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The microstructure and radiation resistance of T91 martensitic steel were studied after thermomechanical treatment. The physical and
technological foundations of the process of creating of a nanostructured state in T91 reactor steel have been developed. This structure
was received by severe plastic deformation of T91 steel by the multiple “upsetting-extrusion” method (developed at the NSC KIPT)
in two temperature ranges of deformation: in the region of austenite existing and with a successive decrease in the deformation
temperature and an increase in cycles of “upsetting-extrusion” in the field of ferrite existence. For the further heat treatment the
particular temperature range and deformation modes were chosen to obtain optimal structure. Also, the optimum temperature of
tempering to receive the uniform structure was established. It was found that the average grain size of T91 steel decreases from 20
um in the initial state to ~ 140 nm after 5 cycles of “upsetting-extrusion” in the ferrite interval and to ~ 100 nm after 3 cycles of
deformation in the austenitic region. It was determined that with an increase in the number of cycles and a decrease in the
deformation temperature, a rise in the degree of uniformity of grain size distribution occurs. In this case, the microhardness increases
from 2090 MPa to 2850 MPa after 5 cycles of “upsetting-extrusion” in the ferritic interval. In the austenitic region, the microhardness
values increase from 3400 to 3876 MPa. The swelling of T91 steel in two structural states, martensitic and ferritic, was determined.
Thus, steel swelling at a high dose of irradiation with argon ions with an energy of 1.4 MeV (120 displacements per atom, irradiation
temperature 460 ° C) is AV / V = 0.26% in the initial state (martensitic structure) and 0.65% for samples with a ferritic structure.
KEYWORDS: martensitic steel, thermomechanical treatment, microhardness, nanostructure, severe plastic deformation, radiation
resistance.

The creation of GenlV fission and fusion reactors poses new problems in materials science in terms of higher
operating temperatures, increased neutron doses, as well as ensuring the safe and efficient operation of reactors. The
problem of conventional structural materials, in particular austenitic steels, lies in the fact that they will not be able to
be operated under more severe irradiation conditions due to their low radiation resistance. Ferritic and / or martensitic
steels are considered as potential structural materials for their good resistance to irradiation, less swelling, better
ductility, etc. [1, 2]. In particular, T91 martensitic steel is considered as a promising material for future new generation
nuclear reactors [3]. However, the steels of these classes have a significant drawback - heat resistance, which limits the
maximum working temperature to ~ 500 °C. The main way of solving this problem is thermomechanical treatment,
which allows not only to qualitatively improve the mechanical characteristics, but also to increase the radiation
resistance of the material.

The standard technological scheme for the heat treatment of T91 martensitic steel consists in normalization at
temperatures of 1040-1080 °C followed by air cooling [4]. In this case, the microstructure of quenched martensite is
formed, which leads to high strength but low ductility of steel. To increase ductility, steel is tempered at temperatures of
730-780 °C. As a result, there is a formation of a coarse-grained microstructure with inhomogeneity in grain size.
Although ductility increases considerably, the strength characteristics are reduced. A significant improvement in
mechanical properties can be expected when an ultrafine-grained or nanostructured state is produced in steel, which
usually contributes to an increase in the radiation tolerance of the material [5, 6]. The creation of such a microstructure
is possible using thermomechanical treatment using severe plastic deformation (SPD), carried out by various
methods [7 - 9].

A distinctive feature of T91 steel in comparison with other steels of the ferritic-martensitic class is the high
sensitivity of its structure to the composition and type of heat treatment, and, as a result, a large data scattering of the
swelling values for the same exposure conditions [10-12]. Optimization of the factors of the structural-phase state of
T9I1 steel and study of its swelling in various structural states is needed.

The excellent swelling resistance of ferritic-martensitic alloys compared to austenitic stainless steels is well
proven. The mechanisms of this phenomenon (higher self-diffusion rate, low preference factor for high dislocation
density, low rate of helium generation, strong defect capture, microstructural lamellas and subgrains, boundary
effects, etc.) are well described in the literature [13]. However, a comparison of the swelling of 9-12 wt. % Cr ferritic-
martensitic steels shows a significant data scattering [ 14]. The reason for this scatter may be a difference in the structure
and composition of the studied steels.

The aim of the study was to optimize the factors of the structural-phase state (grain size, parameters of secondary
phase precipitation, degree of decomposition of the solid solution) to increase operational characteristics and to
compare the level of swelling for two different structure states.
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To achieve the goal of the study, the following tasks were set:
- to develop a technology for creating an ultrafine-grained structure, which can be used on an industrial scale;
- determine the optimal parameters of deformation and heat treatment to obtain a uniform and stable microstructure;
- to examine the effect of thermomechanical treatment and the type of obtained structures on the radiation tolerance
of T91 steel.

