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ABapus Ha ADC B dykycmme B 2011 roay nokasasa ocobyio onacHOCTb Napo-LUPKOHUEBOM peakuun,
BO3HMKalOLWen Npu MOBbIWEHUM TemnepaTypbl 060/i04eK TB3JIOB U3-3a NOTEPU TEMJIOHOCUTENS.
B cBSi3M C 3TUM 0CO6YI0 aKTyasbHOCTb NpMo6penn nporpaMmmbl No paspaboTke HOBbIX MaTepuanos
TB3JIOB, YCTOMYUBbIX K aBapUSM TaKoro poga U CNoCO6HbIX CYLLeCTBEHHO NOBbICUTb 6@30MNacHOCTb

ATOMHbIX peaKTOpOB.

The nuclear accident in Fukushima in 2011 showed special danger of steam-zirconium reaction
that occurs when the temperature of the fuel element shell rise due to loss of coolant. In
this regard, the programs on the development of new materials for fuel elements, which
are resistant to accidents of this kind and able to significantly improve the safety of nuclear

reactors, are of particular relevance.

OHUMH U3 Hauboree IepCIIeKTUBHBIX MaTepHa-

JIOB JIJISL MICIIONIb30BAHUS B SIIEPHBIX PeaKTopax

B KauecTBe 060/104eK TeIIOBBIAE/TAIONIUX JIeMeH-
TOB BMeCTO LJMPKOHHUEBLIX CIIJIABOB B I10C/IeJHHE TObI
CUUTAIOTCS KOMIIO3UTHI HA OCHOBe Kapbuga KpeMHUS.
CerofHs HayYHBble pa3paboTKHU B JAHHOM Chepe BeITyTCs
Bo ®paHiuy, Sdnonuu, FOskHom Kopee, Kutae u CIIA [1].
B Poccurickoit Perepaniny paboTel 10 CO3LAHUIO TPYO-
060104eK TB3/710B M3 KOMIIO3UIIMOHHBIX MaTepHajoB
Ha 0CHOBe Kapbua kpeMHus BefeT [K "PocatoM” 1 ero
FOJIOBHOM MaTepHasioBeJ4yecKH MHCTUTYT BHUHHM.

SICVS. ZR
[lepexof OT TOIIJIMBHOM 000/104KHU 13 LIUPKOHHEBOI0
CIJIaBa K KapbUJOKpeMHHEeBOMY KOMIIO3HIIHOH-
HoMy MaTepuany (SiC/SiC) aBasgeTcs CIOKHOM 3afa-
yell, Tpebyromer 60bIINX U3MEeHEeHU M B TeXHOJIO-
TUU peaKTOPHBIX MaTepHaJsIoB.

CriaBbl HUPKOHUS 06/1a1aI0T MaJIBIM CeUeHHeM
3axBaTa TeIlJIOBbIX HEHUTPOHOB, YAOBIeTBOPUTEND"

HOH TeIJIOINPOBOJAHOCTbIO, BBICOKOI IIPOYHOCTBIO
IIPU HOPMAaJIBHBIX yC/IOBMSX 3KCIyaTanuu. Ho
aBapuIHOe IOBHIIIeHKe TeMIIepaTyphl 000/10UKHU
TB310B Bhilie 600 °C OPUBOOAUT K Hayajay Imapo-
LHPKOHHEBOH pPeaKkIHH C BblJleleHHeM K3 BOIBI
BolopoJia 1 06pa3oBaHHEM B3PBIBOOIIACHOM ra3o-
BOI cMecH [2]. Hcrmonbp3oBaHUe Kapbuga KpeMHHUS
B KaueCTBe OCHOBHOI'O MaTepHaa A/s1 TOIIMBHOMN
000/7104YKH I03BOJISIeT UCKAOYUTh BO3MOXHOCTH
o6pa3oBaHUs B3PbHIBOOMACHOM CMeCH, TaK Kak
OAaHHBIM MaTepuan obnagaeT JOCTATOYHO HU3KOU
KHHETHUKOM OKHC/IEHUS U BBICOKOH TeMIlepaTypou
IJIaB/IeHUsl.

B Tabnule mpeacTaBleHO CPaBHEHHE OCHOB-
HBIX QU3UKO-XUMHUECKHUX CBOMCTB [JHPKOHKUEBOIO
criasa u SicC [3].

