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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 I8H2N4MA steel surface after the preliminary shot blasting. The 18H2N4MA
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 IS8H2N4MA 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 I8H2N4MA steel structure.

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

AHHoTauus. VccnenoBaHo BIUsHUE MPEAPEKPUCTAIIM3AUOHHON TepMUYecKoi 00paboT-
KM Ha Ipefes IPOYHOCTH, TBEPIOCTh U YCTAIOCTHYIO Npo4HOCTh ctanu 18X2H4MA nocne
IpobecTpyitHOit 06paboTKH.

KaroueBble ciioBa: miuactuyeckas e opManus; NpeJpeKpucTaiIn3alioHHast TepMUYECKast
00paboTKa; MPOYHOCTH; TBEPAOCTH; YCTAIOCTHAS IIPOYHOCTH; CyOCTPYyKTypa.

AHoTanis. JocnipkeHO BIUTMB NEpEPEKPUCTANI3AIRHOI TepMIYHOT 0OpOOKH Ha MEXKIY
MIITHOCTi, TBEpAICTb 1 BTOMHY MinHIicTh cTanmi 18X2H4MA micns apobocTpyMuHHOI
00po0OKU.

KurouoBi cioBa: mnactnuHa nedopmaris; mepeapeKpucTaizaiifHa TepMidHa 00poOKa;
MIIHICTB; TBEPAICTh; YTOMHA MIIIHICTh; 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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IMMocTaHoBKa mpoo6JieMbl. BOJBIIUHCTBO OTKAa30B
MAaIlliH U MEXaHH3MOB B IMPOIECCE IKCILUTyaTaI[MH CBsI-
3aHBI C MPOOJIEMAMU MMPOYHOCTH U BBI3BAHBI YCTAIOCT-
HeiMH Jedekramu. COMPOTHBICHUE YCTAIOCTH MHOTHX
Jeraieil, pabOoTaroOUMX MPH HOPMAIBHBIX YCIOBUSIX,
OMPECIIACTCS MPOYHOCTHIO MOBEPXHOCTHOIO CJIOs, IM0-
3TOMY TpobIeMa HOPMUPOBAHHUS MOBEPXHOCTHOTO CIIOS
JICTAJTU C BBICOKOH HECYIIEH CIIOCOOHOCTRIO JIOJIKHA pe-
LIAThCSL YK HA CTAJUH MPOEKTUPOBAHUS KOHCTPYKIIHH,
a 3aTeM — U OpHU pa3paboTKe TEeXHOJIOTMYECKOro Mpo-
necca [2]. Haubonee mepcrneKTHBHBIM METOIOM YIIPOU-
HCHHUS TH)KGJ'IOHany)KeHHI)IX I[eTaHeﬁ SABIIACTCA KOM-
IJICKCHAs 00paboTKa — XMMUKO-TepMHUYECKas 00paboTka
(meMeHTanwMsA, a30TUPOBAHUE) C MOCICIYIOMUM Jeop-
MAIMOHHBIM YIIPOYHEHUEM APOObI0, OOKATKOW pOJIHKA-
MU, YEKAaHKOM CIIelMaIbHBIMA OOMKAMM H T. II.

3aBojicKas PaKTHKa [T0Ka3aa, 4To B YCIOBHSAX Mac-
COBOTI'0 MPOW3BOICTBA JeTaneii Hanbojee pe3yIbTaTHB-
HOe e(hOpMAIMOHHOE YIIPOUYHCHHE — HAKJICT JPOOKIO.
[IpenMyIecTBOM JaHHOTO CITOCO0A SBIIICTCS BO3MOXK-
HOCTh YIPOYHEHHs JeTaneil pa3nuuHoi (opMbl U pas-
MEpOB, TMOJHOM MEXaHH3alUH TPoIecca YIPOUHSHHUS,
BBICOKAs! IIPOM3BOAUTEIILHOCTD U OTHOCHTEIIBHO HU3KHE
3arparthl Ha crenuajgbHoe obopymoBanue. Jedhopmaru-
OHHOC YIIPOYHCHHE JIPOOBIO MOBBIMIACT COMPOTUBIICHHUE
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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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pa3pyIIeHHIo IPU YAAPHO-IIUKINIECKUX Harpy3Kax HU3-
KojerupoBaHHbeIX crtaneit Ha 30...35%, yBennuuBaeT
BpeMsi JI0 MOSIBJICHUS YCTad0CTHOH TpewuHsl [4]. [ToBbI-
IIEHHE IPOYHOCTHBIX XapaKTEPHCTHK KOHCTPYKIIMOHHBIX
cTajel, KaK TPaBHIIO, CONPOBOXKIACTCS YXYAIICHHEM
MIapaMeTpPOB, ONPEACIIAIONINX BA3KOCTh U TIIACTHYHOCTD
Marepuana. B 3ToMm ciydae BBICOKOTIPOYHBIA Marepuai
MOXET pa3pylaTbCsi MPU MabIX HAarpy3Kax BCIIEACTBUE
00pazoBaHKs B HEM XPYIKOW TpEIIUHEL. B cBsi3u ¢ 3TM
Ha/Ie)KHOCTh CTAIBHBIX M3JEIHNH, KaK IPaBHUIIO, HENb3S
OIICHUTH KAKOW-TH00 MEXaHWIECKOH XapaKTePHCTHUKOH,
OHa OTIPEIEIISIETCS] KOMIUIEKCOM MEXaHHUECKHUX CBOICTB,
HaXOSIIUXCS B TECHONW B3aUMOCBS3H C IKCILTyaTal[HOH-
HOW MPOYHOCTHIO U3/EIHH.