MATERIAL AND METHODS
T91 steel manufactured by INDUSTELL, Belgium (melting: 504/3, heat: 82566-4) was supplied in the form of a
40 mm thick plate obtained by hot rolling followed by heat treatment. The heat treatment includes normalization at
1040 °C for 30 minutes, followed by air cooling and then tempering at 730 °C for 60 minutes with air cooling to room
temperature (the so-called N&T state). The chemical composition of T91 steel is shown in Table 1.

Table 1.
The chemical composition of T91, (wt.%)
Fe Cr Mo Mn Si |4 Ni Nb Cu
bulk 8.76 0.862 0.597 0.317 0.186 0.099 0.073 0.054
Al C N P S Sn B Co As
0.021 0.088 0.003 0.019 0.0006 0.005 0.0001 0.019 0.007

In the present study the multi-cycle “upsetting-extrusion” method was chosen to carry out the SPD. The method was
developed in NSC KIPT and it has proved itself both in laboratory research and in the industrial production of a number of
materials with high characteristics [15, 16]. This method consists in multiple reiterations of operations of upsetting and
extrusion on a hydraulic press J1b 2432 with a force of 160 tf. The method is described in more detail in [17].

Deformation was carried out in two temperature regions: austenitic-ferritic at a temperature 870 °C and ferritic at
temperatures 750 - 575 °C. Samples with a 20 mm diameter and a 60 mm height were subjected to upsetting to a
diameter 30 mm and then again extruded to a diameter of 20 mm.

"Upsetting-extrusion" cycles in the ferritic region were carried out with a gradual decrease in the deformation
temperature from 750 °C on the first cycle to 575 °C on the last, fifth cycle. In general, the temperature regime of the
"upsetting-extrusion" cycles was as follows: 750-700-650-635-575 ° C.

To determine the stability of microstructures formed as a result of SPD, heat treatments were carried out in the
temperature range 550-750 ° C for 1-50 hours.

Understanding the evolution of the microstructure during irradiation and its effect on the decline of mechanical
properties is of a paramount importance. Neutron irradiation has several disadvantages, including high cost, residual
activity, and prolonged irradiation of samples. Furthermore, many nuclear facilities, such as FFTF, RAPSODIE, DFR,
PFR, Superfenix, EBR-II, BR-10, BN-350, etc. - are shut down.

The applying of heavy ion implantation to simulate neutron irradiation in a reactor is common practice by reason
of the high rate of achievement of relatively high levels of damage and the absence of induced radioactivity.

Samples of steel T91 in the initial state (martensitic structure) and after severe plastic deformation (ferritic
structure) were irradiated with argon ions with energy 1.4 MeV to a dose 120 dpa at a temperature 460 °C. This
irradiation temperature was chosen due to the fact that the peak of temperature swelling for steel T91 falls on ~ 460 °C.
All irradiations were carried out using the acceleration-measuring system “ESU-2” containing the Van de Graaff
accelerator. The depth distribution of Ar atoms concentration and damage was calculated by SRIM 2008 [18] (Fig. 1).
Damage calculations are based on the Kinchin-Pease model, with a displacement energy of 40 eV for Fe and Cr, as
recommended in ASTM E521-96 (2009) [19].
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Figure 1. Calculated profiles of damages and concentrations of 1.4 MeV Ar ions implanted in T91 steel to a dose of 5x10'7 cm™.
The area of study is marked with a dash.
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The steel structure was studied by metallography and electron microscopy using electron microscopes JEM-
100CX and JEM-2100. Microhardness was measured on a semi-automatic microindenter LM 700AT at a load 200 g.

RESULTS AND DISSCUSSION
The microstructure of T91 steel in initial state is shown in Fig. 2. The structural state of tempered martensite is
characterized by the presence of prior austenite grain boundaries. These boundaries are decorated with M23Cs carbide
precipitates. The prior austenite grain size is about 20 pm, the size (thickness) of M»3C¢ precipitates varies from about
100 to 200 nm. Inside the prior austenite grains, martensitic lamellas with a transverse size of 0.25-0.5 um are observed.

Figure 2. The microstructure of steel T91: a — in initial state, b — after 3 cycles of “upsetting-extrusion” at 8§70 °C

The finely dispersed microstructure of steel after 3 cycles of "upsetting-extrusion" at a temperature 870 °C belongs
to the martensitic-ferritic type (Fig. 2b). From a comparison of Fig. 2a and b, it can be seen that the SPD led to a
significant refinement of the martensitic structure.

