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Kakumu cBomcTBaMu obnapaeTt o6bekT,
CUHTE3UpPYeMbii C MOMOLLbIO TEXHONIOTUN
CeNIeKTUBHOIO Jla3epHoro naaenaeHus (CJM)?
OkasbiBaeTcs, B pe3y/ibTaTe C/I0OXXHOro TepMU4ecKkoro
BO34,eMCTBMUSA B CTPYKTYpe cniaBa pukcupyercs
SIBHO HepaBHOBeCHOe cocTosiHue. 1o ypoBHIO
YAEeNbHOro 3/1eKTPOCONpPOTUBJIEHUS YCTAHOB/IEHO,
4YTO fedeKTHOCTb pelleTKn CTanu, noayvyeHHon CJIM-
MeToAoM, Ha 15% Bbiwe, YeMm AedpeKTHOCTb CTaun
TOro e COCTaBa, HO NMoJIy4eHHOW CTaHAAPTHOM
3aKankou B Boge. NpuBeneHa oueHKa CTPYKTYPHOM
CTabuIbHOCTU CTaNIM AYCTEHUTHOIO Knacca
03X16H15M3, nony4eHHo meTogom CJIMM.

BBEAEHWE

CeJleKTHBHOE JIa3epHOe IIJIaBJIeHHe (CJIITI) saBisieTcs
OOHOM M3 aAJHUTHBHBIX TEXHOJIOTHM HMJIM TaK Ha3bl-
BaeMBIM MeTOmoM 3D-TieyaTHu. HMpes cuHTe3a o6mem-
HOM MeTaJlJIM4YecKOH JeTalH CKOIb YITOAHO CJIOKHOM
GOpMBL IIyTeM IIOCIOMHOMN BBIOOPOUYHON (CENIeKTHB-
HOM) IepeKpUCTA/IIM3AlUH TOHKUX CJI0eB MeTasllH-
YeCKOIo IIOPOIlIKa B HACTOsIee BpeMs HaXOOUT IIpaK-
THYecKkoe IIprMeHeHHe. Ocobyi0 aKTyaJbHOCTh OHA
npuobpeTaeT B IITYYHOM IIPOU3BOACTBE, KOIJA OTCYT-
CTBUe HeoOXOSMMOCTU B IOIOJTHHUTEIBHON OCHACTKe
MOKeT CYILIeCTBEHHO IIOHM3HUTh CTOMMOCTH KM3TOTOB-
JIEHU S JeTalH.

[IpuHuun paborel ycraHoBKU CJIII OCHOBaH
Ha Iojave TOHKOrO (IIOpsiiKa HECKOIBKUX [eCSITKOB
MHKPOMETPOB) CJIOSI IIOPOLIKOBOTO MaTepHasa, pas-
PaBHUBAHUH €ro PoIMKOM M BO3JEUCTBUU Ha HEro
CKAaHUPYIOUIUM J1a3epPHBIM Iy4yKoM. TaKHUM 06pasoM,
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What properties has the object synthesized by
selective laser melting technology (SLM)? By the
level of the electrical resistivity it was found that
the lattice defectiveness of the steel obtained

by SLM is 15% higher than that of the same
composition of steel after standard water quenching.
The structural stability of austenitic steel 316L
obtained by SLM was detected by the temperature
dependence of the relative electrical resistivity. The
difference in the temperature dependences with
temperature increasing for steels after the SLM

and water quenching indicates the occurrence of
recrystallization processes in the steel obtained by
SLM method.

INTRODUCTION

Selective laser melting (SLM) is one of additive
technologies or the so-called 3d-printing method. The
idea of synthesis of bulk metal parts of arbitrarily
complex shape by additive selective recrystallization
of thin layers of metal powder is practically
applied nowadays. It acquires a special urgency
in piece production, when no need in additional
equipment can significantly reduce the cost of a part
manufacturing.

The principle of the LM unit operation is based
on applying a thin (approximately several tens of
micrometers) layer of powder material, its leveling
with a roller and exposing to a scanning laser beam.
Thus, a part microlayer with a predetermined shape
profile is created; then the next layer of powder is
applied, and the following microlayer is created;
and so the process is repeated until the complete
formation of the object. Since the laser action has
high local property (molten pool has a diameter of
about 50 microns), and the solid substrate provides
an intense heat removal, the structure of the alloy
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Co37aeTcss MUKPOCJION JleTalu ¢ podrieM 3aJaHHOH
bopMBbl; Ianee mojaeTcs CAeAYONIHUI C/IOM MOPOIIKA
U CO3/AeTCs CIefYIOIINH MUKPOCJIOHN; U TakK IpoLecc
MOBTOPSIETCSI 10 IIOTHOTO GOPMHPOBAHHUS 00BEKTA.
IToCKONBKY JIa3epHOE BO3[eHCTBHe oby1azjaeT BLICOKOHU
JIOKAJIBHOCTBIO (BaHHBI PacIllaBa MMeET AHUaMeTP
ropsifka 50 MKM), 2 MacCHUBHAs IIO/JIOKKA obecriequ-
BaeT MHTEHCUBHBIM TeIJIOOTBOA, TO GOpMHUPOBaHHUE
CTPYKTYPBI CIVIaBa ITPOUCXOAUT B YCIOBHUSIX CBEpPXOBI-
CTPOro OXJIaXKIEeHUS H3 SKUIKOTO COCTOSTHHUS (10°-10°
K/c). KpoMme Toro, 30HBI IIaB/IeHUS [1epeKPbIBAIOTCS
KaK II0 IIHMPHHe, TaK U IO IMybHHe, YTO NPHUBOLUT
K HEeOZHOKPATHOM IepeKpUCTIN3al MK MaTepHaa,
a IIpU JIa3epHOM IIJIaBJIeHUH COCeJJHUX YYaCTKOB y>Ke
MepeKpHUCTA/IM30BAHHBIM MaTepHas II0fBepraercs
JOTIOJIHUTE/IBHOMY TepMOLIMK/IMPOBAHHUIO.