AHaJIN3 MOCJEeIHUX HCCAeJOBAHMI W Mmy0JH-
Kauuil. Pe3ynbraTel HCClieOBaHUN BIMSHUS IIpE-
PEKPHUCTAINTN3AIMOHHON TepMHYECKOi 00paboTki Ha
TBEPAOCTb IIACTHYECCKH Je(POPMHUPOBAHHBIX METAJIOB
u criasoB [3, 7, 8, 10] mo3BoauiIM NpOrHO3UPOBATH €€
MOJIOXKUTEJIBHOE BO3/IEHCTBUE U HA TPOUYHOCTHBIE XapakK-
TEPUCTUKU METAJUIOB M CIIaBOB. TeM He MeHee 3ajada
TIOJTYYEHHST HKCTIEPUMEHTAIBHBIX JAHHBIX MO BIMSHHIO
TIpeIpeKPUCTAIITU3AIMOHHON TePMIIECKOH 00pabOoTKH
Ha Tpeaen MPOYHOCTH M YCTAJIOCTHYIO NMPOYHOCTH Me-
TaJUTMYECKUX KOHCTPYKIIMOHHBIX MaTepHalOB SIBJSIETCS
aKTyaJbHOM.

HEJIb PABOTBI — uccnenoBanue BIusHUS Ipe-
PEKPUCTAIIIM3AMOHHON TepMHYecKOol 00pabOTKM Ha
mokazareny npoyrocT ctanmu 18X2H4MA mocne nmpo-
OecTpyitHOI 00pabOTKH.

H3no:xenue ocHoBHOro marepuasia. O0Opasiusl 13
cram 18X2H4AMA (I'OCT 4543) o6pabarsiBaiiy cTaib-
HoH 1po6kto 1,4...1,6 MM Ha ycraHoBke H-0410 B Teue-
Hue 60 muH nog nasnenueM 0,2 MIla. IllepoxoBaTocTb
MTOBEPXHOCTH TOCIIe JApOoOecTpyiHOH 00paboTKH co-
crasuia R = 2,5. Hcmbitanne o6pa3inos Ha yCTanocT-
HYIO TIPOYHOCTh NPOBOJMIIN B IIEHTPAIBHON 3aBOJICKOH
naboparopun HBKT' «3Bops» —«MammpoekT» Ha CTaH-
JapTHBIX 00pa3Iax, ¢ 4acToTol 685 HUKIOB B MUHYTY
(11,4 T'm). ba3a ucnbiTanmit cocrasnsina 107 LUKIOB,
HayajibHasi Harpyska Ha obpaszen — 140 Mlla, mar no-
BhIeHNs Harpy3ku — 20 MIla. Onpenenenue npenena
npoyHOCTH TipoBoAMiH B cootBeTcTBHU ¢ T OCT 1497-84
Ha pa3peiBHON Mammae MP-5057-50 mpu Harpyske 5 T,
co ckopocTblo Harpyxkenus: 0,5 mm/muH. Ilpenpexpu-
CTAJUIN3AIIMOHHYI0 TEPMHUYECKYI0 00pabOTKy BBITION-
Hsu B anekrporeun CHOJI-1.6.2.0.08/9-M1 mipu Tem-
neparype 500 °C, ¢ BBLAEPIKKOU IIPH 3TOH TeMIeparype
B TeUCHHE 3 MUH COTIIAaCHO peKoMeHaanusM [3]. Mukpo-
TBEPIOCTh OMPEACISLIN C MOMOINbI0 mpubopa IIMT-3
(Ha TIPOAONBHBIX NUIM(AX) MPU HArpy3Ke Ha UHIEHTOP
20 r cormmacHo JICTY ISO 6507-4:2008.

