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Abstract. The article considers the impact of prerecrystallization heat treatment on the hard-
ness, strength and fatigue strength of the 18H2N4MA steel after preliminary shot blasting. It is
experimentally established that as the result of prerecrystallization heat treatment at 500 °C with
3 minutes delay the layer with an increased measure of hardness (hardness is increased by 42 %)
is formed on the 18H2N4MA steel surface after the preliminary shot blasting. The 18H2ZN4MA
steel shot blasting causes the formation of compressive stresses in the surface layer, the subse-
quent prerecrystallization heat treatment does not change the nature of the residual stress, but
only leads to the decrease in the absolute values, preserving the work-hardened layer depth. The
prerecrystallization heat treatment leads to an increase in fatigue strength of the 18H2N4MA
steel about 2.7 times compared with the shot blasting and increase of the tensile strength by
11 %, with plasticity indexes substantially constant. Such an increase in the strength indicators
of the 18H2N4MA steel as a result of prerecrystallization heat treatment is caused by the forma-
tion of the substructures with shredded precinct in the steel surface layer. The given assumption
is confirmed by the X-ray diffraction and electron metallography results. After prerecrystal-
lization heat treatment the partial subgrains grinding from 222+ 133 nm after shot blasting to
90+49 nm is observed in the ISH2N4MA steel structure.

Keywords: plastic deformation; recrystallization heat treatment; fatigue strength; hardness;
substructure.

AnHotanusi. VccienoBaHo BIMSHUE NPEIPEKPUCTAIM3aLUOHHON TepMuYeckoil 00paboT-
KH Ha TpeAes MPOYHOCTH, TBEPAOCTh U YCTAIOCTHYIO MpodHocTh cTtanmu 18X2H4MA mocne
JpobecTpyitHO#t 00pabOTKH.

KuroueBble cioBa: miacTuueckas nedopmarus; npeapeKprucTauIn3aloHHas TepMHIecKast
00paboTKa; MPOYHOCTh; TBEPOCTh; YCTANIOCTHASI IPOYHOCTh; CyOCTPYKTYypa.

AnoTauis. [JocnimKkeHo BIIUB HepenpeKpucTallizaiiiHoi TepMidHOi 00pOOKH Ha MEXIY
MIIIHOCTI, TBEPHMICTb 1 BTOMHY MiuHicTh crami 18X2H4MA micns apoGoCTpyMHHHOT
00poOKH.

Karwuosi cioBa: miactuuna nedopmailis; mepenpekpucTaiizaiiiina TepMiuHa oOpoOka;
MIITHICTB; TBEPAICTh; YTOMHA MIITHICTB; CYOCTPYKTYpa.
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Problem statement. Most failures of machines and
mechanisms in operation are related to the strength is-
sues and caused by fatigue defects. Fatigue resistance
of many details operating under normal conditions is
determined by the surface layer strength. Therefore, the
problem of the formation of the surface layer of the detail
with high bearing capacity should be solved at the stage
of the design of a structure, and then in the technological
process development [4]. The most promising method
of strengthening of heavily loaded details is a complex
treatment. It includes the chemical and heat treatment
(cementation, azotization) followed by shot blasting,
rolling, coining with special panes, etc. Manufacturing
practice showed that shot blasting is the most effective
work hardening in the mass production of details. The
advantage of this method is the possibility of strengthe-
ning of details of various shapes and sizes, complete
mechanization of the process of strengthening, the high
efficiency and the relatively low special equipment
costs. The shot blasting increases the rupture strength
under the shock and cyclic loads of low-alloyed steels by
30—-35%, extending the time before fatigue flaking [1].
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I[MocranoBka npodiembl. BonbmIMHCTBO OTKa30B
MalIMH U MEXaHH3MOB B IIPOIECCE AKCILTyaTalliy CBS-
3aHBI C MPOOJIEMaMH MTPOYHOCTH M BBI3BAHBI yCTAIOCT-
HbIMH JiepekTtamu. CONPOTHBICHUE YCTAIOCTH MHOTHX
Jerajed, pabOoTarOIMX IPH HOPMAJBHBIX YCIOBUSIX,
OTIPEEISIETCS] TPOYHOCTHIO MOBEPXHOCTHOTO CJIOSL, TO-
3TOMYy Tnpobiema GpopMHUPOBaHNS TOBEPXHOCTHOTO CIIOS
JIETAJIN ¢ BBICOKOH HecyIel cCriocoOHOCThIO JOIDKHA pe-
IIaThCS yXKE HA CTaJUM NMPOEKTHPOBAHUS KOHCTPYKINH,
a 3aTeM — U IpHU pa3paboTKe TEXHOJOTMYECKOro IMpo-
necca [2]. HanGonee nepcrieKTHBHBIM METOJOM YIIpOY-
HEHUS TSDKEJIOHATPY>KEHHBIX JIeTalled SBIseTcs KOM-
TUTeKCcHas 00paboTKa — XUMUKO-TepMHAYIecKast 00paboTKa
(emMeHTanyA, a30TUPOBAHKE) C MOCIETYIOUUM Jieop-
MAalMOHHBIM YIIPOYHEHUEM JIPOObI0, OOKATKOW pOJMKa-
MU, YEKaHKO! CTIeIMaTbHBIMKU OOMKaMH U T. 1.

3aBoicKast IPaKTHKa [T0Ka3aia, 4YTo B yCIOBHAX Mac-
COBOTO TPOM3BOZCTBA JIeTaJel Hanbolsiee pe3yabTaThuB-
HOe NTe(hOPMAMOHHOE YIPOUYHEHNE — HAKJIEH APOOBIO.
[TpenMyIIeCTBOM JaHHOTO CIIOCO0a SIBISETCS BO3MOXK-
HOCTb YIPOYHEHHMs AeTayieil pa3iuuHON (OpMBI U pas-
MEpOB, IOJHOW MEXaHM3aIlMM Ipoliecca YINPOYHEHUS,
BBICOKAsl IPOU3BOJUTEIILHOCTh U OTHOCUTEIBHO HU3KHUE
3aTpaThl Ha cHenuaidbHOe obopymoBaHue. [Jledopmanu-
OHHOE YIIPOYHEHHE IPOOBIO TIOBBIIIAET COMPOTHUBICHNE
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The increase of the strength characteristics of construc-
tion steels is usually accompanied by the decrease of
the parameters defining the viscosity and plasticity of
the material. In this case, a high strength material may
be damaged under low loading due to the formation of
cleavage cracks in it. Consequently, it is usually impos-
sible to assess the reliability of steel products with any
mechanical characteristic. It is defined by a set of me-
chanical properties which are closely connected to the
operational strength of the products.