B pesynbTaTe CTONb CJIOKHOIO TePMHUYECKOIO BO3-
JeHCTBUS B CTPYKType cIlZIaBa QUKCHUPYeTCs SIBHO
HepaBHOBeCHOe COCTOSIHUE, KOTOpOe OKa3blBaeT Cyllle-
CTBEeHHOe BJIMSHHe Ha CBOMCTBAa CHHTE3HUPYeMOro
obpekTa. HccaemoBaHMe CTPYKTYPHOM CTaOMIBHOCTH
CIlIaBa, IonydeHHoro Merogom CJIII, mpexacTaBiisieT
He TOJbKO HAy4YHBIM, HO U HpPaKTHYeCKHH HHTe-
pec, IIOCKOJIBKY ero pe3ysIbTaThl II03BOIAT OCO3HAHHO
NOAXOAUTh K PpelleHHI0 Pas3JTHUYHBIX IIPUKJIAJHBIX
3amad.

OZHUM M3 CBOMCTB MaTepHasa, Haubonee 4yB-
CTBUTEJIBHBIX K [ePeKTHOCTHU KPUCTATIIHUUYECKOIrOo
CTPOEHMS, SBJISIETCS YAeJbHOe 3JIeKTPOCOIIPOTHB-
neHue., IM3BecTHO, 4YTO 3IeKTPOCONPOTUBJIEHHE
MeTajla OIIpefensieTcsl ABYMsI 0b6CTOSITeTbCTBAMH:
paccestHHeM 3JIeKTPOHOB IIPOBOAMMOCTH Ha (OHOH-
HBIX KoJeOaHHUSIX KPHUCTA/IMYeCKOM pelleTKH, ecTe-
CTBEHHO, C y4eTOM BCeX HMMEIOUIHUXCS JIeTHPYIOLIUX
KOMIIOHEHTOB (TepMUYEeCKH 3aBHCHMas YacTb JJeK-
TPOCOIIPOTUB/IEHMS, KOTOpPasi pacTeT IPU HarpeBe),
U paccessHHEM 3JIeKTPOHOB IIPOBOAKMMOCTH Ha Jedek-
TaX KPHUCTAJIMYECKOr0 CTPOeHHsI (3TO TO 3JIeKTPO-
COIIPOTHBJIEHHE, KOTOPOe 3aBUCHUT OT KOJIHYeCTBa
IedeKTOB U KOTOpOe MOYKeT TOJIbKO YMEeHbIIAThLCS IIPU
HarpeBe, eCJIM IUIOTHOCTH AedeKToB CHrkaetcs) [1].
Takum obpasoM, ompefesneHHe yOelbHOIO 3IeKTPO-
COIIPOTHB/IEHUS SKCIIEPUMEHTAJIBHOIO CIJIaBa IPHU
GUKCUPOBAaHHOM [IOCTATOYHO HH3KOM TeMIlepaType
U COIOCTaBJI€HHUH €ero C 3Ta/JIOHHBIM CTPYKTYPHBIM
COCTOSIHKeM II03BOJIMT JOCTOBEPHO OLIEHUTb CTeIleHb
ero 1epeKTHOCTH. B To >Kke BpeMs, U3y4as OTHOCUTE/Ib-
HOe M3MeHEHHE 3JIeKTPOCOIIPOTHB/IEHUS IKCIIepU-
MeHTaJIPHOIr0 06paslia B yC/IOBUSX ero HeITPepBIBHOIO
HarpeBa U CPaBHUBAS €ro C TUIIMYHBLIM [IOBeJleHHUEeM
COOTBETCTBYIOLIEr0 3Ta/IOHA, MOXKHO IIOJIyYUTh YeT-
KOe IIpefiCTaB/IeHHe O CTelleHU CTPYKTYPHOH CTabKIIb-
HOCTH M3y4aeMoro obbeKTa.

i g

formation occurs under the conditions of ultra-
rapid cooling from the liquid state (10°,10° K/s).
Furthermore, the fusion zones are overlapped in
both width and depth, which leads to the repeated
recrystallization of the material, and by laser
melting of adjacent sites, the recrystallized material
is exposed to additional thermal cycling.

As a result of such complex thermal effects,
explicitly non-equilibrium state is observed in the
structure of the alloy, which has a significant
influence on the properties of the synthesized
object. The study of the structural stability of the
alloy produced by SLM is not only of scientific, but
also of practical interest, as it will allow a conscious
approach to the solution of different applications.

One of the properties of the material, the most
sensitive to defects in the crystal structure, is the
resistivity. It is known that the resistivity of the
metal is determined by two factors: the scattering
of the conduction electrons on the phonon
vibrations of the crystal lattice, naturally, taking
into account all available alloying components
(the heat-sensitive part of the resistivity, which
increases with heating), and the scattering of the
conduction electrons in the crystal structure defects
(the electrical resistance, which depends on the
amount of defects which can only be diminished by
heating, if the density of the defects decreases) [1].
Thus, the determination of the specific resistivity
of the experimental alloy at a fixed temperature
low enough and comparing with a reference
structural state will allow to reliably estimating
the degree of presence of defects. At the same time,
studying the relative change in the resistivity of
the experimental sample under the conditions of
continuous heating and comparing with the typical
behavior of the relevant standard, we can get a clear
idea of the extent of the structural stability of the
object being studied.

These are the studies which we have conducted in
this research.

MATERIALS AND RESEARCH METHODS

Selective laser melting of powder of austenitic steel
03HI6N15M3 (Fe-17% Cr-12% Ni-2% Mo-1% Mn-0.7%
Si-0.02% C) was conducted using PHENIX-PM100 unit.
The powder was produced by gas atomization with its
major fraction of the dispersion less than 25 microns.
The SLM process parameters were used which allowed
obtaining a solid object of minimum porosity [2]:
laser power was 50 W, scanning speed of the laser
beam on the surface was 100 mm/s, diameter of the
laser spot on the powder surface was 70 microns.
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MIMeHHO TaKHe HCC/IeflOBaHHUS M pacCMaTpHBa-
I0TCS B IIpeJijlaraeMoli pabore.