AHanM3 MHKpPOCTPYKTYPBI OCYIIECTBIISUIM Ha SJIEK-
TpoHHOM MHuKpockone [IOM-100M metomom pemuk
[12]. Cpennuit >¢dexTuBHBI pa3mMep oOmacTei Kore-
pentHoro paccenBanus (OKP) onpenensuim MmeTomom an-
MIPOKCUMAIIUH IO IBYM TOPSIIKaM OTPayKeHUsI B HAIIpaB-
nernu [110] u [211] nuneiiHON KOMOUHaIMEeH QyHKIMIA
laycca, uTo M03BOIMIIO O0JIEE TOUHO OIIPEACIIUTH 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:al 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 yuuThIBasi BIUSHUS BHYTPEHHUX HaIPSLKEHUN
u ycrnoBmii ckeMku [5], Ha maudpakromerpe JPOH-3
B U3JIy4YE€HUHU CuKa.

[ToBepXHOCTHBIN €O MMeeT oIpeaesionee 3Ha-
YEeHUE Uil CONPOTHBIEHHS YycTaynocTd. IlepBuuHBIC
TPEUIMHBl BO3HUKAIOT B MOBEPXHOCTHOM CJIOE TOJIIN-
Hoii B cpexnem 0,05...0,20 mm. Tpemunsr o0pa3yroTcs
B IIOBEPXHOCTHBIX 3€pHaX, MOBPEKICHHBIX AEHCTBHEM
npeBapuTeIbHON 00paboTku. Ha rpaHuile moBepXHOCT-
HOTO CJIOS 1 OCHOBHOTO Marepualia BO3HUKAIOT PacTsTrU-
BalOIUE HANPSDKEHHMS, SBISIOMINECS MOTEHIIMATEHBIMU
UCTOUHUKamMu oOpasoBanus TpemuH [1]. [Ipenen ycra-
JIOCTHOM NMPOYHOCTH yBEJIMYHMBACTCS, KOTAA HA TTOBEPX-
HOCTH JieTanu (OPMHUPYETCs CIION C MOBBIIIEHHBIMH T10-
KazaTeJsiMU TBEP/IOCTH.

C uenbio onpeeNieHns: COCTOSIHUS TOBEPXHOCTHOTO
cnost cranu 18X2H4MA no u mocne mpeapekpucrai-
JIM3alMOHHON TepMHYecKoH 00pabOTKH HCCIeqoBalIN
pacripezienieHre MUKpPOTBEPJOCTH 110 TiyOnHe oOpasna
(pe3ynbraThl IpeICTaBIeHbl Ha puC. 1).

CoriacHo TpeCTaBIeHHBIM Ha pUcC. | JTaHHBIM Mak-
CHUMaJIbHOE 3Ha4e€HHEe MHKPOTBEPIOCTH MOcCie Japode-
CTpy¥HOI 00paboTKK HaOIrOMaeTCs Ha TITyouHe 40 MKM
u cocrasiset 5,9 ['Tla (kpusas /). Ilocnenyromas npen-
peKpUCTaIIM3alMOHHAsl TepMuueckas oOpaboTka mnpu
500 °C c BbIAEp)KKOH B T€UEHUE 3 MMUH NPHUBOAUT K I10-
BBIIIIEHUIO TOKa3arenei TBeproctu 1o 8,4 I'Tla Ha rmy-
6une 40 MM (kpuBas 2). B pesynsrare npodectpyitHoit
00paboTKK MpouCcXoauT Aedopmarisi TOBEPXHOCTHOTO
cnos cramu 18X2H4MA no 50%, BO3HUKACT SBJICHHE
HaKJIeNa, YTO U SIBJISETCS MPUYMHOW MOBBIILICHUS [TOKa-
3aresell TBepAOCTH.

[Ipn narpeBaHmum rulacTu4ecku ae(GopMHpPOBaHHO-
ro MeTajula TPOUCXOAT BOCCTAHOBHTENILHBIE ITpOIIeC-
Chl, KOTOpPBIE 3aKJIIOYAIOTCSI B YMEHBIICHUH KOJINYECTBA
JnedeKkToB W uX MepepacrpelesieHul ¢ 00pa3oBaHUEM
Oosiee paBHOBECHOW CTPYKTyphl. Ilpomcxomurt mpo-
LleCC CHATHS BHYTPEHHUX HAIPsDKEHWH, KOTOPBIH CO-
CTOWT M3 JIBYX CTaIMi: BO3BpaTa M PEeKPUCTAIUTH3ALINH.
B cBoro ouepesp, Ipu BO3Bpare MPOTEKAIOT MPOIECCH