Latest research and publications analysis. The re-
sults of the studies on the impact of the prerecrystalliza-
tion heat treatment on the hardness of metals and alloys
subjected to the plastic deformation [5—7, 9] enabled
predicting its positive impact on the strength properties
of the metals and alloys. Nevertheless, the problem of
obtaining the experimental data on the impact of the pre-
recrystallization heat treatment on the ultimate strength
limit and fatigue strength of metal construction materials
is urgent.

THE ARTICLE AIM is to study the impact of the
prerecrystallization heat treatment on the 18H2N4MA
steel strength characteristics after shot blasting.

Basic material. The 18H2N4MA (GOST 4543)
steel samples were being treated with the 1.4—1.6 mm
(GOST 3722) steel shot on the N-0410 plant for 60 mi-
nutes under a pressure of 0.2 MPa. The surface rough-
ness after the shot blasting made up R, = 2.5. Fatigue
testing of the samples was performed at the central labo-
ratory of the GTRPC “Zorya—Mashproekt” according
to the GOST 23026-78 on the standard samples with a
frequency of 685 cycles per minute (11.4 Hz). Testing
base made up 107 cycles. The initial load on the sample
was 140 MPa, while the load increase step was 20 MPa.
The identification of the ultimate stress limit was per-
formed according to the GOST 1497-84 on a tensile
testing machine IR-5057-50 under a load of 5 tons with
a loading rate of 0.5 mm/min. The prerecrystallization
heat treatment was performed in the electrical furnace
SNOL-1.6.2.0.08/9-M1 at a temperature of 500 °C with
a 3 minute hold at the same temperature according to
the recommendations of [5]. The microhardness was
determined with the PMT-3 tool (on longitudinal sec-
tions) with an indentation load of 20 g according to the
DSTU ISO 6507-4: 2008. The analysis of the micro-
structure was performed on the PEM-100M electron
microscope with the replica method [12]. The mean
effective size of the coherent scattering regions (CSR)
was determined with the approximation method from
two orders of diffraction in the [110] and [211] direc-
tion with a linear combination of Gaussian functions.
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Ppa3pyLICHUIO IPH yIApPHO-IUKINYECKUX Harpy3Kax HU3-
KosernpoBaHHbIX ctane Ha 30...35%, yBenuumBaer
BpEMs /IO TIOSIBJICHUS YCTaOCTHOU TpemuHHI [4]. [ToBHI-
IIEHHE MPOYHOCTHBIX XaPaKTEPUCTHK KOHCTPYKIIMOHHBIX
CTaJlell, KaK IPaBUIIO, CONPOBOXKIACTCSA YXYIAILICHUEM
apaMeTpOB, ONPEAEISIONINX BI3KOCTh U IIIACTHYHOCTD
Marepuaia. B 3ToM ciydae BBICOKOIPOYHBINH MaTepHa
MOXKET pa3pyILIaThesl IPU MajbIX Harpy3Kax BCIEICTBHUE
00pa3oBaHMs B HEM XPYIKOH TpemuHsl. B cBs3H ¢ 3THM
Ha/IeKHOCTh CTAJBHBIX M3JENUH, KaK MIPAaBUIIO, HENIb3S
OLICHUTH KaKOH-THMO0 MEXaHMYECKOH XapaKTEePUCTHUKOH,
OHA OIIPEAENIETCSI KOMIUIEKCOM MEXaHWIECKHUX CBOWCTB,
HaXOJSIINXCSA B TECHON B3aHMOCBSI3U C HKCILUTyaTallMOH-
HOM MPOYHOCTHIO U3/ICTIUN.

AHAaIU3 TNOCTeJHMX HcCIeJOBAaHUA W my0man-
Kaumii. Pe3ynbraThl UCClI€OBaHUN BIMSHUS Tpe-
PEeKpUCTAIIIM3allMOHHON TepMHYeckod 00pabOTKM Ha
TBEPAOCTh ITUIACTUYECKN Ie()OPMHUPOBAHHBIX METAILIOB
u criaBoB [3, 7, 8, 10] mo3BoawiIm MpOrHO3UPOBAThH €e
MOJIOKUTEJIEHOE BO3JIEHCTBHE U HA TPOYHOCTHBIE Xapak-
TEPUCTUKU METAJIJIOB U CIUIaBOB. TeM He MeHee 3ajaua
MOTyYCHUSI IKCIICPUMEHTAIIBHBIX JaHHBIX O BIHMSHHIO
MpepEeKPUCTAIUIN3AIMOHHON TEPMUIECKOH 00paboTKH
Ha TIpeJie]l MPOYHOCTH M yCTAJIOCTHYIO MIPOYHOCTh Me-
TaJUTMYECKUX KOHCTPYKIIMOHHBIX MaTepHajoB SIBIISETCS
aKTyaJbHOM.

HEJIb PABOTbBI — uccrnenoBanue BIUSHUS Opea-
PEKPUCTAIIM3AMOHHON TEPMUYECKOil 00paboTKM Ha
nokazarenu npogHocTu ctanu 18X2H4MA mocne nmpo-
OecTpyiiHOH 00pabOTKH.