The microstructure that formed after treatment in the ferritic range with a gradual decrease in temperature and the
ferrite grains size distribution are shown in Fig. 3. The average grain size was 145 nm.
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Figure 3. The microstructure of steel after 5 cycles of “upsetting-extrusion”in the ferritic range (a) and grain size distribution (b)

The results of the microhardness measuring of the samples after heat treatment in the temperature range of
550-750 °C for 1-50 hours showed that high mechanical characteristics are maintained during exposure at a temperature
of 550 °C. It was found, that, the temperature of 550 °C is the optimal regime for tempering, which allow to stabilize the
structure, since at higher temperatures there is recrystallization and, as a result, a decrease in hardness. Therefore, for
further studies, a sample that underwent heat treatment for 25 hours at a temperature of 550 °C was selected. The
average grain size for sample with a ferritic structure was 210 nm, and the microhardness was at the level of 2948 MPa.
The microstructure of the sample is shown in Fig. 4.

To compare the degree of swelling, austenitic steel SS316 was chosen which is now used as a structural material
of the current generation of reactors. Herewith, irradiation of SS316 steel was carried out under the following
conditions: dose - 80 dpa, temperature - 615 °C. The microstructure of irradiated steels is shown in Fig. 5. For three
types of samples, namely, T91 steel with martensitic and ferritic structures and steel SS316 with an austenitic structure,
the formation of a void structure is observed.
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Figure 5. The microstructure of steel T91 for samples with martensitic (a) and ferritic (b) structures, irradiated to a dose 120 dpa
(E=1,4 MeV Ar") at 460°C and austenitic steel SS316, irradiated to a dose 80 dpa at 615°C (c)
Using experimentally determined parameters of a void structure, the swelling value S was calculated by the
formula (1):
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where d;-diameter of i-th void; N- the number of voids on the image; A- area of the image with which the calculations
were carried out; h- sample foil thickness.
The parameters of void structure and the magnitude of the swelling are shown in Table 2.

Table 2.
Diameter d, number density p of voids and swelling values S
Sample d, nm p, 1/m? S, %
T91 Martensitic 2,9 1x10% 0,26
T91 Ferritic 6,6 5,8x10% 0,65
SS316 Austenite 18 9,3x10%! 15,6

A comparison of the steel with a martensitic and ferritic structure (Fig. 5 a, b) showed that the level of swelling of
the sample in the martensitic state is 2.5 times lower than in the ferritic state. It should be noted that the swelling of the
ferritic structure (BCC) is 24 times less than the austenitic structure (FCC). Such a large difference in the levels of
swelling is associated with the difference in the types of crystal lattices of these materials, and as a result, with different
mechanisms of the development of radiation damage.

In [14], data on the swelling of ferritic-martensitic steels irradiated with neutrons up to a dose of 208 dpa in a
temperature range from 400 to 443 °C were compared (Fig. 6). Let’s note several key features. There is a general
tendency to swelling at a rate of ~ 0.01% / dpa, although the data are very scattered. In general, there is a large
difference in swelling between alloys (HT9 and T91), though T91 tends to swell more for a given level of damage.
Finally, the swelling of HT9 steel of the same heat of 9607R2, but of different heat treatment, differs by an order of
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magnitude (see Fig. 6). Our data - indicated by a triangle and a star in a dashed rectangle - show that the scatter may be
due to the different microstructure states that form before irradiation (ferrite (%) or martensite (4 )).
Further studies are needed to study the level of swelling at even higher radiation doses.
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Figure 6. Generalized data for steels HT9 and T91 irradiated in a reactor to a dose 208 dpa at temperatures from 400 to 443°C [14]

CONCLUSIONS

The effect of thermomechanical treatment on the type of obtained structures of T91 steel is investigated. It was
shown that the receiving of a nanostructure can be achieved by severe plastic deformation method. The factors of the
structural-phase state of T91 martensitic steel have been optimized during thermomechanical treatment by the method
of multiple "upsetting-extrusion". The optimal parameters of deformation and temperature regimes for obtaining a
uniform ultrafine-grained structure are determined.

Severe plastic deformation combined with heat treatment allows to reduce the average grain size. After 5 cycles of
multiple “upsetting-extrusion” in the ferritic range, the minimum average grain size of ~ 140 nm was achieved. The
average grain size of the initial steel (martensitic structure) is 20 pm.

A study of the development of void structure after irradiation of steel T91 in various structural states was carried
out. It was shown that after irradiation with Ar ions with an energy 1.4 MeV to a dose 120 dpa at T = 460 °C, the
swelling in the ultrafine-grained ferritic structure is 0.65% compared with 0.26% for the initial martensitic structure,
which confirms the influence of structural-phase state of steel T91 on its swelling.

