoepamu Excel Oynu pospaxosani mamepianibhi Koncmanmu 3akony Appeniyca
Juuie 015t mpbox 6epxXHix mouok. byno ecmanosneno, wjo sanedxicuicmes Kinbkocmi aycmenimy (y, %
3a mac.) eapno onucyemvcsi 3akonom Appeniyca (R? = 0,98397) ¢ inmepeani memnepamyp 6io 450
00 800 °C, mooi sk 3a1uwK08a KiNbKicmb aycmeninmy 3a KIMHamuoi memnepamypu ne 8ionogioac
yiu 3anescnocmi. IlopieHanHs po3paxosanoi eenuuunu echekmusHoi enepeii akmueayii ymeopeHHs.
aycmeniny 3 ichyiouumu simepamyprumu oanumu (1500-450 k/loic/mons Ona incmpymeHmanoHux
cmanei ma 40 k/loc/mons 0ns 3aeemexmoionoi bopnoi cmani (22MnB5)) nokasano, wo éona mac
docums many eeruyuny. Manra eeruuuna po3paxosanoi egexmugnoi eumepeii akmueayii Ha Haul
noensi0 nos’s3anHa 3 mpboMa (aKmopamu, Wo 3HUNCYIOMb i1 8eIUYUHY: HAAGHICMb 3AIUUKOBO20
aycmeHimy y Cmpykmypi cmaii nicis it eapmyeamnHs, MOHKOOUCNEPCHA HEPIBHOBAICHA CIMPYKIMYPA
MapmeHcumy ma HU3bKA WEUOKICMb HASPIGAHHs 3pAsKie npu ix O0ocuiodxcenui. Bemanosneni
3aKOHOMIPHOCMI 3MIHU (DA308020 CKAAOY W00 KiIbKOCMI ayCMeHIny y 3aeapmosaniii cmaii
4X3H5M3®D npu HazpieanHi 8 00CiONCYBAHOMY IHMEPBANl MeMnepamyp 003601A10Mb GUIHAYUMU
epexmugnicmy i UKOPUCTAHHS OJisL IHCIPYMEHMY 2apsav020 WMAMNYBAHHS NPU PIHUX POOOUUX
memnepamypax.

Knwuogi cnoea: wmamnosa cmanb, aycmewnim, HacpieawHs, pieHAHHA Appeniyca,
epexmugna enepeisi akmuseayii.

33 BUCOKUX Temmeparyp ekciuyatarii (Bume 800 °C), Kouu 1mTamiosi
cTasi 3 BUCOKOIO TerwiocTiiikictio [1, 2] A7 BUTOTOBJIEHHS iHCTPYMEHTY
BUSIBJISIOTHCS HeeEKTUBHUMM, 3aCTOCOBYIOTh CTAJi 3 PEryJIbOBAaHUM ayCTEHITHUM
neperBopentsM i yac ekcrayataiii  (PAITE) [3-5]. Opepskanns rtakoi
CTaJli 3 BUKOPUCTAHHSIM TEXHOJIOTiI €eJEKTPOIILJIAKOBOTO KOKIJIbHOTO JIUTTS
JIO3BOJINJIO CYTTEBO MiaBUIUTH i1 ekcruryaTariiini BmactuBocti [6, 7]. [las
po6OTH Y Ba)KKUX TEMIIEPATYPHO-CUJIOBUX yMOBaX OyJia po3pobJieHa TeXHOJIOTis
BuroroBsenns crami 4X3HIM3D [8], pospobueni Ta onTumizoBani pexxumu ii
tepmiunoi 06po6ku [9, 10, 11] Ta mocraimkeno neski Biaactusocti [12, 13]. s
CTaJIb TAapHO 3apeKoMeH/yBasia cebe NpU MPeCyBaHHI MiHO-HiKeJIeBUX CILJIaBiB
(tuny crmaBy mapku MHJK 5-1). OGoB’s13K0B0I0 yMOBOIO eheKTUBHOI po6OTH
CTaJi € 3HAXOJKEHHA II B ayCTEHITHOMY CTaHi 3a TeMIepaTyp eKCILIyaTarlii.
Came TOMY BaKJIMBO BU3HAUUTU 3aKOHOMIPHICTb YTBOPEHHS ayCTEHITy IIpu
HarpiBi BiKe 3arapToBaHOl, TiJArOTOBJEHOI [0 eKcrayaTtallii, craJi. 3akoH
Appeniyca, po3po6yienuit /s po3paxyHKy IIBU/IKOCTI XiMiYHOI peakiiii, Terep
MIMPOKO BUKOPHMCTOBYETbCS y MaTepiafo3HaBCTBi, Ximii Ta Giosorii [14], came
TaM Jle BigOyBaloTbCS TeMIepaTypHO-iHilliiloBaHi IpoIlecu: peKpucTasisaiis,
nedopmartisa ta inmi. [eil 3akoH TakoX BUKOPUCTOBYBAJIN [IJIS1 OIIUCY PO3PAXyHKY
KiJTbKOCTi YTBOPEHOTO ayCTeHiTy Ta KiHeTmkm aycteHisarii crami SAS08 Gr.3
nig wac HarpiBanus [15]. KinbkicTs aycreniTy mpm HarpiBaHHi 6e3BYTJIEIIEBOTO
zasizo-xpomucroro ciiasy (8% Cr), a Takoxk 6e3lnepepBHOIO Ta i30TepMidHOIO
nepetBoperHsi potopuoi crami 30Cr2Ni4dMoV y mnporeci ii aycrtenitTusartii
onucyBasu MojiesssMu [>xoncona-Mena ta /[[:koHcona-Mesa-ABpaMi 3aCHOBaHUMU
Ha 3akoni Appeniyca [16, 17].
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MeTtoio po60TH € BCTAHOBJIEHHS 3aJIE?KHOCTI MiXK KiJIbKiCTIO ayCTEeHiTy y
3arapToBaHiil mMTaMIOBiil cTaJi, 1o BiAnoBijgae MapounoMmy ckiaany 4X3HSM3D
Ta TeMIlepaTypolo Npu il HarpiBaHHi [0 TeMmIilepaTyp eKcluryaraiii 3i MIBUIAKICTIO
gaKa npuOIM3HO BiJIOBiZae MBUAKOCTI HarpiBy iHcrpyMmenty (Marpuii) mepej
nmoyatkoM ii po6oTu.