N3noxenue ocHoBHOro mMarepmuaja. OOpasusl u3
cramu 18X2H4MA (I'OCT 4543) oOpabaTbiBainy cTaib-
HoW ApoOsio 1,4...1,6 MM Ha ycraHoBke H-0410 B Tede-
uHue 60 muH mon nasnenueMm 0,2 MIla. [lepoxoBarocTs
MMOBEPXHOCTU IOCE ApOOeCcTpyHHONH 00pabOTKH CO-
craBuna R, = 2,5. Vcnbitanne o6pasnoB Ha yCTamoCT-
HYIO IIPOYHOCTh MPOBOAWIN B IICHTPATBHON 3aBOICKOM
naboparopur HBKI™ «3opsi» —«Mammpoekr» Ha cTaH-
JApTHBIX 00pasnax, ¢ 4YacToTol 685 IUKIOB B MHUHYTY
(11,4 T). baza ucmeitanmii coctaBimsuia 107 UKIIOB,
HavyasbHas Harpyska Ha oOpazer; — 140 Mlla, mar mo-
BhIIeHus Harpy3kun — 20 MlIla. Onpenenenue npezaena
Mpo4HOCTH MpoBoawIH B coorBeTcTBUU ¢ [OCT 1497-84
Ha pa3pbiBHON MammHe P-5057-50 npu Harpyske 5 T,
co ckopocteio Harpyxenust 0,5 mm/mun. [Ipenpexpu-
CTAJUIM3AIMOHHYI0 TEPMUYECKYI0 00pabOTKy BHINOII-
Hsmi B anekrporedrn CHOJI-1.6.2.0.08/9-M1 nipu teMm-
neparype 500 °C, ¢ BbICpKKOW MPHU dTON TeMIieparype
B T€UEHHUE 3 MHUH COIIaCHO pekoMeHaanusm [3]. Mukpo-
TBEPAOCTH OIPEAEISIN ¢ NoMolsio npudopa [IMT-3
(Ha mpomonBHBIX HUTMGAx) MpU Harpy3Ke Ha UHICHTOP
20 r cormacuo ICTY ISO 6507-4:2008.

AHanu3 MHKpPOCTPYKTYPBI OCYIIECTBISUIA Ha JJICK-
TpoHHOM Mukpockore I[IOM-100M meronom permiuk
[12]. Cpennuii 3¢ dexTuBHBIH pa3mep obiacTeil Kore-
pentHoro pacceusanust (OKP) onpenensiinm metogom ar-
MPOKCHUMAIIH TI0 IBYM IOPSIIKaM OTPaKEHHS B HAIPaB-
nernu [110] u [211] nuueitHo# KoMOuHanKeH GyHKITHI
Iaycca, 4yTo M03BOMIMIIO OOJIEE TOUHO OIPEACIUTH pa3Mep
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It enabled determining the CSR size more accurately
with the DRON-3 diffractometer in the Cu, radiation
not taking into account the impact of the interr‘llal stresses
and shooting conditions [2].

The surface layer is of paramount importance for
the fatigue resistance. Primary cracks appear in the sur-
face layer of an average thickness of 0.05-0.20 mm. The
cracks are formed in the surface grains damaged by the
effect of the preliminary treatment. They appear at the
interface of the surface layer and the base material ex-
panding the strain and being the potential sources of the
cracks formation [11]. The fatigue strength limit is in-
creased when the layer with the increased strength cha-
racteristics is formed on the surface of the detail.

To determine the state of the surface layer of the
18H2N4MA steel before and after the prerecrystalliza-
tion heat treatment, the microhardness distribution over
the depth of the sample was determined. The results are
presented in Fig. 1.

According to the data presented in Fig. 1, the maxi-
mum value of microhardness after shot blasting is seen at
a depth of 40 mm and makes up 5.9 GPa (curve /). The
subsequent prerecrystallization heat treatment at 500 °C
with a hold of 3 minutes leads to the hardness charac-
teristics increase up to 8.4 GPa at a depth of 40 microns
(curve 2). As a result of shot blasting, the surface layer
of the 18H2N4MA steel is deformed to 50 %, and there
is a phenomenon of work hardening, which is the cause
of the hardness characteristics increase. When the metal
subjected to the plastic deformation is heated, the reduc-
tion processes occur, which is the reduction of the num-
ber of defects and their redistribution with the formation
of a more equilibrium structure. The stress relief process
occurs consisting of two stages: recovery and recrys-
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OKP, He yunThIBas BIMSHUS BHYTPEHHHX HalpsDKEHHH
u ycnoBuil cheMku [5], Ha audpakromerpe JPOH-3
B U3JIy4YE€HUU CuKa.

[ToBEpXHOCTHBIN CIIOIl UMEET ONpenAesIouiee 3Ha-
YeHHWe Ui COINpPOTHBICHHS ycranocTH. [lepBuuHbie
TPEIIMHB BO3HUKAIOT B ITOBEPXHOCTHOM CJIOE TOJIIIHU-
Hoit B cpexHeM 0,05...0,20 mm. TpemmHbr 00pa3yroTcs
B TIOBEPXHOCTHBIX 3€pHAX, MOBPEXKIACHHBIX ICHCTBHEM
TpeaBapuTeIsHOI 00paboTku. Ha rpanuiie moBepxHOCT-
HOTO CJIOSl I OCHOBHOTO MaTepHasia BOSHUKAIOT PacTsTU-
BAIOIINE HANPSDKCHUS, SBISIIOIINECS MOTEHIINAIbHBIMH
ucTouyHNKaMu obpasoBanus TpemuH [1]. [Ipenen ycra-
JIOCTHOW TIPOYHOCTH yBEITUYMBACTCA, KOT/a Ha MOBEPX-
HOCTH JieTany OpMHUPYETCs CIION C HOBBIIIEHHBIMH T10-
KazaTeJIsaMU TBEPAOCTH.

C uenblo onpesieNieHus: COCTOSIHUSL TOBEPXHOCTHOTO
ciost ctamu 18X2H4MA 1o m mocie mpeapeKkpucTal-
JM3aUOHHON TEPMUYECKOH 00pabOTKH HCCIIEA0BAIIH
pacnpeneneHle MUKPOTBEPAOCTU M0 TiyOuHe oOpasiua
(pe3ynbTarhl peAcTaBieHbl Ha puc. 1).