Kak BUAHO M3 Tabmnuisl, Kapbum KpeMHHUS
ob1amaer 6osiee BBICOKOM MeXaHHUYECKOH IpPOY-
HOCTBIO, U3HOCOCTOHMKOCTbIO, TBEPAOCTHIO, TEIJI0-
MIPOBOJHOCTEIO, a TaK>Ke XOpOIlell KOPPO3KMOHHOMN

BbICOKOTEXHOIOMYECKMA Hay4YHO-MCCNeA0BaTENbCKUA UHCTUTYT HeopraHudeckux martepuanos mm. A.A.bouyapa (BHUWHM) / Bochvar High-
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CpasHeHue csolicms, npumeHsemozo 8 amomHoli npomslwAeHHoOCMU UUpKOHUE8020 cnaaéa 3110 ¢ KOMNO3UUUOHHbIM Mame-

puanom Ha ocHose SiC

Comparison of properties of ET10 zirconium alloy used in the nuclear industry with composite material based on SiC

Cnnas 3110 Kapéup kpeMHus
CBoMCTBa MaTepuana (Zr-1% Nb) (SiC/SiC komno3ur)
Material properties E110 alloy Silicon carbide
(Zr - 1% Nb) (SiC/SiC composite)
TemnepaTypa nnasneHus, °C
Melting point, °C 180 20
TennonpoBoAHOCTL Npu 50°C, BT/(M - K) 75 25-10
Thermal conductivity at 50°C, W/(m - K) '
[Mpepen npo4HOCTW NMpu pacTskeHun, Mla _
Tensile strength, MPa 2 L
CeyeHue 3axBaTa TeMnI0BbIX HEMTPOHOB, 6apH/aToM 018 013
Capture cross section for thermal neutrons, barn/atom ' '
Moaynb ynpyroctu npu 20°C, I'Ma 97 460
Modulus of elasticity at 20°C, GPa
BA3KOCTb paspyLieHuns, MMa-mo:> _ _
Fracture toughness, MPa-m©> A O=E o
CTOMKOCTL B BOASHOM nape, °C
Resistance in water vapor, °C w0y > 1200

Y paJHaLlMOHHOM CTOMKOCTBIO [4]. OH yCTOMYHUB
B BOJSIHOM IIape, oueHb c/1abo pearupyer c KHC-
JOpOLOM IIpU IMOBBIIIEHHBIX TeMIlepaTypax H,
B OT/JIMYHe OT LIUPKOHUEBBIX CIIJIABOB, He IPUBOJUT
K BBIIe/IeHHI0 BolopoJa c o6pa3oBaHHEM B3PHIBO-
OITaCHOM Ta30BOM cMecH. IIpeumymiecTBo Kapbuzma
KpeMHHUS Iepesi IUPKOHHeM 6BII0 OATBEPXKAeHO
PAOOM HCCIeOBAHUM, IAe ObIJI0 ITOKA3aHO, YTO
npo4yHocTh SiC/SiC-KOMITO3UTOB OCTAeTCs CTabUIb-
HOU IpHU TeMIlepaTypax cBbille 1500 °C, B To BpeMs

KaK UPKOHUI II0JIHOCTBIO yTPadyKBaeT IPOYHOCTD
npu Temmneparype 1300°C. Kpome Toro, kapbun
KpPeMHHUS B 3KCTPeMajbHBIX YCIOBUAX [IOKa3bIBaeT
CKOPOCTH KOPPO3HH, B 100-1000 pa3 MeHBIIYIO, YeM
y LUPKOHUS [5].

KOHLUENUWA WESTINGHOUSE

Kommnanus Westinghouse (CILIA) siBasieTCsI OMHUM
M3 MHUPOBBIX JIUAEePOB B 067acTU HcCIeLoBa-
HUU U CO3LaHUSA TEXHOJOTHUH H3TOTOBJIEHUS

n recent years, the compos-

ites based on silicon carbide

are regarded as one of the most
promising materials for use in
nuclear reactors in the shells
of fuel elements instead of zir-
conium alloys. Today, scien-
tific developments in this field
are underway in France, Japan,
South Korea, China and the
United States [1]. In the Russian
Federation, Rosatom and its
leading material science insti-
tute VNIINM are engaged in
the creation of tube shells for
fuel elements made of compos-
ite materials based on silicon
carbide.