120 140 160 180 200 A, pm/MKM

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

Puc. 1. Pactipenenenne MUKpOTBEpIOCTH ITo TiryOuHe oOpasna u3 cramu 18X2H4MA:

1 — after shot blasting / nocne npobectpyitHoit 00padotku; 2 — after shot blasting and the prerecrystallization heat treatment at
500 ° C for 3 min / mocne npodecTpyHHON U MpeapeKpUCTAUIN3AOHHON TepMuueckoii oopabdotku (500 °C, 3 mun); h — is the
distance from the surface of the sample / paccTosHIE OT IOBEPXHOCTH 0Opa3ua
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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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MONMUTOHU3aIMA. B cTamsax B pe3ymsrare nedopmanuu
00pa3yIoTCs AUCIOKAIIMOHHBIE CIICTEHUS] — TaK Ha3bl-
BaeMasl siaeucTas cTpykrypa. Harpes Taxoro marepmuana
JI0 TeMIIepaTypsl Hadajla peKpHCTaJUIN3aIlliK IPHUBOAUT
K TOMY, YTO T'PaHUIIBI STYEEK CTAHOBSATCS TUIOCKUMH, TEJIO
ux emie Oosblie 0CBOOOXKIAETCSI OT TUCIOKALMNA U OHH
MpeBpaIaioTcs B CyO3epHa ¢ MAJOYIIIOBBIMH TpaHU-
aMH, T. €. OCYIIECTBISIETCS MPOIECC MOTUTOHM3AINH.
Cy03epHa, oOpasyromuecs MpH MOJUTOHU3AINH, C TI0-
BBIIIICHUEM TEMIIEPaTyphl U YBEJIIMYEHHEM BPEMEHH BBI-
JICPIKKU CTPEMSITCSl YBEIIMUUBATHCS ITYTEM MHUTPALUH
1 KOaJIECIEHIMU CyOrpanul. Berpeda murpupyommx
CyOTpaHUI] ¥ pacTyIIuX Cy03epeH MPUBOANUT K HAKOILIE-
HUIO IPOAYKTOB B3aUMOACHCTBHSI MAJIOYTIIOBBIX CyOrpa-
HUI ¥ OTACTBHBIX JUCIOKAINH, 9YTO, BEPOSITHO, TOPMO3UT
JIBJKEHHE TMCIIOKAlMi, ynpouHss marepuai. [Ipeprisa-
HUE Npoliecca HarpeBa Win BhIACPXKKH Ha CTaUH MOJIH-
TOHM3ALMU U NIOCIIEAYIOIIEE OXJIAXKIEHHE CO CKOPOCTBIO,
HCKJTIOYAOIIEH POCT CyO3epeH, MO3BOJSIET 3apHKCHPO-
BaTh IMOJUTOHM3AIMOHHBIE CyO3epHa. TakmM oOpaszom,
noBeIeHue TBepaocty ctam 18X2H4MA nocne npen-
PEKPHUCTAILTH3AIMOHHON TepMUYECKO 00paboTKH 00b-
SICHSIETCS] U3MENIBYEHHEM CyOCTPYKTYPBI.

[NoBbIIeHNE TBEPAOCTH IIOBEPXHOCTHOTO CJIOSI CTa-
U B pe3yabrare OpoOecTpyiHOW 0OpabOTKH BEI3BAHO
(¢opMEpoBaHHEM B HEM BHYTPEHHHX CXXHMAIOUINX Ha-
npsbkeHud. s onpeneneHuss BEMWYUHBI U Xapakrepa
W3MEHEHHs] BHYTPEHHHX HAIPsHKEHHH B TOBEPXHOCTHOM
cnoe cranu 18X2H4MA mnocne npobecTpyiiHOH U TO-
crlenyroue npeapeKpucTauin3alMOHHON TEPMUYECKOM
00paboTKH MeTOIOM M3MepeHHs mpornda obdpasma [11]
MTOCTPOCHBI YIIOPHI pacIipeesieHus BHyTPCHHNUX HaIps-
YKeHUH 1o riryOuHe oopasna (puc. 2).