CornacHo Npe/ICTaBIeHHBIM Ha puc. | JaHHBIM Mak-
CHUMaJIbHOE 3HAa4€HHE MHKPOTBEPIOCTH MOCie Japode-
CTpyiiHOM 00paboTKK HabIOMaeTCs Ha NTyouHe 40 MKM
u cocranisiet 5,9 ['Tla (xkpusas /). [Tocnenyromas npen-
PEKpUCTAIUIM3AIMOHHAS TePMHUUECKasi 00paboTKa Mpu
500 °C c BbLAEpKKOH B TeUeHUE 3 MHUH NIPUBOIUT K T1O-
BBHIIICHUIO MOKazatenel TBepaoctu Jo 8,4 ['Tla Ha miy-
6une 40 mx™m (kpuBas 2). B pesynsrare npodecTpyitHoi
00paboTKN MPOMCXOANT JedopMarsi HOBEPXHOCTHOTO
cnost cranmu 18X2H4MA no 50%, BO3HUKAET SIBICHHE
HaKJIeNa, YTO U SIBIISIETCS MPUYMHON MOBBIIICHUS MOKa-
3aresneil TBepAOCTH.

[Tpn HarpeBaHWM IUTACTHYECKH JAe(OPMUPOBAHHO-
ro MeTajula IPOUCXOIAT BOCCTAHOBHTENILHBIE ITpOIiec-
CBI, KOTOpPBIE 3aKJIFOYAIOTCSI B YMEHBIICHUH KOJINYECTBA
JIeeKTOB W WX IepepaclpenesieHny ¢ 00pa3oBaHUEM
Oonee paBHOBECHOW CTPYKTyphl. llpomcxomur mpo-
I[ecC CHATHS BHYTPEHHHUX HAlpsDKEHUH, KOTOPBIA co-
CTOUT W3 JIByX CTaJW{: BO3BpATa M PEKPUCTAIUTH3ALINH.
B cBoro ouepens, pu Bo3BpaTe MPOTEKAIOT MPOIECCHI

120 140 160

180 200 h, um /MM

Fig. 1. Microhardness distribution over the depth of the 18H2N4MA steel sample:

Puc. 1. PacnipenienieHue MUKPOTBEPIOCTH 10 TyOHHE 00pasiia u3 cranu 18X2H4MA:

1 — after shot blasting / mocne npobectpyitHoil 006pabotku; 2 — after shot blasting and the prerecrystallization heat treatment at
500 ° C for 3 min / nocne npodecTpyitHO# U MpenpeKpUCTAILTH3ALMOHHON TepMIdeckoi 0opaboTku (500 °C, 3 mun); h — is the
distance from the surface of the sample / paccTosHEE OT IIOBEPXHOCTH 00pa3na
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tallization. In turn, the polygonization processes occur
during the recovery. As a result of the deformation, the
dislocation tangles are formed in steels; it is also called
a cellular structure. The heating of the material to the
temperature when the recrystallization starts leads to the
process when the cell boundaries are becoming flat, their
body is disposing of even more dislocations, so that they
turn into subgrains with low-angle boundaries. In other
words, the polygonization process occurs. The subgrains
formed during the polygonization tend to grow by migra-
tion and subboundaries coalescence under the tempera-
ture and hold time increase. The meeting of the migra-
ting subboundaries in the growing subgrains leads to the
accumulation of products of the interaction of the lo-
wangle subboundaries and separate dislocations, which
probably slows down the movement of dislocations and
strengthens the material. Interruption of the heating or
hold processes at the polygonization stage and subse-
quent cooling at a rate eliminating the subgrain growth
enables fixing the polygonization subgrains. Therefore,
the 18H2N4MA steel hardness increase after the prere-
crystallization heat treatment is explained by the refine-
ment of its substructure.

The hardness increase of the steel surface layer as a
result of blasting is caused by the formation of internal
compressive stresses. To determine the magnitude and
nature of the change of internal stresses in the surface
layer of the 18H2N4MA steel after the shot blasting and
the subsequent prerecrystallization heat treatment by
means of measuring of the sample deflection [10], the
diagrams of the distribution of internal stresses on the
depth of the sample are constructed (Fig. 2).
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NONUroHu3anuu. B cramsx B pesyisrare jedopmanuu
00pa3yroTCsl TUCIIOKAIIMOHHBIC CIICTCHUS — TaK Ha3bl-
BaeMas sideHcTas CTpyKTypa. HarpeB Takoro marepuaia
JI0 TeMIIepaTypsl Hayalla PeKPUCTAJUIN3AIIH IPHBOIUT
K TOMY, YTO TPAHHUIIBI Y€K CTAHOBATCS IIJI0CKUMH, TEIO
uX emre 0oJbilie 0CBOOOKIAETCS OT AUCIOKAIMKA U OHU
MpeBpalalnTcss B CyO3epHa ¢ MaJOyIJIOBBIMH TpaHU-
[[aMH, T. €. OCYIICCTBIISICTCS MPOIIECC MOJUTOHHU3AIINY.
Cy03epHa, oOpa3yrommecs Ipu MOJUTOHU3AINH, C T10-
BEIIICHUEM TEMIIEPAaTypHl U YBEIMYCHHEM BPEMEHH BBHI-
JEPKKH CTPEMSTCS YBEIMYMBATHCS IIyTEM MHUTPALIU
W KoaJeCIeHIMK cyOrpanuil. BeTpeda MHUTpUpPYROIINX
CyOTpaHUI] ¥ pacTyluX Cy03epeH MPUBOIAUT K HAKOILIE-
HUIO MPOAYKTOB B3aUMOJICHCTBHS MAJIOyTIIOBBIX CyOrpa-
HUII ¥ OTACITHHBIX AUCIOKAIIHIA, 9TO, BEPOSITHO, TOPMO3UT
JIBUYKEHHME JUCIIOKALMK, ynpouHss Matepuai. IIpeprisa-
HHUE IpoLeCcca HarpeBa UJin BbIACPIKKHA HA CTaAWUN ITOJIN-
TOHU3AIMH U MOCIICAYIOIIEE OXJIAXKICHHE CO CKOPOCTHIO,
HCKITIOUAIONIeH pOCT CyO3epeH, MO3BONsIeT 3apUKCUPO-
BaTh IOJUTOHU3AIIMOHHBIE CyO3epHa. Takum oOpaszom,
noBeIIeHNe TBepAocTH ctanu 18X2H4MA mocrne pen-
PEKPUCTALTU3AIMOHHON TepMUdecKor 00paboTku 00b-
SICHSICTCSI U3MEJTBUCHIEM CYOCTPYKTYPBHIL.