BunnaBky gocuifHoi mTaMIoBOi CcTaji, 1[0 BiANOBifaJa MapOYHOMY
ckaany 4X3HSM3®, 3pilicHioBasM 3a TEXHOJIOTIEIO €JIEKTPOIILJIAKOBOTO
neperJaBy 3 KOKiJbHUM JuTTaM Ha ycraHosli ITAT PiBneHncbkoro HaykoBo-
JIOCJTITHOTO 1HCTUTYTY TEXHOJIOTiT MaIlmmHOOYyAyBaHHS. 3Ppas3Ku i JIO0CJi/PKEHb
rapryBasu Biji 1040 °C B osuBi.

s BU3HAYeHHS KiJbKOCTI 3BOPOTHOTO ayCTEeHiTy B cTaji, a came
TaKMil ayCTeHIiT YTBOPIOETbCS IIPU HarpiBaHHi MapTEHCUTY, BUKOPUCTOBYBaJU
BHUCOKOTeMIleparypHuii X-nipomenesuii gazosuit ananiz [18, 19]. Byau oxep:kani
nudpaxrorpamu 3a temreparyp 20, 500, 700, 750 ta 800 °C [20].

B pesysibrarti mpoBesenoro anasizy 6yJio MOKa3aHo, IO TPH ITi/IBUIEHH]
TeMIepaTypu 3MeHIyBajiacs KiibKictb dasu deputy i 36iabiryBanacs KiJbKicTb
aycrenity (ta6n. 1). Tak 3a KiMHATHOI TeMIepaTypH KiJbKiCThb ayCTEHITy Y
raproBaniii crayi ckmagana 2,70 %. Ilpu narpisi crami go temmneparypu 500 °C
KiJIbKicTh aycTeHiTy ckaagata 9,9 %. Harpis crani g0 temueparypu KpUTHYHOT
touku crani Acl (700 °C), nupussiB a0 306iJblIeHHS KiJbKOCTi ayCTEHITy [0
35,17 %. B inrepBani Temmeparyp dYacTKoBoi mnepekpucramizaiii Biz 750 10
800 °C xisbKicTh aycreHiTy 36iabimaack Bijg 65,61 10 96,30 %, BiAmosiaHo.