MATEPUAJIbI U METOAUNKUA
NCCNEQOBAHNA
Ce/leKTUBHOe JIa3epHoOe IUIaBJIeHHe IIOPOIIKa ayCTe-
HUTHOU cTanu 03X16H15M3 (Fe-17%Cr-12%Ni-2%Mo-
1%Mn-0,7%Si-0,02%C) ITPOBOLMIOCH Ha YCTAHOBKE
PHENIX-PM100. ITopomiok OBLI M3TOTOBJIEH METOIOM
ra3oBOM aTOMH3allMHM, M ero OCHOBHas (pakuHs
6BI1a IUCIIEPCHOCTBIO MeHee 25 MKM. Hcronp3oBacs
CJII-mtpouecc, € mmapaMeTpaMH, KOTOphIe II03BO-
JISUIN TIOJIYYUTh CIUJIOITHOM O6BEKT MHHHMAJIBHOM
IIOPHCTOCTH [2]: MOIIHOCTB J1azepa — 50 BT, ckopocTb
CKaHWPOBAHMS JIa3ePHOI0 IIyYKa II0 ITOBEPXHOCTH -
100 mMm/c, fUaMeTp /1a3epHOro MSITHA Ha IIOBEPXHO-
CTH mopomka - 70 MKM. Takske [JIs1 IIOBBIIIEHMS
KauecTBa CHHTe3UpyeMoro o6beKTa HCII0NIb30Balach
"IlepeKkpecTHAas" CTpaTerys IUIABJIEHUs, T.e. HAIpaB-
JIeHHe CKaHMPOBAaHUS ja3epa B KaKIOM CledyolleM
(o€ MEHsSJIOCh Ha MepIeHAMKYIsapHoe. IIpomecc
IIPOBOJMJIC B aTMocdepe a30oTa IpU TeMIlepaType
80°C; B KayecTBe IOMJIOKKU MCIIOJIb30BAJICSI XPOMO-
HHKeJIeBblH ayCTeHUTHBIN CIIaB. CHHTe3HPOBAHHEIe
06pasubl mpencTaBasiIn coboil rmonychepsl nTHaMe-
TpoMm 15 MM.

®a30BO-CTPYKTYPHOE COCTOSIHHME CTaJIM II0CJIe
7Ta3epHOM IMepeKpHUCTA/MIM3allud HCC/Ie0BaloCh
MeTOAaMHU MeTa/lJIOrpaduUecKoro U peHTreHAubpak-
LIMOHHOI'O aHa/IM3a, a TakKe PAacTPOBOH U IIPOCBEYH-
BalOIIle 3JIeKTPOHHON MUKPOCKOIIUH.

PacmpefnesieHue JerUPYIOIIUX 3JIeME@HTOB B CTPYK-
Type CTaJlu KOHTPOJIMPOBAIOCH C IIOMOIIBIO PEeHT-
TFeHOBCKOI'0 MHMKPOCIEKTPa/IbHOIO aHa/iku3a. AHAIK3
IIPOBOAMJICA Ha $ojibrax B IIPOCBEUYMBAOIIEM MHKPO-
ckore Technai G220 TWIN, 4TO MMO3BOJIM/IO CHU3HUTH
JIOKAJIBHOCTb MeToJa [0 3HaueHHI, COM3MepPHMBIX
C TOJNMIHMHOM (OJbru, T.e. ~50 HM. OTHOCUTeIbHAs
IIOIPEIIHOCTh M3MEpPEeHUS COCTaBidgna 5%. KoHIleH-
TpallM{ KHUCJIOpOJa M a30Ta B CTaIM OIIPeesIsIuCh
IIyTeéM BOCCTAHOBHTE/IFHOIO IIJIAaBJIe€HHS HaBeCOK
B aTMocdepe Telusd U IIOCIAeAYIOIero JeTeKTHpOBa-
HHUS COAep)KaHus KHcioposa B ¢opme CO MeTomoMm
HHOpaKkpacHoW abcopbumu, a comepsKaHHs a30Ta -
[0 M3MEHEHMIO TeIlJIONIPOBOJHOCTH Tra30BOM CMeCH.
OTHOCHTe/IbHAS IIOIPEUIHOCTE OIlpee/IeHUsT KOHIIeH-
TpaLlMi IPUMeCceH CoCTaBsna 5%.

B manHoM paboTe H3ydasach TeMIlepaTypHas
3aBUCHUMOCTb OTHOCHUTEJIBHOTO 3JIeKTPOCOIIPOTUBIIe-

R;:-R
HUs —L—1K (R} - 3/IeKTPOCOIIPOTUBIIEHHE IIPU TeM-
K mieparype M3MepeHHS; Rjox - Ipu 10K)

B vHTepBase oT 10 mo 1473K. 3HayeHMe OTHOCHTE/Ib-
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Also, to improve the quality of the synthesized
object a cross-melting strategy was used, i.e. the
laser scanning direction in each following layer was
changed to a perpendicular one. The process was
conducted in a nitrogen atmosphere at a temperature
80 °C; austenitic nickel-chromium alloy was used a
substrate. The synthesized samples were hemispheres
with a diameter of 15 mm.

The phase-structural state of steel after laser
recrystallization was studied by the methods of
metallographic and X-ray diffraction analysis,
as well as scanning and transmission electron
microscopy.

The distribution of alloying elements in the steel
structure was monitored by X-ray microspectral
analysis. The analysis was conducted on the foils
in a transmission microscope Technai G220 TWIN,
which reduced the local property of the method
to the values comparable to the thickness of the
foil, i.e., ~ 50 nm. The relative measurement error
was 5%. The concentrations of oxygen and nitrogen
in steel were determined by reductive melting of
trial samples in the helium atmosphere followed
by detection of oxygen content in the form of CO by
infrared absorption, and of nitrogen - by variation
of thermal conductivity of the gas mixture. The
relative error in determining the concentration of
impurities was 5%.