IToBbIIeHNE TBEPIOCTH MOBEPXHOCTHOTO CIIOS CTa-
U B pe3yibTare ApoOecTpyiHOW 0OpabOTKH BBI3BAHO
(hopMHEpOBaHNEM B HEM BHYTPEHHHX CXXHMAIOLINX Ha-
npsbxkeHud. s onpeaeneHuss BEJIUYMHBI U XapakTepa
HU3MEHEHUS BHYTPEHHUX HAIIPSKCHUH B IIOBEPXHOCTHOM
cioe cranmu 18X2H4MA mocne npobecTpyitHO# u 10-
CIIEAYIOIICH MPeIpeKPUCTATUIN3AIUOHHON TEPMUAIECKOM
00paboTKN METOOM M3MepeHus Imporuda odpasma [11]
MIOCTPOEHBI AIIOPHI PacIipeneNieHUs BHYTPEHHNX Hamps-
JKeHHH 110 TiTyouHe o0pasma (puc. 2).

Hpobectpyitnas oopadotka cramu 18X2H4MA B Te-
yerne 60 muH mox nasieHueM 0,2 MIla Be3bIBactT dop-
MHUPOBAHHE B IOBEPXHOCTHOM CJIO€ COKUMAFOIIIX HATIPSI-
JKEHUI ¢ MakcMMaJIbHBIM 3HaueHneM 620 MIla, kotopoe

160 180 200 220 h, um/mkm

Fig. 2. Distribution of internal residual stresses on the depth of the sample of 18H2N4MA steel:
Puc. 2. Pacnipenenenyie BHyTPEHHNX OCTaTOYHBIX HANPsDKEHUH 1o m1yOuHe obOpasia u3 cranu 18X2H4MA:

1 — after shot blasting / nocne npobectpyiiHoit o0padotku; 2 — after shot blasting with the subsequent prerecrystallization
heat treatment at 500°C, 3 min / mocne npoOecTpyiHON 00pabOTKU ¢ TOCIEAYIONMEH MPEIPEKPUCTAIUIN3AIMOHHON TEPMHYECKOM
o6paborkoii (500 °C, 3 muHn.); h — is the distance from the surface of the sample / paccTosiHue OT HOBEPXHOCTH 06pasiia
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The shot blasting of the 18H2N4MA steel for 60 mi-
nutes under the load of 0.2 MPa causes the formation
of the compressive stresses in the surface layer, with the
maximum value of 620 MPa which is observed at the
distance of 40 microns from the surface of the sample
(curve 1). The total depth of the cold-hardened layer is
220 microns. The subsequent prerecrystallization heat
treatment causes no change in the nature of residual
stresses, but only leads to a decrease in absolute values.
The maximum value of the compressive residual stresses
after the prerecrystallization heat treatment is 610 MPa
and is observed at the same distance from the sample
surface as after shot blasting, at that the total depth of
the cold-hardened layer is reduced to 200 microns. The
reduction of the residual stresses value and the depth of
the cold-hardened layer as a result of the prerecrystal-
lization heat treatment can be explained by the relaxation
processes occurring in the process of polygonization.

The influence of the prerecrystallization heat treat-
ment on the fatigue strength of the 18H2N4MA steel
after the subsequent shot blasting was determined by
means of testing on the cycle fatigue according to the
GOST 25.502-79. The obtained data is given in Table 1.

As is seen from Table 1, the prerecrystallization heat
treatment leads to the increase of the fatigue strength of
the I8H2N4MA steel about 2.7 times compared with the
shot blasting. This is due to the formed substructure of the
surface layer as in [3,13]. The structure refinement in the
steel surface layer leads to the fact that the fracture which
occurs in the material under cyclic loading encounters
a greater number of obstacles in the form of small sub-
grains with the developed surface area and spends more
energy to overcome them. As a result of this, the crack
passage time increases from the nucleation to the de-
struction of the sample, at this the fatigue limit increases.
The prerecrystallization heat treatment also causes the
increase of the tensile strength of the 18H2N4MA steel
after shot blasting (Table 2).
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HaOmomaercss Ha paccTostHUM 40 MKM OT MOBEPXHOCTH
obpasma (kpuBas /). OOmas mIyOWHA HAKJICAHHOTO
ciost coctasnsier 220 mxm. [Tocnmemyromas npenpexpu-
CTaJUIM3AlIMOHHAs TepMHUYecKasi oOpabOTKa He BbI3bI-
BaeT M3MEHEHUs XapaKTepa OCTAaTOYHBIX HAINpPsDKEHUH,
a TOJIBKO JINIIb NPUBOAUT K YMEHBIIEHUIO a0COIIOTHBIX
3HaYCHUN. MakcuMallbHOE 3HAYEHHUE COKUMAIOLIUX OCTa-
TOYHBIX HANpPSDKCHUH TIOCKIE TpeNpeKpHCTauIN3aln-
OHHOM TepMmmuuecKoil o0paboTku cocrapisier 610 Mlla
Y HaOJIIONaeTCsl Ha TOM K€ PACCTOSIHUM OT TIOBEPXHOCTH
o0pasia, 9To U mocie ApodecTpyitHoi 00padoTkH, mpu
3TOM 00mmas TTyOMHa HAKJICTIaHHOTO CJIOS MOHMKAeTCs
10 200 MKM. YMeHbIlIeHHUEe BEJIMUYMUHBI OCTaTOYHBIX Ha-
NpsDKEHUH ¥ ITyOMHBI HAKJIEaHHOTO CII0SI B PE3yNbTaTe
MPEAPEKPUCTAILITH3AMOHHON TePMHUICCKOH 00paboTKu
MOXXHO OOBSICHUTH pEJaKCaI[MOHHBIMH TPOLIECCAMH,
MIPOMCXOASAIINMHE B TIPOIECCE TIOTUTOHM3AIINH.

BiusiHue npenpexpucTalIM3alMOHHOM TepMuye-
CKOl 00pabOTKM Ha YCTAJOCTHYIO IPOYHOCTH CTaJH
18X2H4MA mocie mpeaBapHTEIbHON IpoOecTpyiHOM
00pabOTKU ONPEACISITA METOJOM UCTIBITAHUS HA KU~
yeckyto ycranocte coracHo 'OCT 25.502-79. Ilomy-
YeHHBIC PEe3yJBTaTHl IIPEICTaBICHBI B Ta0M. 1.