Jpobectpyiinas odopadotka cramu 18X2H4MA B Te-
yenne 60 muH nox nasnenuem 0,2 MIla Be3biBact dhop-
MHPOBaHHE B IOBEPXHOCTHOM CJIO€ CKMMAIOIIUX HaIIps-
JKEHUI ¢ MakcuManbHbIM 3HaueHueM 620 MlIla, kotopoe

160 180 200 220 A, um/ MM

Fig. 2. Distribution of internal residual stresses on the depth of the sample of 18H2N4MA steel:

Puc. 2. Pacnipenienenne BHyTpEHHNX OCTATOYHBIX HAMPSDKEHUIT 10 mTyOnHe o6pasma u3 cramn 18X2H4MA:

1 — after shot blasting / nocne npobectpyiiHoit 00pabotku; 2 — after shot blasting with the subsequent prerecrystallization
heat treatment at 500°C, 3 min / mocne apodecTpyiHON 00pabOTKH ¢ MOCIEAYIOMIEeH MpeapeKpUCTAIUTA3AOHHON TePMUIECKOI
obpabotkoii (500 °C, 3 muH.); h — is the distance from the surface of the sample / paccTosiHEE OT TOBEPXHOCTH 00pa3ma
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The shot blasting of the ISH2N4MA 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 18H2N4MA 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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Habmonaercss Ha paccTosHuu 40 MKM OT TOBEPXHOCTH
obpasma (kpuBast /). OOmas mIyOmHa HaKJIEIaHHOTO
cnost coctaBnsieT 220 mxMm. Ilocnenyromas npeapexpu-
CTAJUIM3AIMOHHAS TepMHUYeCKass 00paboTKa HE BBI3bI-
BaeT M3MEHEHHUs] XapaKTepa OCTATOYHBIX HANpsHKECHHH,
a TOJIBKO JIMIIb IPUBOJIUT K YMEHBIICHHUIO a0COIOTHBIX
3HaYeHUI. MakcUMallbHOE 3HAYEHUE CHKMUMAFIOIIUX OCTa-
TOYHBIX HANPSDKEHUH TIOCIE NpeNpeKpUCTauIn3allu-
OHHOW TepMHYeckoi o0pabotku cocrasnsier 610 MIla
U HAOJIOAAETCS HA TOM K€ PACCTOSIHUM OT TIOBEPXHOCTH
obpasia, 4To u mocie ApodecTpyiHONH 00paboTku, mpu
9TOM 00Iasi MTyOMHA HaKJIEIaHHOTO CJIOSI TIOHMKAETCS
10 200 MKM. YMEHbILIEHUE BEJIUYMHBI OCTAaTOYHBIX Ha-
MPsOHKEHUH U ITyOWHBI HAKJICTIAHHOTO CJIOSI B PE3yJbTaTe
MPEIPEKPUCTATUTU3AIMOHHON TEPMHUECKONH 00paboTKU
MOXXHO OOBSICHUTH PElIaKCAIMOHHBIMU [POLIECCAMH,
MIPOUCXOSIINMHE B TIPOLECCE TTOITUTOHH3ALIUH.

BnusHue mpeapekpHcTaIM3aMOHHON TepMHUYe-
CKOl 00pabOTKM Ha YCTAIOCTHYHO MPOYHOCTH CTalH
18X2H4MA mocie mpeaBapUTEIbHON IpobecTpyitHOi
00pabOTKH OMPEACIISUIA METOIOM UCTIBITAHUS Ha KU~
yeckyto ycranocts cortacHo ['OCT 25.502-79. IMomny-
YEeHHBIE PE3YJBTaTHI IPEICTaBICHBI B Ta0M. 1.

Kak BumHO W3 Tabn. 1, mpeapeKkpucTaIn3alioH-
Hasl TepMHUYeCKas 00paboTKa MPUBOJUT K MOBBIIICHHIO
ycTanocTHOH npodyHocTH ctamu 18X2H4MA npumepHO
B 2,7 pa3a 110 CpaBHEHHUIO C APOOCCTPYHHOM 00pabOTKOM.
310 00BsICHSIETCS C(HOPMUPOBAHHOI CYOCTPYKTYpOii TO-
BEPXHOCTHOTO CJIOs, KaK U B padboTax [6, 13]. U3mennue-
HUE CTPYKTYPBI B TOBEPXHOCTHOM CJIO€ CTaJI IPUBOIUT
K TOMY, YTO TpEIIWHA, KOTOpasi BO3HUKAET B MaTepHa-
Jie IpU IUKJIMYECKUX Harpy3kax, BCTpeYaeT Ha CBOEM
Iy TH OoJIblIee KOMMYECTBO MPETSITCTBUI B BUE MaJIBIX
cy03epeH ¢ pa3BUTOM MOBEPXHOCTHIO U TPATHT OOJIbIIIE
SHEPriH Ha MX NPEOIOJICHUE, B PE3YNIBTATe Yero Bpems
MIPOXOXKICHHS TPEIINHBI OT 3apPOXKACHHS JIO pa3pylICHHs
obpasiia yBeITHUUBACTCS, TIPH 3TOM BO3PACTAET MPEAe
YCTaJIO0CTHOM MPOYHOCTH.