This paper studied the temperature dependence
of the relative resistivity (R; - resistivity at a
measurement temperature; R;,x - at 10 K) in the
range of 10 to 1473K. The value of the relative electrical
resistivity was practically independent of the size of
the experimental sample, and therefore it allowed
assessing changes in its structural condition. The
measurement of resistivity in the temperature range
of 10 + 1473K was performed using a potentiometer
circuit with continuous heating of the sample. The
measurements in the temperature range of 10 =+
473K were performed with the use a special metallic
chamber of varying temperatures, which is filled
with helium in a gaseous state and is placed in a vessel
with liquid helium. The measurements were carried
out in increments of 1 K, wherein the temperature
variations were + 0.03 K. In order to measure the
voltage drop in the sample, a nanovoltmeter was
used; the current monitoring carried out according to
the voltage drop on the reference resistance coil of 100
Ohm. The relative error in determining the resistivity
did not exceed 0.5%. The studies were conducted on
two samples of steel 03H1I6N15M3 obtained by SLM
and a reference sample of steel obtained according
to SLM technology, exposed to a special annealing
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HOI'O 3JIeKTPOCOIIPOTUBJIEHU S [IPaKTUYECKH He 3aBH-
CUT OT pa3MepoB 3KCIIepHMeHTa/JIbHOro obpasua
Y I[IOTOMY IIO3BOJISIET OLIEHMBATh M3MEHEHHUS B €ro
CTPYKTYPHOM COCTOSSHHMH. M3MepeHMe 3/IeKTPOCOIIPO-
THUBJIEHHUS B AUalia3oHe teMiepatyp 10-1473K mmposo-
JUJIOCh C KCIONB30BAHHEM IIOTeHLIHOMETPHUYeCKOU
CXeMbl IIpU HeIpPephLIBHOM HarpeBaHHUHU obpasia.
IIpy wu3MepeHHAX B [Hala3oHe TeMmIleparyp
10-473K wHcIIo/ab30Bajach CIelHasibHAs MeTaslIknye-
CKasg Kamepa IepeMeHHBIX TeMIIepaTyp, KOTopas
3aIOMHsIeTCsS TeldeM B Tra3000pasHOM COCTOSHUU
Y [IOMeIAeTCS B COCYH C SKMOKUM renveM. M3mepe-
HUSI IIPOBOAMJIKCE C maroM 1K, mpu 3Tom KojebaHH s
TeMIeparypsl coctaBiasid +0,03K. 1 M3MepeHHUs
naJileHus HaIpsDKeHHs Ha obpaslie HCIIONb30BaJICS
HaHOBOJIBTMETP, a KOHTPOJb TOKA OCYILECTBIIAJICI
[0 NaJeHHIO HAIPSOKeHUS Ha 3TaJOHHOM KaTyLIKe
conporuBnenus 100 OM. OTHOCHUTe/NIbHASI IIOrpeIl-
HOCTb OIlpefie/IeHHs 3/IeKTPOCOIIPOTUB/ICHM S He IIpe-
BeimIana 0,5%. HcciaemoBaHUs ObLIM IIPOBeeHbI
Ha [AByX obpasuax ctanu 03X16H15M3, 1monydeHHBIX
MeTomom CJIII, ¥ Ha OGHOM 3TaJIOHHOM obpaslie 3Tok
CTanu, IonydeHHoMm o TexHojgoruu CJIII, momsep-
THYTOM CIeLIMa/IbHOMY OTKHIY B BaKyyMe IIpKU TeM-
nepatype 1160°C B TeueHHe 10 4 K 0OBIYHON 3aKaJIKe
B BOJie, YTO /I CTa/JIM ayCTeHUTHOTO Kj1acCa FapaHTH-

i
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Puc.1. luppakmozpamma uccaedyemoli cmanu, NoAy4eHHol
memodom C/1M: npodoAbHOe ceyeHue = KpacHbil cnekmp;
nonepe4Hoe ceyeHue - 20Aybou cnekmp

Fig.1. XRD pattern of the studied steel obtained by SLM:
longitudinal section - red spectrum; cross-section — black
spectrum

in vacuum at 1160 °C for 10 h and conventionally
quenched in water that guarantees the achievement

of a certain structural stability of austenitic steel.

The sizes of samples for measurement of resistivity
were 25X2X2 mm.
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PpyeT HOOCTH KeHHe OIlpefie/leHHOM CTPYKTYPHOL CTa-
6unpHOCTH. Pa3mepsl 06pasLOB IS M3MepeHHU s 3/1eK-
TPOCOIIPOTUBJIEHMS COCTABJISIIA 25X2X2 MM.

PE3Y/IbTATbl UCCNEAOBAHUN

N NX OBCYXXAEHUE

Pe3ynbTaThl $a30BOro PeHTIeHOBCKOIO aHa/lk3a MoKa-
3a1M, 4To nocie CJIIT uccileyeMasi CTalab HaXOJUTCS
B 07HODA3HOM ayCTEeHHMTHOM COCTOSIHMH (puc.l).
Ha pudpakTorpaMmax, MOJy4YeHHBIX C IIPOJOIBHOTO
(IJI0CKOCTb CKAaHUPOBAHHUS Jla3epa) U IOIEepeyHOro
ceyeHHUM o00paslia, MHTEHCHBHOCTb PeHTTeHOBCKHUX
[IMKOB HeCKOJIbKO IlepepacIipefie/ieHa, UYTO [OBOPHUT
0 HEKOTOPOH TeKCTYPOBAaHHOCTH 00BbeKTa: MPOFO/b
Hoe ceyeHHe 00pasiia IIpeHMYyIeCTBeHHO COBIIafaeT
C KpPHUCTa/IJIorpaduyecKou MI0CKOCThI0 THA {111}, - N ;

CTpyKTypa ayCTEHMTHOH CTa/M, CHHTE3HPOBAH- :“:fw N 3\“‘::\::5
HOM MeTOJOM CeJIeKTUBHOIO JIa3epHOro IlJaBile- N7
HUS, IpeJcTaBjleHa Ha puc.2. Ha puc.2a,6 xopoo
BUJHA CTPYKTypHasli HepapxXxHs, XapaKTepHas /s
06BEKTOB, TIONyYeHHBIX Ja3epHOM IIepeKpPHUCTAJIIH-
3aljMer IOPOUIKOBEIX MaTepuasioB [3-5]. A MMeHHO,
B CTPYKType IPHUCYTCTBYIOT BaHHBI pacIllaBa, BHY-
TPHU KOTOPBIX HAOMIOMAIOTCS SUYeHMKH KPHUCTAJIIH-
3allMU guameTpoMm Iopsaka 0,5 Mkm. Kpome Toro,
BaHHBI pacIjlaBa pa3bUTbHl Ha OTAenbHBIe 00671aCTH
(pparmenTsr) pazmepom 20-30 MKM, BHYTPH KOTO-
PBIX OpHEHTalMsl fg4eeK KPHUCTA/IM3alluK OJHHa-
KoBasi. Pa3Mep M OJMHAKOBasi OPHEHTHPOBKA Marte-
pHana dparMeHTa IO3BOIAIOT IIPeJIIOIOKHTh, YTO
OoHM cGOPMUPOBAHBI U3 OT/e/IbHbBIX IIOPOIIMHOK: IIPH
CBepxObICTPBIX CKOPOCTSIX HarpeBa M OXJa’KIeHHS
M3 SKUJIKOTO COCTOSIHHSI aTOMBI BeIlleCcTBa, IO BCeH
BUHMMOCTH, He YCIIeBalOT IlepepacIpee/luThCs
B IIPOCTPAHCTBe, COXPaHAS CBOI IIePBOHAYAJIbHYIO
OPHEHTHPOBKY.