Kak BumHO M3 Tabin. 1, mpeapeKprcTaLTU3aIMOH-
Hasl TepMHUYecKas 00paboTKa MPUBOIUT K HOBBIMICHHIO
ycranoctHo! mpouHocty ctanmu 18X2H4MA nmpumepHo
B 2,7 pa3a 1o CpaBHEHHIO C IPOOECTPYHHOIMH 00pabOTKOM.
OT0 00BsICHSIETCA CHOPMHUPOBAHHOHN CyOCTPYKTYpOI TIO-
BEPXHOCTHOTO CJIOS, Kak 1 B pabortax [6, 13]. 3mensue-
HHE CTPYKTYPBI B IOBEPXHOCTHOM CJIO€ CTAJIH IIPHUBOJHUT
K TOMY, YTO TPEIIMHA, KOTOpas BO3HUKAET B Marepua-
Jie TIpH UUKIMYECKUX Harpys3kax, BCTpE4YaeT Ha CBOEM
MyTH OOJBIIIEee KOJMYECTBO MPEISATCTBUIA B BU/IE MAJIBIX
cy03epeH ¢ pa3BUTONW MOBEPXHOCTBHIO M TPATHT OOJIBIIIE
OHCPIUU HA UX NPEOJOJICHUC, B PEIYILTATC YE€ro BpeMsA
TIPOXOXKICHHS TPEILIHMHBI OT 3apPOXKACHHS JI0 pa3pyLIeHHs
o0pasia yBeIHMIHBACTCS, IIPH 3TOM BO3PACTaCT IMPEAEIT
YCTaJIOCTHOM ITPOYHOCTH.

[Ipenpexpucranin3anionHas TepMHuecKas o0pa-
60TKa BBI3BIBACT MTOBBIIIIEHHUE TIPE/IENa IPOYHOCTH CTAIH
18X2H4MA Taroke nocie gopobecTpyiiHoit 00paboTKH
(tabm. 2).

Table 1. Value of maximum stresses and number of cycles before the failure of 18H2N4MA steel depending on the treatment type

Tabnuua 1. 3HaueHNe MaKCUMAJIbHBIX HANPsDKCHUN M KOJIMYECTBO LUKJIOB N0 paspymueHus ctaiu 18X2H4MA B 3aBucuMocTu

OT BHa 00pabOTKH

Treatment type Hzﬁ“i)c}l/ixa Cycle number

Bun o6paborku Omax, Mpa / MIla KonuuecTBo UUKIOB
Shot blasting for 60 minutes under the load of 0.2 MPa 560 3680000
JpobGectpyitHas o6paboTka Ha mpoTspkernu 60 muH non nasieHnem 0,2 MIla (failure) / (paspymenne)
Shot blasting for 60 minutes under the load of 0.2 MPa with the subsequent 560 (resi Ste3)6 ;;(():}f)xge )
the prerecrystallization heat treatment at 500°C, with the 3 minute hold 3630000 P
JpobecTpyiinas 06paboTka Ha MpoTskeHUH 60 MuH o aasneHreM 0,2 MIla 580 (resisted) / (sbiiepxan)
C MOCIEYOIIeH MPeIpeKPUCTAIUTH3ALMOHHOM TepMUYECKOil 00paboTKOM NpH 270000
500 °C, ¢ BeIgepKKoit 3 MUH 600 .

(failure) / (paspymeHue)
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Table 2. Value of tensile strength and plasticity indices of the 18H2N4MA steel depending on the treatment type

Ta6nuua 2. 3HadeHus npezesa NpOYHOCTH U MoKasaTesel miacTuaHocTH ctanu 18X2H4MA B 3aBUCHMOCTH OT BUia 00pabOTKU

Treatment type /| Bun 00paboTku

6w, MPa / MIla 3, % Y, %

Shot blasting for 60 minutes under the load of 0.2 MPa

JpoGectpyiinas o6paborka Ha npoTspkeHuu 60 muH noa nasinerueM 0,2 Mlla

910 6 25

C BBIACP)KKOH 3 MUH

Shot blasting for 60 minutes under the load of 0.2 MPa with the subsequent
the prerecrystallization heat treatment at 500°C, with the 3 minute hold

JpoGectpyiinas o6paborka Ha npoTskennu 60 MuH nox aasienuem 0,2 MIla 1011 7 25
¢ Iocenyomei npenpeKprucTaUIN3aliOHHON TepMuIecKoi 06padoTkoii mpu 500 °C,

The increase of the tensile strength at 11% when
the plasticity isn’t practically changed, after the prere-
crystallization heat treatment of the 18H2N4MA steel in
comparison with the shot blasting, can be explained from
the point of view of the failure mechanism which occurs
during the load of the test sample. The plastic deforma-
tion occurs primarily in the grain which most favorably
oriented to the external load (i.e., with the greatest tan-
gential stresses). With the increase of the external stress
we can observe the gradual involving of the remaining
grains during plastic deformation, preserving the integ-
rity of the grain. Under the influence of an external stress
of the dislocation motion, generated by the active source,
come to the grain limit and hold near it. The stress in-
creases with the accumulation of dislocations. However,
it is not enough to move from one subgrain to another
through the limit. Therefore, the distribution of slip-
ping from one subgrain to the other one happens at the
expense of the fact that after having reached a certain
stress at the point of one subgrain, a source of dislocation
runs high in the adjacent subgrain. The deformation re-
sistance increases with the decrease of the subgrain size
not because of the presence of the limit itself but through
the interaction among the grains separated by this limit.
Therefore, the increase of the strength limit as a result of
the prerecrystallization heat treatment of steel is associ-
ated with substructure refinement (Fig. 3).

In Fig. 3 we can see the partial refinement of sub-
grains in the structure of the 18H2N4MA steel after the
prerecrystallization heat treatment. After shot blasting
the partial refinement is changed from 222+133 microns
to 90+49 microns. The substructure refinement after the
prerecrystallization heat treatment is proved by the data
obtained as a result of the X-ray research (Table 3).

As well as the CSR corresponds to the internal or-
dered region of the grain and does not include the heavily
distorted limits, the size of the CSR is identified with an
average crystallite size [3].