Tabnuus 1
PesynbraTtv obpaxyHky agudpakrorpam crani 4X3H5M3® ogepxxaHnx npu pisHUx
TemnepaTypax
Table 1
The results of calculating the diffractograms of 4Kh3N5M3F steel obtained at different
temperatures
Temnepartypa, °C y-Fe (aycTeHiT), mac. % a-Fe, mac. %
20 2,7 97,3
500 9,9 90,1
700 35,2 64,8
750 65,6 32,8
800 96,3 20

BianosigHo x0 nposejaennx pospaxyHkis (ta6. 1) 3ameXHiCTb KiJbKOCTI
ayCTEHITy B CTaJli Bij TeMiepaTypu HarpiBanHs B iHTepBaJi TeMmIlleparyp Bij
20 no 800 °C, masa HesiHiitHWil XapakTep OJM3bKHIi /10 €KCIOHEHIiaabHoTO. B
pe3yabTati 06poOKH eKCIIepUMEHTAIbHIX JJaHUX 3a JomoMoroio mporpamu Origin
Oysia ojiepKaHa 3ajIexKHicTh KigbKocTi aycredity (y, mac. %) Bij teMieparypu
HarpiBanHsi 3paska t, °C), sika Majia BUTJISIL:

(t—118)

¥,% = 3,155+ 0,1314€ 10a , (2)
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Opepxana sanexsictb (puc. 1) ta dopmyna (2) 3 A0CUTH BUCOKUM
koedinienrom gerepminosanocti  (0,99397) onucye 36iablieHHS  KiJbKOCTI
ayctenity y 3saraproBaniii crasi 4X4HSM3® npu 36isbliienni temneparypu il
HarpiBy B ycboMy iHTepBasi gocuimkenunx temmeparyp (Big 20 mo 800 °C), ane
Ha)KasIb He Ma€e 4iTKOro (hi3MyHOTO CEHCY.

0 y-Fe
100 - ——— anpOKCHMOBAHA KpHBa
Model ExpGrow1
Equation y =y0 + Al"exp((xx0ON
804  |piot Austenite
y0 3,15517 +5,11848
X0 116,00205 = -
At 01314 +-
e 01 |u 104,01952 £20,08315
p Reduced Chi-Sqr 3694635
[ R-Square (COD) 0,99397
= 40 Adj. R-Square 0,97588

0 200 400 600 800 1000
Texmepatypa. °C

Puc. 1. KpnBa 3anexHoCTi KinbKOCTi ayCTEHITy y 3arapToBaHili cTani Big TeMnepatypu ii Harpiy nobygoBaHa
3a gonomoroto nporpamu Origin 3 HAHECEeHMMW Ha Hel eKCrnepUMeHTanbHUMK TOYKaMM.

Fig. 1. The curve of the dependence of the amount of austenite in hardened steel on its heating temperature
is constructed using the Origin program with experimental points plotted on it.

byB npoBejiennii anaJiz MOKJIUBOCTI ONMUCY i€l 3aJ1€3KHOCTI 32 JIOMTOMOTOI0
3aKOHY AppeHiyca, sIKUil [EPBUHHO BCTAHOBJIOBAB 3aJIEKHICTh KOHCTAHTH
mBuAKocTi XiMivnoi peaxuii (k) Bix temmeparypu y rpagycax Kemabsinax (T) sa
dbopmysoio (3).
E
k=A-exp (——“) (3)

RT

e A — TepeeKCIIOHeHIiaIbHIIl MHOKHUK PeakIlii, SKuii cJabKo 3aJeKUTh Bijy
TeMIlepaTypu;

E, — enepria akrusanii, HeaminHa s gaHoi peakuii, /Ix / MOJIb;

R — yniBepcasbna raszosa crana, 8,314 /I»)x/Moab K

[TizcraBuMo 3aMicTh k KiabKicTh aycrenity raprosanoi craui (y, %) i
OJIepyKUMO HacTymHuii Bupas (4).

r.%=A4-ewp (- 52). (4)

RT
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[lnsg  mepeBipkum BUKOHaHHS 3akoHy Appeniyca OyJsio 1mo0y10BaHO
sanexuictb In(y, %) Big 3BOpoTHOI Beqmunuu Temneparypu Harpisy (puc. 2). Y
pa3i BUKOHAHHSA 3aKOHY BOHA MOBMHHA OMHUCYBATUCH TPSMOJIHINHOL (DYHKITIETO
(5). dx 6auumo, Ha rpadiky JuIIe TPU BEPXHi TOUKU YTBOPIOIOTH MPSMY JIiHIIO,
BOHU BifnosigaoTh Temmeparypam 973, 1023 ta 1073 K. YerBepra TOuKa, 110
BijnoBiae Temmepatypi 773 K, mpu meBHOMY NpPHIyIIEHHI TaKOX Moxe OyTH
BifiHeceHa /10 1bOTO 3aKOHY, TOJi SK TOYKa, 10 BiJmoBijae Temmepatypi 293 K
CTOITh /TaJIEKO Bij 3a3HaueHOi JiiHii i He MOKe OYyTH Bi/lHeCeHa JI0 ITbOTO 3aKOHY.

n(y,%) = (—%) : G) + InA (5)

In (aus, %)
50

40
30 \
20 .