Ha pucyHKe 2B Ipe[cTaB/leHa MHKPOCTPYKTypa
OfHOro $parMeHTa: 37eCb MOXHO BHIETb SYeHKH
KPUCTAJJIM3aLlMKA M TPAaHHUIBI MeXXAYy HUMHU. Toded-
HBIM XapaKTep 3JeKTPOHHOIPAMMBI YKa3bIBaeT
Ha OJMHAKOBYI0 KPHCTa/JIOrPadUYecKyr0 OpHeHTH-
POBKY f4eeK, IPUHA/IeXKAIKUX OGHOMY GparmMeHTy;
3[lech IJIOCKOCTH MHUKpodOTOrpaduu COOTBETCTBYeT
0Cchb 30HBI <100>. PaHee B paboTe [6] 6bL70 ITOKa3aHO,
YTO FPAHMIBI siYeeK KPUCTAJIM3aLHUK ayCTeHUTHOU
CTanu, HonydeHHOU MeTomom CJIII, mpencTaBisIoOT
cobort 06beMHBIe CIIIeTeHU ST JUCIOKALNH, TofobHBble | Puc.2. Cmpykmypa uccredosaHHol cmaau nocae aa3ep-
TeM, YTO HabTIAAI0TCS TIPH CUJIBHOM MIaCTHYeCKOL Hol nepekpucmanausauuu: memannozpaduyeckuli aHanu3
nedopmanuu [7, 8). AbTopsl pabor [9] u [10] momy- (a); pacmposas (6) u npoceequsarowiasi () 3neKmMpoHHas
UMM I006HBIe pe3y/IbTaThl Ha CIIaBaX Pa3/THMYHOIO mlkpockonta

Fig.2. Structure of the studied steel after laser
cocTaBa, TakKe CHHTe3MPOBAHHBIX MeTofom CIITL. recrystallization: metallographic analysis (a); raster (b) and

QopMupoOBaHME B IIpOLleCCe JIA3epHOM IMePeKPHU- | transmission (c) electron microscopy
CTa/UIM3aLlUU CTPYKTYPhI, MOLOGHOM HedopMaliHoH-
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HOM, 0OBSICHSIETCSI BBICOKUMHU TePMUYEeCKUMU HaIIps-
SKEeHUSMH, BO3HHUKAIOMMMH IIPHU CBepXOBICTPBIX
CKOPOCTSIX OXJIaKAEHHsI 06BbeKTa M3 SKHUIKOLO COCTO-
sHus [6, 11, 12]. Ilox meNCcTBHEM 3THUX HAIPSIKeHUHN
MOKeT GOPMHPOBAThCSI M3OBITOYHAS KOHIIEHTPALIMS
JepeKTOB KPUCTAJIMYECKOIO CTPOeHMS, B IIePBYIO
ouepelb AHCIOKAILIMH, a TAK)Ke BAKaHCHUH.

Ha pwc.3 npuBefeHbl TeMIIepaTypHble 3aBUCHMO-
CTU  OTHOCHTEJBHOIO  3JIEKTPOCOIIPOTUBJIEHUS
Ri~Rie HCCIIeyeMOro B 3TaJIOHHOT0 06pasio

R, y pasLoB cTanu
03X16H15M3. IKcrieprMeHTaJ/IbHble KPHBbIE /IS IBYX
3KCIIePUMEHTA/IbHBIX 00pa3slioB, IMONTy4YeHHBIX MeTO-
pom CJIII, coBmajawmT B IIpefeaxX IIOrPeIIHOCTH
v3MepeHus. M3 rpadprka BUAHO, YTO BO BCeM AHalla-
30He TeMIiepaTtyp oT 10 mo 1473K oTHOCHUTEIbHOE 3JIeK-
TPOCOIIPOTHBIIeHHe 06pasLa, M0Ty4eHHOT0 MeTOLOM
CJII1, meHbIlle, YeM 3TAJIOHHOIO o6pa3ua, M 3Ta pas-
HHUIIA IIPY Pa3sHBIX TeMIlepaTypax cocTaBiser oT 10
1o 15%. TakuM o6pa3oM, KaK U C/IefloBajl0 OKHAATh,
IocJIe JIa3epHOM IepeKpUCTAIHN3aLlUH 3J1eKTPOCo-
IIPOTHBIIEHUE CTAJIH R)ox, CBSI3aHHOe, IIaBHBIM 06pa-
30M, C paccessHHeM 3JIeKTPOHOB IIPOBOAMMOCTHU
Ha JedeKkTax KPUCTa/UIMYeCKOro CTPOeHMs, BhIIIe,
yeM B 3TaJIOHHOM obpaslie.