[penpexpucrammzanonHas TepMuueckas o0pa-
00TKa BBI3BIBACT MOBBILICHUE TIPE/IeIia IPOYHOCTH CTAIH
18X2H4MA Taxke nocie gopobecTpyiHOi 00paboTKn
(Tabm. 2).

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

Tadmuua 1. 3HaueHne MaKCUMaJIbHBIX HANPSDKCHUH W KOMMYECTBO HUKIOB 10 paspymeHus ctanu 18X2H4MA B 3aBUCHMOCTH

oT BUzia 00paboTKH

Treatment type HaLroaixa Cycle number

Buna 06paboTku s M]I:c}zl / MIa KomnnyecTBo 1IUKIIOB
Shot blasting for 60 minutes under the load of 0.2 MPa 560 3680000
Jpobecrpyiinas 06paboTka Ha MpoTshkeHuy 60 MuH noj Aasnesnem 0,2 MIla (failure) / (pa3pyienue)
Shot blasting for 60 minutes under the load of 0.2 MPa with the subsequent 560 (resis tefl)6§(()£3§e sxar)
the prerecrystallization heat treatment at 500°C, with the 3 minute hold 3630000 P
Z[p06eCprI71Ha;£ 00paboTKa Ha MPOTSHKEHUH 69 MUH I0J1 IaBIeHHEM 0,2 }\/IHa 580 (resisted) / (Bbimepsan)
C MOCIIEAYOIICH MPePEKPUCTAILTU3ALMOHHON TEPMUYECKOI 00pabOTKOM IpH 270000
500 °C, ¢ BbIIEp)KKO 3 MUH 600 .

(failure) / (pa3pymeHue)
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Table 2. Value of tensile strength and plasticity indices of the 18H2N4MA steel depending on the treatment type

Tadmuua 2. 3Ha4eHus mpeaeta IPOYHOCTH U TIoKazarenelt miactuaHocTH ctanu 18X2H4MA B 3aBUCHMOCTH OT BUa 00paboTKU

Treatment type / Bun 06paboTku

6,5, MPa / MIla 5, % Y, %

Shot blasting for 60 minutes under the load of 0.2 MPa

JpoGectpyitHas 06paboTka Ha npoTsbkernd 60 muH non nasieHneM 0,2 MIla

910 6 25

C BBIJIEPIKKON 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

JpobGectpyitHas o0paboTka Ha mpoTsbkeHnd 60 MuH non nasieHueM 0,2 MIla
¢ TOCJIEAYIOLIEH IpeIpeKpUCTAIIM3alHOHHON TepMIuecKoii 06padoTkoii mpu 500 °C,

1011 7 25

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

IloBemmenne npenena mpouHoctw Ha 11% npm
MPAaKTHYECKH HEM3MEHHOW IIAaCTHYHOCTHU IOCIE Hpes-
PEKPUCTAIIIM3AMOHHON TEPMUUECKOH 00pabOTKH CTa-
m 18X2H4MA (B cpaBHeHHHU C aApobecTpyiHOI o0Opa-
0OTKOI) MOJKHO OOBSICHUTB C TOUKH 3PEHHUS] MEXaHU3Ma
pa3pylueHus, KOTOPBIH IPOUCXOAUI BO BPEMS HAIPy3KH
ombITHOTO 0oOpasia. [lnactuueckas aedopmalius mpou-
30MJ€T B NEPBYIO OYEPEb B 3€PHE, OJIATOMPUATHO OPHU-
€HTHPOBAaHHOM K BHEUTHEW Harpy3ke (T. €. ¢ HauboIb-
[IMM KacaTeJIbHBIM HanpspkeHneM). C poCcTOM BHEIIHETO
HanpspKeHUsl HaOJIIO/IaeTCsl MOCTETNIEHHOE BOBJICYECHUE
OCTaJBbHBIX 3€pEeH B MpoLecce IulacTuieckoil nedop-
Malluy MpU COXPaHEHUH LEIOCTHOCTH 3epHa. [lox aeit-
CTBHUECM BHCUIHETO HAIPSI)KECHUSI CMCUICHUA ,uncnoxaunﬁ,
TCHCPUPYCEMBIX aKTUBHBIM UCTOYHHUKOM, 3€pHA IPUXOIAT
K I'PaHUIIe U 3aJIepKUBAIOTCs OKoJlo Hee. [To Mepe Hako-
IUIEHHS AWCIIOKAIMH pacTeT HampspkeHue. OQHaKo 3To-
TO HEJOCTAaTOYHO, YTOOBI IEPEHTH M3 OTHOTO CyO3epHa
B Jpyroe uepe3 rpanuiy. [lostomy pacmpocTpaHeHue
CKOJIB)KEHHSI OT OJTHOTO CyO3epHa K JPYyroMy OCyIIecT-
BJISIETCSI 32 CYET TOTO, YTO MPH JIOCTHKEHNH OIIpEeIIeH-
HOTO 3HA4YeHWsl HaNpsDKEHHs B TOYKE OJIHOIo cy03ep-
Ha BO30Y)KIaeTCsi MCTOYHUK IHUCIOKALMU B COCEIHEM
cy63epre. CompoTuBicHHe aehOpPMaIlMH BO3pacTacT
C YMEHBIICHHEM pa3Mepa CyO3epHa He W3-3a HaM4Hs
TpaHUIBI caMOH 110 cebe, a BCISICTBIE B3aUMOACHCTBHU
MEX]y 3€pHaMH, pa3ieleHHbIMU 3TOH rpanuueil. Cie-
JIOBATEJIBEHO, MTOBBIIIEHNUE MIPE/eNa IIPOYHOCTH B PE3yIlb-
Tare NMpeIpeKpUCTaITM3alMOHHON TepMU4ecKoil o0Opa-
OOTKM CTajJM CBSI3aHO C M3MEJIFYEHUEM CYOCTPYKTYpBI
(puc. 3).