SICVS. ZR
The transition from the zirco-
nium alloy fuel shell to the sili-
con carbide composite material
(SiC/SiC) is a complex task that
requires a lot of changes in the
technology of reactor materials.
Zirconium alloys have a low
capture cross section for ther-
mal neutrons, satisfactory ther-
mal conductivity, high strength
under normal operating condi-
tions. But abnormal increase
in the temperature of shells of
fuel elements above 600 °C leads
to the beginning of the zirco-
nium-steam reactions with the
release of hydrogen from water

and formation of explosive gas
mixture [2]. The use of sili-
con carbide as the main mate-
rial for fuel element shell elim-
inates the possibility of forma-
tion of explosive mixture, as
this material has a low oxida-
tion kinetics and a high melting
temperature.

The table presents a compari-
son of the main physical-chemi-
cal properties of zirconium alloy
and SiC [3].

As it is shown in the table,
the silicon carbide has a higher
mechanical strength, wear resis-
tance, hardness, thermal con-
ductivity, and good corrosion
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MOHOANTHbIN Cion 13 SiC, B
MOAYYEHHbIV OCaXKAEHNEM 13 ra30BoM dasbl
Monolithic layer of SiC obtained by CVD

. Sic/sic

Puc.1. BapuaHmebl mexHoA02UU U320M0OBAEHUS 060A04eY-
HblX Mpy6 U3 Kapbuda KpemHus, pa3pabomaHHble Komnaxuel
Westinghouse: a - komno3um SiC/SiC; b - komno3um SiC/SiC
C BHYMPEHHUM MOHOAUMHbIM cAoem; ¢ — Komnozum SiC/SiC
C BHELWHUM MOHOAUMHBIM CAOEM

Fig.1. Concepts of manufacturing of SiC tube shells developed by
Westinghouse: a - SiC/SiC composite; b - SiC/SiC composite with
monolithic inner layer; ¢ - SiC/SiC composite with monolithic
outer layer

060/104eYHEIX TPYO M3 KOMIIO3UILIHOHHOTO MaTe-
pHasa Ha OCHOBe Kapbujaa KpeMHHS U 3aHHMa-
eTCs JaHHBIM BorrpocoM ¢ 2004 roga. Ilocie cepuu
yAA4YHBIX 3KCIIePHMEHTOB yueHble U3 Westinghouse
BbIOpalu TPU BapHaHTa TeXHOJOIUU H3TOTOBJIe-
HHUs obonmodeuHbIX TPy6 (puc.l), KOTOpBIe, IO HUX

MHeHHI0, obecIieyaT cOOTBeTCTBHe TpebOBaHUSIM,
IIpeabsiBIsIeMBIM K 0607I09KaM TB3JIOB [6].

[lepBEIM BapHaHT 3aK/jo4aeTcss B QOpMHUPOBa-
HHH KOMIIO3HUTA M3 BOJOKHMCTOIO apMHPYIOIIEro
Kapkaca, cIjieTeHHOTo U3 SiC-BOJIOKHA IIOJ YIIOM
45-52°, 1 SiC-MaTpHULBI, IOyYeHHOM IIyTeM KH /-
Koda3HoI MAM rasodasHon NPONUTKU. baarogaps
TaKoM CTPyKType SiC/SiC-KOMIIO3UTa UCKII0YAeTCs
XPpyIIKoe paspylleHHe K IIOBBIIIAETCS IIPOYHOCTD
TOTOBOTO HU3Je/JHUsd. BTOPOU K TpPeTHH BapHAHTEH
IpeayCMaTpHUBalOT HAHECeHHE JOIIOJTHUTEIbHOTO
3amUTHOrO cJ10s SiC MeTomoM ra3oda3Horo ocaskie-
Hug (CVD) Ha BHYTPEHHIOIO MJIX BHEIIHIOIO II0BEPX-
HOCTbh KOMIIO3MTA, M3TOTOBJIEHHOTO COIJIACHO Iep-
BOMY BapHaHTYy TeXHOJOTHUH. TaKOH CJIOM [O3BOIUT
yAep>KaTh ra3oo0bpasHble MPOAYKTHL AeJIeHUS U yBe-
JTUYHUTH KOPPO3HOHHYI CTOMKOCTDH HU3/e/NUs IIPHU
B3aKMMOJEHCTBUHU C BOASHBIM IIapOM, B TOM 4HCJIe
[IOBBICHUTH €r0 POYHOCTh, OJHAKO BO3MOXKHO I1051B-
NneHHUe npobieM Cc TeOMeTPUUYECKUMHU pa3MepaMHU
ob6omouku. Tak>Ke IpeAaarajoch COBMeCTUTb TPHU
NpeAioKeHHBIX BapHaHTA TEeXHOJOTHHU, CO3IaB
KOMIIO3UT C BHYTPEHHHM M BHEIIHUM 3aIIUTHBIMHU
CIIOSIMH.