— SLM — 3TanoH
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Fig. 3. Temperature dependence of the relative resistivity of
steel HIGN15M3: SLM - blue line; reference (quenching in
water at 1160C) - pink line

RESULTS AND DISCUSSION
The results of X-ray phase analysis showed that after
SLM, the studied steel was in a single-phase austenitic
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TaxsKke ciiefyeT OTMETHTD, YTO C POCTOM TeMIlepa-
TYPhl pasHHUIIA MeXKAY 3HaUeHUSIMU OTHOCHUTEIBHOIO
3JIEKTPOCOITPOTHBJIEHU ST UCCJIeIYeMOT0 U 3TaJIOHHOI0
06pasmoB cTasy Bo3pacTaeT. YCTAHOBJIEHO, YTO TeM-
repaTypHas 3aBUCUMOCTD [JIs SKCIIEPHMEHTAIBHOIO
obpaslia BeIpaskeHa 3aMeTHO c1abee, IIpUYeM PACXOXK-
IeHUe 110 CPAaBHEHHIO C 3TAJIOHHBIM 06pa3LioM IocTe-
IIeHHO YCHJIMBAeTCs BIIJIOTH 10 1100K. ITomobHas 3aK0-
HOMEPHOCTh MOXKET 03HayaTh, YTO Ha TePMUUYECKYIO
KOMIIOHEHTY YBeJIMYeHUS 3JIeKTPOCOIPOTHBIIEHU S
B 3KCIIEPUMEHTAJIbHOM 00pa3slie MOCTeNeHHO HaKJ/a-
IbIBAeTCS BIMSIHUE TePMHUUYECKH aKTHBHUPYEMBIX I1PO-
LIeCCOB IlepepacIipenesieHusl OedpeKToB, YTO LOJIKHO
IIOHMXKATh 3JIeKTPOCOIPOTHUBIeHUe. IlpeAcTaBiieH-
Hble JaHHBIe IIOKA3bIBAIOT, YTO PeKPUCTAIH3aLU-
OHHBIE IIPOLIeCCHl, MpOTeKaloumye B obpasle, IOTYy-
YeHHOM JIa3epPHOU IepeKpHUCTAIIN3AlIKel, B L[eJIOM
3aBepIIAIOTCA HIpU Harpese 10 1100K, ITOCKOIBKY IIpHU
NaJpHeHIleM HarpeBe KHHETHKA IIOBeIeHUS 3KC-
[IePUMeHTAIbHOI0 K 3TAJIOHHOro 006pa3loB B IIeJIOM
COBITafaeT. ITO 0OCTOATENIBCTBO II03BOJSET 3aKJIIO-
4yuTh, 4YTO CJIII-CTanb IIPU CTOJb BBICOKHMX TeMIIe-
paTtypax yske HMeeT OIpefie/eHHYI0 CTabHIBHOCTB.
Ee mpu4uHBI OBUIM YCTAHOBJIEHBI NPH JajIbHeMIIeM
HCC/IeJOBaHUU.

OlLleHOYHBIH pacyeT pPasHUIIBl YAeIbHOIO 371eKTPo-
compotuBieHusl npu 10K cranu, monydeHHou CJIIT-
MeTOIOM M CTaHAAPTHOM 3aKaJKOH, IIoKa3a, 4To Ap
cocTtaBisieT ~/ MKOM'CM, IIpUYeM 3Ta pa3sHULA IIPU-
MepHO paBHa 15% OT yme/lbHOro 3J1eKTPOCOIIPOTHBIIE-
HUS 3aKajleHHOro obpasua. [IpUHSB KOHLIEHTPALIHIO
BaKaHCHI IIOC/Ie JIa3epHOM IlepeKpHUCTasIHU3aluU
paBHofI 0,1%, KOHIIEHTpaLIHIO IHUcJIoKaun - 101 cm
Y OIIpefeuB yOe/JbHYI0 IUIOMAAb IIOBEPXHOCTH I'pa-
HUI KPHCTAJJIOB IO CpefHeMYy Ppa3Mepy S4eHKHU
(5-10% cm™), 10 U3BECTHBIM M3 JIUTepaTyphl BKIaJaM
pa3snuUHBIX AedeKTOB B IPUPOCT YAEIbHOLO 3SJIeK-
TPOCONPOTHBAeHUS [1] paccuyuTanu mpUMepHOe
yBeIHYeHHe YOeJbHOIO 3JIeKTPOCOIIPOTHBIEHUS
B IIPHUCYTCTBUHU IIE€PEUYHCIeHHBIX AePeKTOB: OHO OKa-
3aJI0Ch ITPAKTHYECKHU Ha ITOPSLOK MeHbIIIe BeJIMYHHEI,
HabmomaeMoM 3KCIIEPUMeHTaNbHO. TakuM 06pasomM,
BaKaHCHUHU, CIUJIeTEHHUSI [OUCAOKALMM M TIPaHUIIBI
siueeKk He MOIYT IIPHUBECTH K CTOJIb 3HAYHUTEIbHOMY
POCTY yAenbHOTO 3IeKTPOCOIIPOTHUBIICHH .

BrII0 clenaHo MpenIiookeHue, YTO CYIeCTBeH-
HBIH BKJIa/, B yZle/IbHOE 3JIeKTPOCOIIPOTHUB/IEHHE CTAJIH,
CUHTe3upoBaHHOU MeTofom CJIII, BHOCAT OThe/bHbIe
[IpHMeCHBIe aTOMBI, a TAK>Ke UX T PYIIIIHL.

[IpenmnoosKUTe/IbHO, B pe3yjabTaTe TePMOLIMKJIH-
poBaHuUs CcTaIU B mporecce CJIIT Ha TpaHUIAX sTYeeK
GOpMUDPYIOTCS cerperaliMy JITUPYIONHUX 3JIeMeH-
TOB. B II0/IB3y 3TOro IpeAIoioskKeHHsI TOBOPUT U TO,
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state (see Figure 1). The diffraction patterns obtained
from the longitudinal (laser scanning plane) and
transverse cross-sections of the sample showed that
the intensity of X-ray peaks was slightly redistributed,
indicating some oriented properties of the object: a
longitudinal section of the sample largely coincided
with the crystallographic plane {111}.

The structure of the austenitic steel synthesized by
selective laser melting is shown in Figure 2. Figure 2
(@, b) clearly shows structural hierarchy characteristic
for the objects received by laser recrystallization
of powder materials [3—5]. Namely, the structure
had molten pools within which crystallization cell
were observed with a diameter of about 0.5 microns.
Furthermore, the molten pools were divided into
areas (fragments) sized 20—30 microns, inside which
the orientation of crystallization cells was similar.
The size and similar orientation of the fragment
material suggests that they were formed from
individual grains of powder: under the conditions of
ultra-fast heating and cooling rates from the liquid
state the atoms of matter, apparently, do not have
time to be redistributes in space, retaining their
original orientation.