Ha puc. 3 BuaHO, 4TO HOCHE MpeApEeKpHCTAIIN3A-
UOHHOW TEPMUYECKON 00pabOTKH B CTPYKTYpE CTail
18X2H4MA wHaOmomaeTcss 4YacTHYHOE W3MEIBYEHNE
cy03epeH, IMerolIee MecTo Mmociie ApodecTpyiHHOH 00-
pabotku: ot 222...133 MkM 10 90...49 mMxMm. M3mensue-
HHUE CyOCTPYKTYpHI MOCIIE NMPEApPeKPUCTATIM3aLUOHHOM
TepMHYECKOH 00pabOTKH MOATBEPKIAIOT U JaHHbBIE, MO~
JIYUYCHHBIC B PE3YJIbTATE PCHTICHOCTPYKTYPHBIX HUCCIIC-
JoBaHMi (Tabdm. 3).

[ockompky OKP cooTBeTCTBYET BHYTPEHHEH yIIOpS-
JTOYCHHOM 00IacTH 3epHa U HE BKIIFOYAET B ce0s CHIIBHO
WCKa)XCHHBIE T'PAHHUIIBI, pa3Mep €€ OTOXKIECTBISIOT CO
CpPEeIHHUM Pa3MepOM KPUCTAJUIUTOB [6].

PazHuna B aOCONIOTHBIX 3HAYEHHSIX pa3sMEpOB
CTPYKTYPHBIX J3JIEMEHTOB, IIOJIYYEHHBIX Ha JJIEKTPOH-
HOM MHUKPOCKOIIE ¥ IPU PEHTI€HOCTPYKTYPHOM aHaH-
3e, CBSI3aHa C TEM, YTO PEHTTCHOCTPYKTYpPHBII aHaIN3
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J0.00KN x30.0k
a)

Fig. 3. Microstructure of the 18H2N4MA steel:
Puc. 3. Mukpoctpykrypa cranu 18X2H4MA:

WD=73mm
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paw

30.00kV
b)-6)

Whi=11.0mm y 300K 2um

a) — after shot blasting / mocie npobectpyiiHoit 00paboTku; 6) — after shot blasting with subsequent the prerecrystallization
heat treatment at 500°C, 3 min / nocne npobecTpyiiHo# 06pabOTKH ¢ HOCIeAYIONIeH MpePeKPHCTAUTN3ALUOHHON TEPMHUUYECKOI

o6pabotkoii (500 °C, 3 muH)

Table 3. CSR value of the I8H2N4MA steel depending on the treatment type
Taomuua 3. Pasmep OKP s cramu 18X2H4MA B 3aBHCHMOCTH OT BHJIa 00pabOTKH

Intrinsic
broadening, grad. CSR size D, nm
Treatment type DusrgecKoe Pasmep OKP
Buna 06paboTku P
yLUINPEHUE, TPaj D, um
[110] [211]
Shot blasting for 60 minutes under the load of 0.2 MPa 0.4 0.6 265
JpobecTpyiinas 06paboTka Ha mpoTskeHun 60 MuH o gasneanem 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
JlpobecTpyiinas 06paboTka Ha npoTskenuu 60 MuH 1o napienuem 0,2 MIla 0,475 0,3 142
C MOCTIEAYOLIEH MPeIpeKPUCTAINTN3AIMOHHON TepMUYECKOil 00paboTKOM mpu
500 °C, ¢ BeIgep>kKoit 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