Pa3paboTKa BBINIEONHCAHHOM TEeXHOJIOTHHU
BefeTcs B paMkax npoekTa ATF (Accident-tolerant
fuel - ycTtoriumBoe K aBapusm TomiauBso). Ilo
mociefHUM AaHHBIM, Westinghouse mimanupyer
OCBOHUTB ITPOU3BOJCTBO IIOTHOMACIITAOHBIX TPY6-
060s104eK TB3/I0B U3 Kapbuga kpeMHHs K 2025 rofy.
dHHAaHCHUPOBaHHe IpoeKTa COCTAaBUT boiee
1,5 mupn monu. CIIA [8]. B 2016 rogy Westinghouse

and radiation resistance [4]. It
is stable in water vapor, very
weakly react with oxygen at ele-
vated temperatures, and, in con-
trast to zirconium alloys does
not lead to release of hydrogen
with formation of explosive gas
mixture. The advantage of sili-
con carbide in comparison with
the zirconium was confirmed
by a number of studies, where it
was shown that the strength of
SiC/SiC composites remains sta-
ble at temperatures over 1500 °C,
while zirconium completely
loses its strength at a temper-
ature of 1300 °C. In addition,
the silicon carbide in extreme
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conditions shows the corrosion
rate 100-1000 times less than
that of zirconium [5].

CONCEPT OF WESTINGHOUSE

Westinghouse (USA) is one of the
world leaders in research and
creation of technology for manu-
facturing of tube shells made of
composite material based on sil-
icon carbide, dealing with this
issue since 2004. After a series of
successful experiments, the sci-
entists from Westinghouse have
chosen three options of man-
ufacturing technology of tube
shells (Fig.1), which, in their
opinion, will ensure compliance

with the requirements of the
fuel elements [6].

The first conception is the for-
mation of a composite with
fibrous reinforcing frame woven
of SiC-fiber at an angle of 45-52°,
and SiC-matrix obtained by lig-
uid-phase or gas-phase impreg-
nation. Such a structure of SiC/
SiC-composite eliminates the brit-
tle fracture is and increases the
strength of the finished product.
The second and third conceptions
involve the chemical vapor deposi-
tion (CVD) of a protective layer of
SiC on an inner or outer surface
of the composite manufactured
according to the first conception
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coBMecTHO ¢ General Electric Aviation Hayanu cTpo-
HMTe/JbCTBO IBYX 3aBOJOB I10 IPOMU3BOLACTBY Kepa-
MOMAaTPHYHBIX KOMIIO3UTHBIX H3Je/JHH, KOTOPhIe
IOJIKHBI JATh IIEPBYIO IIPOAYKIIMIO Y3Ke K CepeHHe
2018 roma. IlepBBIl 3aBOA HalleJleH Ha IPOU3BOJ-
cTBO SiC-BOJIOKHA, KOTOPOe Ha JaHHBIM MOMEHT
HM3roTaB/IKBaeTCsl TOJNIbKO B SIIIOHKUH, BTOPOH JKe
3aBoJ Oy/eT cIelMaaIM3UPOBATHCS HA IPOU3BOJ-
CTBe KOMIIO3UTHBIX U3Je/IUH C IPUMeHeHHeM SiC-
BOJIOKHA [9].

B nanpHeHIleM IJIAHHUPYETCS MCIIONb30BATh Pa3-
paboTaHHBIe TeXHOJIOTHUH B TaKUX 06/1acTIX, KAk
MaIIMHOCTPOeHHe, aBUALIKS, KOCMOC, 060pOHHas
[IPOMBIIIIEHHOCTD, IPa’kAaHCKUI CEKTOP U T.J,.