The difference in the absolute values of the dimen-
sions of structural elements, obtained with the electron
microscope and the X-ray analysis, is due to the fact that

IloBbimeHne mnpenena mnpodHocTd Ha 11% mpu
MPaKTHYECKH HEM3MEHHOM IIACTUYHOCTH TOCIe Hpes-
PEeKpUCTAIIM3aLMOHHON TepMUUECKOi 00paboTKH cTa-
m 18X2H4MA (B cpaBHeHHMH c apobOecTpyiHOI o0Opa-
60TKOIT) MO)XKHO OOBACHUTH C TOUKH 3PEHUS MEXaHU3Ma
paspylLIeHUs], KOTOPBIA POUCXOANI BO BPEMS HArpy3KH
ombITHOTO oOpasma. [lnactuueckas medopmarys mpou-
30JIET B TIEPBYIO OYEpenb B 3€pHE, OIATONPUATHO OpHU-
EHTHPOBAaHHOM K BHEUIHEW Harpyske (T. e. ¢ HauOoIb-
[IMM KacaTelIbHBIM HanpspkeHneM). C pocTOM BHELITHETO
HalpspKeHUs] HaONIONAeTcsl MOCTENEHHOE BOBJICYCHUE
OCTaJIbHBIX 3€peH B Ipoliecce IUIacTHUecKoi aedop-
Maluy MPU COXPaHEHUH LENOCTHOCTH 3epHa. [lon mew-
CTBUCM BHCUIHETO HAIIPSXKECHUA CMCILICHU S ZlHCJIOKaLIHﬁ,
TCHCPUPYEMBIX aKTUBHBIM UCTOYHHUKOM, 3€pHA IPUXOIAT
K TPaHUIIe U 3aJepKuBatoTcs okoiio Hee. [To mepe Hako-
IUICHHSI TUCIIOKAIMK pacTeT HampsikeHne. OmHAKoO 3To-
TO HEJOCTAaTOYHO, YTOOBI MEepEHTH M3 OTHOTO CyO3epHa
B Jpyroe uepe3 rpanuiy. [lostomy pacmpocTpaHeHue
CKOJIBKEHHMSI OT OJTHOTO CyO3epHa K JpyroMy OCYIIecT-
BIISIETCS 32 CUET TOTO, YTO IPH JOCTHKEHUH OIPEIEIICH-
HOTO 3Ha4YCHUs HANpsDKEHHWS B TOYKE OIHOro cyO3ep-
Ha BO30YXK/IaeTcsi MCTOYHUK JHCIOKAlMM B COCEIHEM
cy03epue. CompoTuBicHue AeopMalii BO3pacTacT
C yMeHbIIIEHHEM pa3Mmepa cyO3epHa He W3-3a HaJlMyHs
TpaHHUIIBI caMoii TIo cebe, a BCIIEICTBHE B3aUMOJICHCTBHS
MEXIy 3epHaMH, pa3leleHHBIMHU 3Toi rpanureil. Cie-
JIOBAaTeJIbHO, MOBBIMICHUE MTPEIENIa IIPOYHOCTH B PE3yIlb-
Tare MpeApeKpUCTAINIM3aMOHHON TepMUIecKoi o0Opa-
OOTKM CTaJM CBSI3aHO C M3MEJIBFICHHEM CYOCTPYKTYPBI
(puc. 3).

Ha puc. 3 BuaHO, 9TO mOCHE MpeApeKpUCTaIIN3a-
[IHOHHOW TEepMHYECKOW 0OpabdOTKH B CTPYKType CTajH
18X2H4AMA HabmomaeTcs 4YacTHUYHOE H3MeENTbueHUe
cy03epeH, UMEIOIee MECTO IMocie ApodecTpyiHON 00-
pabotku: ot 222...133 mxm 110 90...49 mxm. Uzmenwye-
HHUE CyOCTPYKTYpBI ITOCIIE MPEAPEKPUCTAIIN3ALHOHHON
TePMUIECKOH 00pabOTKH MOATBEPKAAIOT U JaHHBIE, TI0-
Jy4eHHbIC B pe3yJbTaTe PEHTTEHOCTPYKTYPHBIX HCCIIe-
noBaHuit (Tadm. 3).

ITockonbky OKP cooTBeTCTBYET BHYTpEHHEH yropsi-
JIOUYEHHOW 00JIaCTH 3epHa M HE BKIIIOYAET B ce0sl CHIIBHO
WCKa)XEHHBIE T'PaHHUIBI, pa3Mep €€ OTOXKIECCTBISIIOT CO
CpEeIHUM pa3MEepPOM KPUCTAJLIUTOB [6].

Paznuna B aOCONIOTHBIX 3HAYCHUSIX pa3MEpoB
CTPYKTYPHBIX 3JIEMEHTOB, IOJyYEHHBIX Ha JICKTPOH-
HOM MHKPOCKOIIE ¥ NP PEHTI€HOCTPYKTYPHOM aHaJIH-
3e, CBSI3aHa C TE€M, YTO PEHTTCHOCTPYKTYpPHBIN aHaIH3
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Fig. 3. Microstructure of the I8H2N4MA steel:
Puc. 3. Mukpoctpykrypa ctamu 18X2H4MA:
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a) — after shot blasting / nocne apobectpyiiHoit 00paboTku; 6) — after shot blasting with subsequent the prerecrystallization
heat treatment at 500°C, 3 min / mocne npodecTpyiHON 00pabOTKU ¢ MOCIEAYIOMEH MPEeaPEKPUCTAIUIN3AMOHHON TePMHUYECKOH

obpabdotkoii (500 °C, 3 muH)

Table 3. CSR value of the 18H2N4MA steel depending on the treatment type
Ta6auna 3. Pazmep OKP mst cramn 18X2H4MA B 3aBHCHMOCTH OT BUia 00paboTKH