1,0 [

00,0005 0,001 0,0015 0,002 0,0025 0,003 0,0035 0,004
-1
T, K

Puc. 2. 3anexHicTb In(y, %) Big 3BOPOTHOI BENWUYMHM Bif TeMnepaTypu HarpiBaHHs.

Fig. 2. Dependence of In(y, %) on the reciprocal of the heating temperature.

3a [IOMOMOTOI0 MeTo/la JiHiHOI perpecii Ta BUKOPUCTAHHS TPOTpaMu
Excel 6ysm pospaxoBani MaTepiafbHi KOHCTAaHTH 3aKOHY Appeniyca Jiurie
[ TPHOX BepxHix Touok (puc. 3). Po3paxyHOK /1aB BEJUYMHU HATYPaJbHOIO
sorapudMy mepeseKcnoHeH iaibHoro MHOKHIKA In(A)=14,423 ta edekruBHOi

In (aus, %)
‘

4,0 .\.\.

3,0 y =-10540x + 14,423
R=0,9884

2,0

1,0

0,00092 0,00094 0,00096 0,00098 0,001 000102 0,00104
-1
T,K
Puc. 3. JliHinna 3anexHictb In(y, %) BiA 3BOPOTHOI BENMUYMHW BiA TemnepaTypu HarpiBaHHs crani
4X3H5M3® aona temnepatyp 973, 1023 1a 1073 K.

Fig. 3. Linear dependence of In(y, %) on the reciprocal of the heating temperature of 4Kh3N5M3F steel for
temperatures of 973, 1023, and 1073 K.
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eneprii axtusauii E = 87,630 x/[x,/Monb. Orpumana sasexuicts (5) maza
koedimient aerepminoBanocti R?=0,988 (puc. 3). IlopiBHSHHS PO3paxoBaHO
BeJIMYMHN e(eKTUBHOI eHeprii akTuBallii yTBOPEHHS ayCTEeHITy 3 iCHYIUYNMH
aireparypaumu ganumu (1500-450 /[ /MOJIb /It iHCTPYMEHTAJMbHUX CTasiei
[21, 22, 23] ra 40 x/I>x,/Monb A1 3aeBTEeKTOigHOI GopHOi crami (22MnB5)
[24]) mokasaso, 10 BOHA Ma€ JOCUTb Masly BeJuduHy. [I0SICHUTH TaKy HU3bKY
BEJIMUMHY €Heprii akTuBallii MOXXHA PO3IJIAHYBIIM CTPYKTYpPY CTaJi IIicJasd
rapryBaHHsi. MikpocTpyKTypa craJi Iic/s rapTyBaHHs 3aJullajiacs JeHAPUTHOIO,
aJie 1pu 6isibiioMy 361JbIleH] A€HPUTIB Y HUX BUSIBJISIIN TOHKOAUCTIEPCHI TiaKU
MapTeHCUTHOI CTpyKTypu. HagaBHicTb micsig rapTyBaHHA 3aJIMIIKOBOIO ayCTEHITy
(2,7 mac. %) Ta TOHKOJMCIIEPCHOTO HEPIBHOBAKHOIO MAPTEHCUTY MOXKE CYTTEBO
BILJIMBATU Ha eHeprito akTuBalii 3Huskytoun ii. Husbka NmBUAKICTb HarpiBaHHS
TakoK crpusge 3HmKeHHio E . IIpy BUCOKMX IIBUAKOCTAX OXOJIOKEHHS
YTBOPEHHS ayCTEHiTy BiJ0yBa€TbCA 3a MeXaHi3MOM 3CyBy, mo miasuitye E Ttoni
SIK 32 HU3bKOI MIBUKOCTI HArpiBaHHS MePeTBOPEHHS BiI0OYBAaeTbCs 32 ANDY3iliHUM
mexanismom i E  sHmxyerbcsa. Takum umnoMm rpadik 3a1eKHOCTI KiJbKOCTi
aycreHiTy Bij Temneparypu B intepBasii 973-1073 K crani micia rapryBanHsa 3a
temneparypu 1040+10 °C Burssigae HacrynHuMm unHoMm (puc. 4) Ta ONUCYETHCs
zasnexuicTio (6).