POCCUACKWUE UHHOBALIMU
B mepuon ¢ 2011 o 2016 rox yyeHsiMmu BHUHMHM
65611 IpoBeieH D00 06beM HCCIeL0BAHUN Pa3-
JTUYHBIX METOJOB CO34aHUs 060/0uedHBIX TPYO
Ha ocHOBe SiC, YTO [I03BOJIMJIO COKPAaTHUTh OTCTaBa-
HHe OT 3apybesKHBIX KoJIJIer. BBIIM HcClef0BaHBI
clelyIoIlKe MeTOJBbl: IMIJIUKepPHOe JIHUTbe; U30CTa-
THYeCcKoe IIpeccoBaHHe; razodasHoe ocakgeHUe;
ocaxkgeHHe SiC U3 ra3oBoi ¢a3bl Ha IOAJIOXKKY
u3 SiC, mony4yeHHYI MeTOLOM H30CTaTH4YeCKOro
[IpeccoBaHHUS; IPOIUTKA BOJIOKHHUCTOrO Kapkaca
n3 SiC KpeMHHHOPraHHUYeCKHUMHU IIPEeKyPCOPAMH.
[TonydeHHBIe 06pa3Lbl IpeCTaBIeHBl HA PUC.2.
[Ipu noApob6HOM H3yUeHHH Ka>KA0r0 U3 METOL0B
OBLIM BBISIBJIEHBI UX IIPEHMYIIECTBA U HeJJOCTATKH.
Hanpumep, MeTonoM ra3zoda3Horo ocakgeHHUS
[OYy4aloTCs TPYOKM ¢ HAUMEHBIIKMM 3HAaUYeHHEeM

Puc.2. Obpa3subl mpy6-060104eK ME3108 U3 KOMNO3UULUOHHbIX Md-
mepuanos Ha 0CHoae Kapbuda KpemHusl, Nony4eHHble 80 BHUVHM
Fig.2. Samples of tube shells of fuel elements obtained in VNIINM
using SiC-based composite materials

nopuctocTtu (0,6%), BBICOKUM 3HAaYeHHeM IIPOYHO-
cTu (250-275 MIla), HO TakHe 06pa3Iibl I10BEP>KEeHBI
XPYIIKOMY pa3pyIlleHHIO. B CBOIO odepespb, METO[
MPONUTKH BOJOKHUCTOro Kapkaca u3 SiC kpeM-
HUMOPraHUYeCKMMHU IIPeKypCcOpaMHU I03BOIsSET
n3bexxaTh XPyNKOTO pa3pylleHHUs, HO 06pas3Ibl
MMEIT BBICOKYI IMOPHUCTOCTh MU HHU3KYI IPOY-
HOCTb.

[IpoaHa/JIM3UPOBAB MOTyUYeHHBIe Pe3yNbTaTHI,
Bo BHMHWHM mOpuIIIN K BEIBOLY, UTO COOTBET-
cTBUe 060/104eUHBIX TPYb peabsaBIsieMbIM Tpe-
6OBaHUSIM MOXKeT OBITh JOCTUTHYTO TOJIBKO IPH
COBMeIleHUH HeCKOTbKUX TeXHOJOT U, UTO [103BO-
JTUT CO3L,aTh MHOTOCTIOMHBIA KOMIIO3UT Ha OCHOBE
B-SiC, Kak ImoKa3aHoO Ha pHUC.3.

TpexcorHas KepaMuyeckas obomouka obecre-
YyMBaeT ONTHMM3AIMIO CBOMCTB BHYTPEeHHErO
MOHOJIMTA ISl yAepsKaHHUs Ta3006pa3sHBIX IPOJYK-
TOB le/leHU s, yKpeIlJIeHHe BOJIOKHAMHM MaTpPHIIbI

of the technology. This layer will
help to retain gaseous fission
products and to increase the cor-
rosion resistance of the prod-
uct when interacting with water
vapor, in particular, to increase
its strength, however, may cause
problems with the dimensions of
the shell. It was also suggested to
combine the three proposed con-
ceptions of this technology, cre-
ating a composite with inner and
outer protective layers.

The development of the
described above technology is
a part of ATF (Accident-tolerant
fuel) project. According to recent
reports, Westinghouse plans to

develop the production of full-
scale silicon carbide tube shells
for fuel elements by 2025. Funding
for the project will amount to
more than 1.5 billion USD [8]. In
2016, Westinghouse and Ceneral
Electric Aviation began construc-
tion of two plants for the manu-
facturing of ceramic-matrix com-
posites, which should give the
first products by mid 2018. The
first factory is aimed at produc-
tion of SiC fiber, which is cur-
rently manufactured only in
Japan, the second factory will spe-
cialize in the production of com-
posite products with the use of SiC
fiber [9].

Further it is planned to use the
developed technologies in such
areas as mechanical engineer-
ing, aviation, aerospace, defense
industry, civil sector, etc.