The swelling of steel with an austenitic structure is ~ 15.6%, which is 24 times more than the level of swelling of
steel with a ferritic structure.
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CTPYKTYPHI OCOBJUBOCTI TA EKCILUTY ATAIIIMHI XAPAKTEPUCTHKH CTAJII T91
B.M. BoeBoain, M.A. TuxonoBcbkuii, I'.JI. Toncroayuska, I'.}O. PoctoBa, P.JI. Bacuienxo,
0.C. Kanbuenko, H.®. AngpieBebka, O.M. Beankoauuii
Hayionanenuii naykosuii yenmp «Xaprisecokuii Qhisuxo-mexniunuil incmumym»
8yn. Akaoemiuna 1, Xapxie 61108, Ykpaina

JocnimkeHo MIKpOCTPYKTypy 1 paxiauiiiny crifikicts mMaprencutHOi ctami T91 micns TepmoMexanidHoi 0OpoOku. Po3pobieHo
(bi3UKO-TEXHOJIOTT4HI OCHOBH MPOLIECY CTBOPEHHSI HAHOCTPYKTYPHOT'O CTaHy B peaktopHiit ctam T91. Is crpykrypa Oyna orpumana
B pe3yJiIbTaTi iIHTeHCHBHOI IutacTuaHO1 fedopmarii crami T91 Merogom 6araTopazoBOro «0caPKeHH-BUUABIIOBAHHSD), PO3POOIEHIM
B HHI[ X®TI, B nBOX TeMmnepaTypHHX Aialla30HaXx: B 00NacTi iCHyBaHHS ayCTEHITY 1 3 IOCHIITOBHUM 3HIKEHHSM TeMIeEpaTypu
nedopmarii i 30iTbIIEHHAM IUKIIB «OCaIKEHHS-BUYABIIOBAaHHI» B oOyiacTi icHyBaHHS ¢epury. s momansmoi TepMooOpoOKH
Oyyu oOpaHi 0cOONMBI TeMIIepaTypHHI Jiarna3oH i pexuMu Jedopmarii Aas OTpUMaHHS ONTUMAaNBHOI CTpyKTypu. Takox Oyma
3Haii/IeHa ONITUMaJIbHA TEMIIEpaTypa BiArapTOBYBAHHS U1l OTPUMAHHS OJIHOPIHOI CTPYKTYpH. byJi0 BUABICHO, 110 cepeiHiil po3Mip
3epHa ctani T91 3menuryerbes 3 20 MKM B BUXiZHOMY cTaHi 10 ~ 140 HM micis 5 UKIIB «0caIKeHHS-BUYaBIIOBaHH» B QEepUTHOMY
intepBaini i 10 ~ 100 HM micist 3 mukiiB nedopmarii B aycteHiTHIH obnacti. Bysio BcTaHOBIIEHO, IO 3i 30UIBIICHHSIM KiJIbKOCTI
LUKJIB 1 3HIKCHHSM TemIiiepatypu nedopmariii BigOyBaeThCs MiABUILECHHS CTYNEHIO OJHOPIAHOCTI PO3IOAITY 3€peH 3a PO3MipaMH.
B upomy BHIamky MikpoTBepaicTh 30iiblryethest 3 2090 MIla mo 2850 MIla micist 5 UHKIIIB «OCADKCHHS-BUYABIIOBAHHS) B
¢depurHoMy iHTepBani. B aycreniTHi oOyacTi 3Ha4eHHsS MIKpOTBepnOocTi 30umbmIyloThest 3 3400 mo 3876 MIla. Busnaueno
po3myxaHHs ctani T91 B IBOX CTPYKTYPHHMX CTaHax - MapTEHCHTHOMY Ta (eppuTHOMY. Tak, po3IyXaHHS CTali MPU BUCOKIil 1031
ONIPOMiIHEHHsI i0HaMu aproHy 3 eHeprieio 1,4 MeB (120 3cyBiB Ha atom, Temnepatypa onpomineHHs 460°C) cranoButs AV / V =
0.26% B BEXigHOMY CTaHi (MapTeHCUTHA CTPYKTYpa) 1 0,65% mist 3pa3kiB 3 GepUTHOIO CTPYKTYPOIO.

KJIIOYOBI CJIOBA: mapreHCHTHA CTajb, TepMOMEXaHiyHa 00poOKa, MIKpOTBEpAiCTh, HAHOCTPYKTYpA, IHTCHCHBHA ILIACTHYHA
nedopmartis, pagianiitHa CTIHKICTB.