Y. % = 2 10°:xp (~105402) (6)

96,3

y=2-10". o-10540x 152

R=0,9884

40

KiabkicTh aycreniry, %
(=)
(=

20

0,00092 0,00094 000096 0,00098 0001 000102 0,00104
-1
1T,K

Puc. 4. 3anexHicTb KinbKOCTi ayCTEHITY Bif TemnepaTtypu, LU0 ONMCcyeTbCs 3akoHOM AppeHiyca.

Fig. 4. Dependence of the amount of austenite on temperature, which is described by the Arrhenius law.

BucHoBkn

1. Opep:xana 3a gonomoroio nporpamu Origin 3aeKHICTD, SIKa 3 TOCUTD
BuCOKUM  Koediiientom aerepminoBanocti  (0,99397) omucye  36iJblieHHs
KiZbKOCTi aycTeHiTy y 3araproBadiii crami 4X4HSM3® mnpu 36imbiienHi
TeMIiepaTypH ii HarpiBy B ycboMy iHTepBaJi gocipkennx temmepatyp (Big 20 1o
800 °C), He Mae 4iTKOTO (Hi3MYHOTO CEHCY.

2. B inrtepBarni temmepatryp Big 450 go 800 °C 3ajexHicTh KiJIbKOCTI
ayCTeHiTy, fKa € TepMiuHO iHJYKOBAHOIO BEJUYMHOIO, MOXKe OyTH OIncaHa
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3akoHoM Appeniyca (R? = 0,98397), tozi ik 3aJMIIKOBA KiJbKICTb ayCTeHITy 3a
KiMHATHOI TeMmIlepaTypu He BiIoBi/lae 11ill 3a/1e3KHOCTI.

3. Masa BesumuymHa Ppo3paxoBaHoi edeKTUBHOI eHeprii axTuBaIlii
(87,630 k/I>k,/MOJIb) TI0B’sI3aHA 3 HACTYIHUMM TpboMa (PaKTOpaMu: HASBHICTIO
3aqumKoBoro aycresiry (2,7 mac. %), TOHKOJKMCIEPCHOIO  HEPIBHOBAYKHOIO
CTPYKTYPOIO MapTEHCHUTY, SIKUW YTBOPUBCSA TIpU TapTyBaHHi, Ta HU3DBKOIO
mBKAKicTIO HarpiBanHsa (8 °C /xB).

4. BcranoBjieni 3akoHOMipHOCTI 3MiHM (PAa30BOTO CKJIALy MIOAO KiJIBKOCTI
aycTeHiTy y saraproBaniit crani 4X3HSM3® npu HarpiBaHHI B 0CJi/IKYBAaHOMY
iHTepBasi TeMmIeparyp [103BOJSIOTb BU3HAUUTU e(EKTUBHICTb 1i BUKOPHUCTAHHS
JUIS. iHCTPYMEHTY Tapsiyoro IMTaMITyBaHHS TP Pi3HUX PoOOUYNX TeMIepaTypax.
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Summary

The study utilizes the results of a previously conducted high-temperature X-ray
phase analysis of quenched die steel 4Kh3N5SM3F obtained by electroslag chill casting.
An exponential model-free dependence of the amount of austenite on temperature was
constructed. The obtained dependence, calculated using the Origin software with a high
determination coefficient (0.99397), describes the increase in the amount of austenite
as the steel heating temperature rises throughout the investigated temperature range
(from 20 to 800 °C). Unfortunately, the coefficients in this dependence lack a clear
physical meaning, which led to an attempt to describe the change in austenite content
using the Arrhenius equation. Using the linear regression method and Excel software,
the material constants of the Arrhenius law were calculated only for the three highest
temperature points. It was found that the dependence of the amount of austenite (in
mass %) is well described by the Arrhenius law (R? =0.98397) in the temperature range
from 450 to 800 °C, while the residual austenite content at room temperature does not
conform to this dependence. A comparison of the calculated effective activation energy
of austenite formation with existing literature data (1500-450 kJ /mol for tool steels and
40 kJ /mol for hypereutectoid boron steel (22MnB5)) showed that the obtained value is
relatively low. In our view, the low calculated effective activation energy is associated
with three factors reducing its magnitude: the presence of retained austenite in the steel
structure after quenching, a fine-dispersed nonequilibrium martensitic structure, and
the low heating rate of the samples during the study. The established patterns of phase
composition changes concerning the amount of austenite in quenched 4Kh3N5SM3F steel
during heating within the studied temperature range allow determining its efficiency
for hot stamping tools at different operating temperatures.

Keywords: stamped steel, austenite, heating, Arrhenius equation, effective
activation energy.
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