Figure 2 (c) shows the microstructure of one
fragment: here you can see the crystallization
cells and boundaries therebetween. Spot nature
of electron diffraction pattern indicates the same
crystallographic orientation of the cells belonging
to the same fragment; here the axis of area <100>
corresponds to the plane of micrograph. Earlier,
research [6] has shown that the boundaries of
crystallization cells of austenitic steel obtained by
SLM are three-dimensional plexuses of dislocations,
such as those observed in strong plastic deformation [7,
8]. The authors of researches [9] and [10] have obtained
similar results using alloys of different composition,
as well as those synthesized by SLM.

Formation of the structure similar to deformation
during laser recrystallization was due to the high
thermal stresses arising at superfast speeds of the
object cooling from a liquid state [6, 11, 12]. Under the
effect of these stresses excess concentration of crystal
defects can be generated, particularly dislocations
and vacancies.

Figure 3 shows the temperature dependence of the

RT - RlOI(

of the studied and
RIOK

relative resistivity
reference samples of steel 03H16N15M3. The
experimental curves for the two experimental
samples obtained by SLM coincided within the
measurement error. The graph shows that in the
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4TO OOBIUHO JUCIOKALIMOHHAS SYeUCTas CTPYKTypa
He BBHISAB/ISETCS MeETOAOM MeTa/UIOrpaduyecKoro
aHa/lu3a, OJHaKO B JaHHOM Cjlydyae OHa Habmroma-
eTca (cm. puc.2a). Ilo pe3synpTaTaM pPeHTI€HOBCKOTO
MHKPOCIIEKTPA/IBHOIO0 aHajau3a (oI KOHIEHTpa-
nus MonuboeHa Ha TpaHHUIAX SueeK COCTaBJIseT
2,7 Macc.%, a B 'Tene" sg4yeek - 2%; KOHLIEHTPALIHS
XpoMa Ha rpaHunax - 17,6%, a BHyTpu g4eek - 16,8%.
To ecTh KoHLeHTpaLysa Mo 1 Cr Ha rpaHHUIAaX BhHIIIE,
M 3Ta Pa3sHHUIA B HECKOJBKO pa3 IIPeBBIIIAET IIOrper-
HOCTb HM3MepeHHUM. H3BecTHO, 4TO obOpa3oBaHHe
Cerperalnyi Jerdpyolux 371eMeHTOB MOXKeT CTabu-
JIM3UPOBATH JMCIOKALMOHHYIO CTPYKTY Py CIlJIaBa.

Kpome Toro, B Ipoliecce Jia3epHOMH IepeKpHCTal-
JMHU3ALMHU B Y-TBEPAOM PacTBOPe MOIJIH PACTBOPHUTHCS
aTOMBI 3alIUTHOM aTMOCQepEl, a TaKKe aTOMBI KHC-
JI0pOfa M3 OKMCHOMU IIJIEHKH C ITIOBePXHOCTH IIOPOIIKA.
OmnpepneneHre KOHLEHTPAaLlMM Ta30BbIX IPHMeceHr
[I0Ka3aJio, YTO B KMCCIeAYeMOM CIIABe COLEPSKHTCS
0,16 macc.% aszora u 0,09% Kucmopoga. 3TU KOHLIEH-
TPaUMH IIPUMEPHO Ha IOPSJOK IIPEBBLIIIAIT COmep-
>KaHHe a30Ta U KUC/I0PO/la B ayCTeHUTHOM CTAJIH JIaH-
HOI'0 COCTaBa.

TakuM o6pa3oM, YCTaHOBJIIEHA IIOBBIIIEHHAS
JepeKTHOCTh pelleTKU cpasy mocie CJIII, kotopas
IIpU IOC/AeAyIOIleM HarpeBe SB/SeTCS NPUYHHOMN

i g

temperature range from 10 to 1473K, the relative
resistivity of the sample obtained by SLM is less than
that of the reference sample, and this difference
ranged from 10 to 15% at different temperatures. Thus,
as one would expect, resistivity of steel R, after laser
recrystallization associated primarily with the
scattering of the conduction electrons in the crystal
structure defects was higher than in the reference
standard sample.

It should also be noted that with increasing
temperature, the difference between the relative
values of the resistivity of the studied and reference
samples of steel increased. It was found that the
temperature dependence of the experimental sample
was expressed much weaker, wherein the difference
compared to the reference sample has been increasing
up to 1100K. This pattern may indicate that the
thermal component of the resistivity increase of
the experimental sample was gradually impacted
by thermally activated processes of redistribution of
defects that should reduce the electrical resistance.
The data show that the recrystallization processes
in the sample obtained by laser recrystallization,
were generally terminated by heating to 1100 K
since in further heating the kinetics behavior of
the experimental and reference samples generally
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CTPYKTYPHOM HeCTabUIBHOCTH U MPOTEKAHHUS peslak-
CallMOHHBIX IpolieccoB. OQHAKO IIepepacrpeeieHe
JIErUPYIONIMX KOMIIOHEHTOB, B IIePBYI0 odepenb Mo
u Cr, BHOCHUT OIpeJle/leHHbIH CTabHIN3UPYIOIHI
BK/Iaf, 61aromapsi ueMy BIIOJTHE BO3MOYKHBI ITepCIIeK-
TUBBI IpuMeHeHUs CJIII-cTasnell, B TOM YHCIe U IPH
Pa3HBIX TEMIIEPATYpaX 3KCIIyaTallHlH,

BbIBO/bl

YCTaHOBJIEHO, YTO B ayCTEHMTHOM CTa/H, IOJIy4eH-
Hou MeTonoM CJIII, yaenpHOE 3/IeKTPOCOIIPOTHBIIEHHE
Ha 15% Bpllle, YeM B CTaJIM TOI'O Ke COCTaBa B 3aKaJIeH-
HOM COCTOSIHUH. Bojlee BBICOKOe 3HaUeHUe Y,elIbHOI0
3/1IeKTPOCOIIPOTHUB/IEHUS] CTa/IM, CHHTe3UPOBAaHHOU
MeTtomom CJIII, 0OBSICHSIETCS IOBBIIIEHHOM IIJIOTHO-
CTBIO IHCIOKALIMH, Pa3BeTBIEHHOMN 3ePHOIPAHUYHOHU
[IOBEPXHOCTHIO, U30BITOYHON KOHIIeHTPALIMel BaKaH-
CUH, IIPUCYTCTBHEM Ha FPaHMUIIAX siUeeK cerperaluu
JIeTUPYIOIIUX 371eMeHTOB Mo u Cr, a TaKyKe PacTBO-
PeHHBIMH B Y-TBepPAOM PacTBOpe IIPHUMeCHBIMH aTo-
mamu N u O.