Intrinsic
broadening, grad. CSR size D, nm
Treatment type Dusrgeckoe Paswep OKP
Bun 006paboTku YIIUPEHUE, TPajL D, um
[110] [211]
Shot blasting for 60 minutes under the load of 0.2 MPa 0.4 0.6 265
JpobecTpyitnas 06paboTka Ha npoTskeHuu 60 MuH o aasnenuem 0,2 MIla ’ ’
Shot blasting for 60 minutes under the load of 0.2 MPa with the subsequent the
prerecrystallization heat treatment at 500°C, with the 3 minute hold
JpoGectpyitnast 06paboTka Ha nporspkenun 60 MuH mox xasineruem 0,2 MIla 0,475 0,8 142
C TOCJIEAYONIEeH MpeIpEeKPHCTAITH3ALUOHHON TepMIYECKOi 00paboTKON IpH
500 °C, ¢ BbIepKKOii 3 MUH

the X-ray analysis shows the average size of the struc-
tural elements of the entire volume of the sample when
the depth is up to 400 microns. The size of the struc-
tural elements of not only of the treated surface layer,
but also the parent metal is taken into account partially.
However, despite the difference in the absolute values of
the dimensions of structural elements, obtained by vari-
ous metadata of the structural analysis, the given results
indicate that the prerecrystallization heat treatment leads
to the refinement of the substructure of the 18H2N4MA
steel after the preliminary shot blasting.

Thus, the prospects for the further development of
the research are in the detailed study of the processes
of formation of fine grain substructure as a result of the
prerecrystallization heat treatment.

CONCLUSIONS. The prerecrystallization heat
treatment at 500 °C for 3 minutes after shot blasting

MOKAa3bIBAET CPEAHUI pa3Mep CTPYKTYpPHBIX AJIEMEHTOB
o BceMy 00beMy 00pasia Ha nryouHe o 400 MkM, ya-
CTHYHO YYUTHIBAs Pa3Mep CTPYKTYPHBIX JIEMEHTOB HE
TOJILKO 00padaThIBAEMOT0 TOBEPXHOCTHOTO CJIOS, HO
M OCHOBHOro Merayuia. OJJHaKO HECMOTPS Ha pa3HHILY
a0COJTIOTHBIX 3HAYCHUH pa3MepOB CTPYKTYPHBIX IEMEH-
TOB, MOJYYEHHBIX PA3JIMYHBIMU METOAAMU CTPYKTYpPHO-
ro aHajM3a, MpPE/CTABICHHBIE PE3yNbTaThl CBHICTEINb-
CTBYIOT, YTO TIPEPEKPUCTAIUIN3AINOHHAS TEPMUYIECKAst
00pabOTKH TPUBOIUT K HM3MEITBUCHHUIO CYOCTPYKTYPHI
cram 18X2H4MA mocne mpenBapuTeNbHONW pode-
CTpy#HO# 00paboTKH.

Takum 00pa3oM, NMEpCIEKTHBHI JANbHEHIIEro pas-
BUTHS UCCIICIOBAHUI 3aKIIFOYAIOTCS B JCTAILHOM H3yue-
HUH TIPOIECCOB (POPMHUPOBAHUS MEIKO3EPHUCTOH CyO-
CTPYKTYpPbI B pe3yJbTare MpeApeKpUCTaIM3aluOHHOMN
TepMHYECKOH 00pabOTKH.

BBIBOJbI. IlpenpexkpucraiimmzaliuoHHas TEPMU-
yeckas 00paborka mpu 500 °C B TeueHue 3 MUH MoCie
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leads to the increase of the fatigue strength of | apoGectpyiiHoif 0OpaOGOTKM MPHUBOOUT K IOBBIIICHHUIO

18H2N4MA steel at 2.7 times, the increase of the strength | ycranoctroii npounoctu cranu 18X2H4MA B 2,7 pasa,

limit at 11 % and the hardness increase of the surface lay- | npenena npounoctu Ha 11% 1 yBeTMYCHUIO TBEPIOCTH

er at 42% by means of the formation of the areas with | moBepxnocTHoro cnos Ha 42 % 3a cuet hopMUPOBAHUS

fine grain substructure. YYaCTKOB C U3MEIBUCHHON CyOCTPYKTYpPOH.
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CraTpi0 PeKOMEHIYET B IIe4aTh
II-p TeXH. HayK, pod. B. @. Keacnuyxuii

KHMWKHAA NOJIKA

HAMPYKEHHS

HccnenoBanne npobiaeMbl CBApOYHBIX HANPsDKEHUH U teopManuii mepe-
kuino ik B 30-x rogax XX Beka. McciemoBaHusi B OCHOBHOM OBUTH HampaBiIeHBI
Ha pacKphITHE MeXaHW3Ma 00pa3oBaHUs NedopManiii 1 HANPsDKCHUH MPH CBapKe

n

TA p‘ ED U PMA u I | HU3KOYTIIEPOAUCTBIX CTaJIEH.

B nocnenyroiue rospl Kpyr Hay4HbIX yUpPEXKIEHUHN U CIEUAIIUCTOB, KOTOPBIE 3aHU-

n P H 3 B.& P m EA H Hi MaJlIucChb HpO6JIeMaMI/I MPOYHOCTH CBApPHBIX KOHCprKI.IPIﬁ, CBAPOYHBIX HaHpﬂ)KeHI/Iﬁ

n nedopMarii, HempepsIBHO paciIupsuics. Pa3BuTue U0 MO MyTH MCCIIENOBAHUS
CBapOYHBIX HAMPSDKCHUN B PA3IMYHBIX TUIAX COCIMHEHUH, BIMSIHUS HAIPSKCHUH
Ha TPOYHOCTh, YCTOWYNBOCTH NMPOTHB XPYMKOTO paszpymeHus. CeromHs MHUpOKoe
MIPUMEHEHHE MOTYYMIIN METObl TEOPUH YIPYTOCTU U MIACTUUYHOCTHU, KOMIBIOTEP-
HBIE TEXHOJIOTMH, Pa3JIM4HbIE NMPOrpaMMHBIE KOMIUIEKCHI IS UCCIIEAOBaHMS CBa-
POYHBIX HANPSHKEHUH U JeGOopMaLii U pelIeHUs] KOHKPETHBIX POOIeM. ’ ’
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M JTioGas creneHb cnoXHOocT M PabGoTta B peanbHOM BpeMeHU
M YueT norogHbix ycnoBuil M HeperynsipHoe BonHeHne M MuHumManbHble onyLeHus
¥ MakcumanbHas goctoBepHocTb M Mogpo6GHoe cocTaBneHne maTteMaTU4eckux mogenen
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