CTPYKTYPHBIE OCOBEHHOCTH U OKCIINTYATAIIMOHHBIE XAPAKTEPUCTHUKHU CTAJIA TI91
B.H. BoeBoaun, M.A. Tuxonosckuii, I'./l. Toscroayukas, A.FO. PocroBa, U.E. Konanen,
P.JI. Bacunenko, A.C. Kanbuenko, H.®. AunpueBckas, A.H. Beinkoansbrii
Hayuonanvneiti nayunviii yenmp « XapbKo8ckull (pu3uKo-mexHu4eckutl UHCImumymy
ya. Akademuueckas 1, Xapvros 61108, YVrpauna

HccnenoBana MHKpPOCTPYKTypa U pagualliOHHAs CTOWKOCTh MapTeHCUTHOW cramu T91 mocne TepMoMexaHHUecKOd 0O0pabOTKH.
PazpaboTtanbl GU3UKO-TEXHOIOTHYECKHE OCHOBBI MPOIIECCAa CO3AaHUS HAHOCTPYKTYPHOTO COCTOSIHUS B peakTOpHOU ctanu T91. Dra
CTPYKTypa OblIa MONy4YeHa B pe3ybTaTe MHTEHCHBHOW IIacTuueckoil aedopmanuu cranu T91 MeTonoM MHOTOKPAaTHOH «OCaKH-
BbIIABIUBaHUAY, pazpaboranneiM B HHI[ XDTHU, B AByX TeMmepaTypHBIX AMANa30HaX: B 00JAaCTH CYIIECTBOBAHMS ayCTEHHUTA H C
MIOCJICIOBATEIbHBIM CHIDKCHHEM TEMIIepaTypsl JAeopMald ¥ yBEIWYCHHEM IMKIOB «OCAIKH-BHIJABIMBAHUSI» B 00J7acTH
cymectBoBanus (eppura. s nmanpHedmeil TepMooOpaboTKM OBUTH BBIOpaHBI OCOOBIC TEMIICpaTypHBIH IHANa30H U PEXHUMBI
nedopmary Iyt MOJydeHUs] ONTUMAIBHOM CTpyKTyphl. Taxke Obula HalijleHa ONTHMaJbHAs TEMIIepaTypa OTIYCKa IS IOJIyIeHHS
OJIHOPOHOM CTPYKTYpHI. BbuTo 00HApYXKEHO, UTO cpeaHuil pasmep 3epHa ctanu T91 ymeHbmaercs ¢ 20 MKM B MCXOJIHOM COCTOSTHHH
10 ~ 140 M mocie 5 UMKIOB «OCaAKU-BBIIABINBaHUs» B (heppuTHOM MHTepBane U 10 ~ 100 HM mocne 3 1mkiIoB aedopManuu B
ayCTCHHTHOHW oOnacT. BbUIO YCTaHOBJICHO, YTO C YBEJIMYCHHEM 4YHCIA LUKIOB M YMEHBIIEHHEM TeMIepaTypbl aedopmanuu
MPOUCXOJUT TMOBBIIEHUE CTENEHH OJHOPOIHOCTH pAaCIpeNeNieHHsl 3epeH Mo pa3MepaM. B 3ToM ciydae MHKPOTBEPIOCTh
yBennuuBaetcs ¢ 2090 MITa no 2850 MIla mocnie 5 1MKIOB «OCaaKH-BbIIABINBAaHKUD) B (eppUTHOM HHTEpBaje. B aycTeHUTHOM
obyacTi 3Ha4YeHWs MHKpOTBepAocTH ysenmumBaiorcsi ¢ 3400 mo 3876 MIla. OmpeneneHo pacmyxanme crama 191 B aByx
CTPYKTYPHBIX COCTOSIHHSIX - MAPTCHCUTHOM M (eppUTHOM. TaK, paciryxaHue CTAJIN IIPH BBICOKOH J03e 00JIydeHHsT HOHAMH aproHa ¢
sHeprueit 1,4 MaB (120 cmemenuit Ha aToM, TeMmneparypa obimyuenus 460°C) cocrasmsier AV/V = 0.26% B MCXOIXHOM COCTOSTHHU
(MapreHcuTHas ctpykrypa) 1 0,65% 1yt 06pas3nos ¢ GeppUTHON CTPYKTYPOH.

KJ/IFOYEBBIE CJIOBA: MapTeHCUTHas CTalb, TepMOMEXaHU4ecKass 00paboTka, MUKPOTBEPAOCTh, HAHOCTPYKTYpa, HHTEHCHBHAS
iacTuueckas aedopmanus, paauaoOHHas CTOWKOCTb.