Hcxons M3 XapaKkTepa TeMIIepaTypHOM 3aBHCH-
MOCTH OTHOCHMTEJIBHOIO 3JIEKTPOCOIIPOTHUBIIEHU
MOXKHO YTBEepPKJATh, YTO B IIPOLlecce HarpeBa B CTaH,
nonaydeHHoM MeTomom CJIII, IpoTeKaloT peKpHUCTasl-
JIM3aLMOHHBIe IIPOLIeCCBI, KOTOpPble B 3HAUMTe/Ib-
HOM Mepe 3aBepllaloTcid IpU TemIepaType 1100K,
U AaJbHEMIINIH HarpeB IIOKa3blBaeT OIlpefe/leHHYIO
CTPYKTYPHYIO CTabHUJIBHOCTh HCCIeAYeMOH CTalH,
COIIOCTABHMYIO CO CTaJIBIO TPAJUIIMOHHOIO Criocoba
II0/IyYeHU .

JINTEPATYPA

1. JImBmmn B.I'. ®r3pdecKkye CBOMCTBA META/IIOB
U CIUIaBOB. - M.: Metayutyprus, 1980.

2. YadroitsevI., Gusarov A., Yadroitsava I., Smurov
I. Single track formation in selective laser melting
of metal powders. - Journal of Materials Processing
Technology, 2010, 210, 1624-1631.

3. Shifeng W., Shuai L., Qingsong W., Yan C.,
Sheng Z., Yusheng S. Effect of molten pool
boundaries on the mechanical properties of
selective laser melting parts. - Journal of Materials
Processing Technology 2014, 214, 2660-2667.

4. KempenK., YasaE., ThijsL., Kruth].-P.,J.Van
Humbeeck. Microstructure and mechanical
properties of Selective Laser Melted 18Ni-300
steel. - Physics Procedia, 2011,12, 255-263.

5. Wang Di, Yang Yonggiang, Su Xubin, Chen
Yonghua. Study on energy input and its influences
on single-track, multi-track, and multi-layer
in SLM. - Int. J. Adv. Manuf. Technol., 2012,
58,1189-1199.

30 ®OTOHMKA N2G/54/2015

CECEEEEEEEEEEr e e e e e e e e e e e e e e e e e e e e e
AOOVUTUBHDLIE TEXHOJIOTUM I——
CECEEEEEEEEEEr e e e e e e e e e e e e e e e e e e e e e

coincided. This allows us to conclude that the SLM-
steel at such high temperatures already possesses
certain stability. Its causes have been established
during further study.

An estimate of the difference of resistivity
at 10K of the steel obtained by SLM and standard
tempering showed that Ap was ~ 7 microohmecm,
and this difference was approximately equal to 15%
of resistivity of the quenched sample. Assuming
vacancy concentration after laser recrystallization
equal to 0.1%, the concentration of dislocations equal
to 101! cm? and determining the specific surface
area of the crystal boundaries as the average cell size
(510%cm™), according to the contributions of various
defects in the increase of the resistivity disclosed
in the literature, [1] the approximate increase in
resistivity in the presence of these defects was
calculated: it was almost one order less than the value
observed experimentally. Thus, vacancies, dislocation
plexuses and cell boundaries cannot lead to such a
significant increase in resistivity.

It has been suggested that a significant
contribution to the resistivity of steel synthesized by
SLM, was made by individual impurity atoms and
their groups.

Presumably, as a result of thermal cycling of
steel during SLM, segregations of alloying elements
were formed at the cell boundaries. This hypothesis
is supported by the fact that the dislocation cell
structure was usually not detected by metallographic
analysis, but in this case it was observed (see Figure
2 (@)). According to the results of X-ray microspectral
analysis of foils, the molybdenum concentration at
the cell boundaries was 2.7 wt.%, and in the "body"
of the cells - 2%; the chromium concentration at the
boundaries was 17.6%, and 16.8% within the cells. That
is, the concentration of Mo and Cr at the boundaries
was higher, and the difference was several times
greater than the measurement error. It is known that
the formation of segregations of alloying elements
can stabilize the dislocation structure of the alloy.

Furthermore, during laser recrystallization, the
atoms of the protective atmosphere and the oxygen
atoms of the oxide film from the surface of the powder
could dissolve in y-solid solution. Determination of
the concentration of gaseous impurities showed that
the studied alloy contained 0.16 wt.% of nitrogen
and 0.09% of oxygen. These concentrations were
approximately one order of higher than the nitrogen
and oxygen content in the composition of austenitic
steel.

Thus, the increased defectiveness of the lattice
immediately after SLM was established, which upon
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subsequent heating was the cause of structural
instability and relaxation processes. However, the
redistribution of alloying elements, primarily Mo
and Cr, makes a certain contribution to stabilizing,
whereby the perspectives of applying SLM-steels
become quite possible including at different operating
temperatures.

CONCLUSIONS

It is found that specific resistivity of the austenitic
steel obtained by SLM is 15% higher than that in
the steel of the same composition in the hardened
state. A higher value of specific resistivity of steel,
synthesized by SLM is explained by the increased
dislocation density, extensive grain boundary surface,
excess concentration of vacancies, the presence of
segregations of alloying elements Mo and Cr at the cell
boundaries, and impurity atoms N and O dissolved in
y-solid solution.

Based on the temperature dependence of the
relative resistivity, we can argue that during heating
the recrystallization processes occur in the steel
obtained by SLM which are largely completed at the
temperature of 1100K, and further heating shows
certain structural of the studied stability comparable
with the steel obtained by conventional methods.
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