MIOKA3bIBACT CPEAHUI pasMep CTPYKTYpPHBIX AIEMEHTOB
o BceMy 00beMy o0pasiia Ha ryoune 1o 400 MM, ya-
CTUYHO YYUTHIBAsl pa3Mep CTPYKTYPHBIX JJIIEMEHTOB HE
TOJBKO 00pabaThIBaEMOro IOBEPXHOCTHOTO CJOs, HO
1 OCHOBHOTO MeTayuia. OJHAaKO HECMOTPSI Ha Pa3HUILY
aOCOIOTHBIX 3HAYCHUH pa3MEPOB CTPYKTYPHBIX IIEMEH-
TOB, MOJYYEHHBIX Pa3IMYHBIMU METOIAMHU CTPYKTYPHO-
TO aHajM3a, MPE/ICTABJICHHBIE PE3YNIBTAaThl CBHICTEIb-
CTBYIOT, YTO MPEAPEKPUCTAIUTN3ANNOHHAS TEPMUYIECKast
00paboTKM TPUBOIUT K W3MEIBUEHHUIO CYOCTPYKTYDBI
cramu 18X2H4MA mocne mnpenBapuTeNbHON Ipode-
CTpYyHHOI 00pabOTKH.

Takum 00pa3oM, NEpCHEKTHUBEI JajJbHEUIIEro pas-
BUTHS UCCIIEIOBAHUHN 3aKIIFOYAIOTCS B IETAILHOM H3yye-
HUM TPOLIECCOB (POPMHUPOBAHHUSI MEJIKO3EPHUCTOU CyO-
CTPYKTYpPBI B pe3yJbTare MpeApeKpUCTAIIH3aAHOHHON
TePMUYECKOH 00pabOTKH.

BBIBO/IbI. IIpenpexpucranin3alyioHHas TEpPMH-
yeckast o0padorka npu 500 °C B TeueHue 3 MHH 1ocie
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leads to the increase of the fatigue strength of | npoGectpyitHol 00paOOTKM MPHBOIUT K IMOBBIIICHUIO

18H2N4MA steel at 2.7 times, the increase of the strength | ycranoctHo# npounoctu cramu 18X2H4MA B 2,7 pa3sa,

limit at 11 % and the hardness increase of the surface lay- | npemena mpounoctr Ha 11 % u yBenMUYEHUIO TBEPIOCTH

er at 42% by means of the formation of the areas with | moBepxHocTHOTO ciost Ha 42 % 3a cuer popmHupoBaHUSA

fine grain substructure. YYaCTKOB C U3MEJIBUCHHON CyOCTPYKTYpPOH.
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KHWKHAA NMOJIKA

HATIPY)KEHHS
TA AEGOPMALIII

“ HccnenoBanue npoOiaeMbl CBApOYHBIX HAPSHKCHUH U AeQOpMAaIiii mepe-
kw0 muk B 30-x rogax XX Beka. MccnemoBaHuss B OCHOBHOM OBLITH HAIPABICHBI
Ha PAcKphITHE MeXaHH3Ma 00pa3oBaHMs Ae(hOpPMAIUil U HAMPSHKCHUE MPH CBapKe
HU3KOYTJICPOAMCTHIX CTAJICH.

B nocneayromue roapl Kpyr Hay4HbIX YUPEXKACHUN U CIIEHUATNCTOB, KOTOPBIE 3aHU-

.Y

NPK EEAPmBﬁHHl MaJich Mpo0JieMaMy MPOYHOCTH CBAPHBIX KOHCTPYKIHMU, CBAPOYHBIX HAIPSIKEHHI

u aedopmaliiii, HePEPHIBHO PacIIUpsuICs. Pa3BuTHE U0 1O MyTH MCCIIEIOBAHUSA

- 7~ , - . .
7 i, CBApOYHBIX HAIPSHDKEHUH B Pa3IMYHBIX TUIAX COCAWHEHUH, BIMSHUS HallpsHKEHUH

Ha IPOYHOCTh, YCTOHYHMBOCTH NMPOTUB XPYIKOTro paspyuieHus. CerogHs mupokoe
MPUMEHEHHE MOIYYHIIU METOBI TEOPHUH YIPYTOCTH U IIIACTHYHOCTH, KOMIBIOTEP-
HbIE TEXHOJIOTUU, PA3JIMYHBIE IIPOrPaMMHBIE KOMIUIEKCHI U1 MCCIEAOBaHUSA CBa-
POUHBIX HaNPsDKEHHUH U JieopMaliuii 1 pelieHusi KOHKPETHBIX MPooieM. , ,
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