RUSSIAN INNOVATIONS

In the period from 2011 to 2016
VNIINM’s scientists have carried
out a large number of studies of
different methods of creating a
tube shells based on SiC, which
allowed to reduce the gap with
their foreign counterparts. The
following methods were investi-
gated: slip casting; isostatic press-
ing; vapor deposition; deposition
of SiC on a SiC substrate, obtained
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Cnot komnosuTa B-SiC-BonokHo/B-SiC-maTpumua (300-500 MKM)
Layer of B-SiC-fiber/B-SiC-matrix composite (300-500 pm)

BHYTPEHHMIA MOHONNTHBIN
cnom B-SiC (300—-500 MKM)
Inner monolithic layer
of B-SiC (300-500 pm)

BHELUIHWIA MOHOIUTHbIN
cnow B-SiC (okoo 100 MKM)
Outer monolithic layer

of B-SiC (app. 100 pm)

Puc.3. Cxema mpexcaotiHol mpybéuamoli SiC/SiG-060A04KU
Fig.3. Scheme of three-layer tubular SiC /SiC shell

JJ151 TIOBBIIIEHHU S MeXaHHUYeCKUX XapaKTepPUCTHK
Y BHeIIHeIro MOHOJMTHOTIO CJIOS [IJIsl COIIPOTHUBIIe-
HUS KOpPpo3uu. IIpefcTaBieHHas NPUHIMIIHAD"
Hasl CXxeMa CXOKa C aMePHKAaHCKON KOHILIeIIHeH,
HO BCe ke MMeIOTCSI pa3/iMuKsl, KOTOpble CBSI3aHBI,
B OCHOBHOM, C TeXHOJIOTHeH CO3[aHUS CPeJHEro
KOMITO3MIIMOHHOTO CJIOSI.

Ecnu aMmepHKaHCKHe y4eHble OCTAHOBH/IH CBOM
BeIOOp Ha 6MaKCHa/IbHOM IeTeHHUHU (45 x45°)
BOJIOKHHUCTOr0o Kapkaca [10] (o6pa3msl ¢ TakoH

APXHUTeKTYPOMH Jiydlle COIPOTUB/ISIOTCI Harpys3-
KaM Ha KpydeHHe), To Bo BHUHMHM paccmarpu-
BAaIOT BAPHAHTBHI C MCIIOJIb30BAHHEM TPHAKCH-
aJIbHOIO IJIeTeHM S, UK C KOMOMHHPOBAHHOM
ApXHUTeKTYpPOM IJeTeHUSs, KoTopas OyneT B ToM
YHCJle COMPOTHUBSATBCS Harpy3kaM Ha H3TH6, 4To
YyBeIHUYUT IPOUYHOCTh TOTOBOTO U3/enus (puc.4).
HcceqoBaHH S 10 JAHHOMY BOIIPOCY IIJIAHUPYETCS
3aKOHYHTH B 2017 ropy.

ApXHUTEKTypa IJIETeHOr0 KapKaca OKa3blBaeT
3HAa4YMTe/bHOe BJIMSHHE Ha CBOMCTBA TOTOBBIX
YM3JelHM, INpefoTBpamias XpylKkoe paspyuie-
Hue U obecrnedrBas MNOBBIIIeHHE MeXaHHUUYECKUX
CBOMCTB, HO KaueCTBO IIPONMTKH IIJIET@HOTIO
KapKaca UMeeT He MeHbllee 3Ha4YeHue. OOJHUM
M3 KII0YEeBBIX KAYeCTB TOTOBOrO U3JE/IHS B~
eTCS er0 3aKphITasi IOPUCTOCTh, YPOBEHb KOTOPOU
no7KkeH 6bITh MUHUMaJIeH. [IOPUCTOCTbh MaTPHUILbI
3aBHCHUT OT MHOTHX (GaKTOpPOB, B TOM YHCIJIe
oT BeIOpaHHOTO MeTozia ee GOPMUPOBAHUSA U OT
ImpUMeHseMbIX MaTepuaaoB. B CIIIA HUCIIOAB3YIOT
MeTOJ XUAKOPA3HOU MPOIUTKHU IIpeiKepaMuye-
CKMMH OJIMTOMEPaMHM, UTO Ha BBIXOJe JaeT LOCTa-
TOYHO BBICOKYIO IIOPUCTOCTh Ha ypoBHe 6-10% [11].

B Poccum, Kak U B C/lyyae C BLIOOPOM apXHMTeK-
TypBI IIJIETeHU I, UCCAeyeTcss KOMOMHUPOBaHHAs
TexHojaorus. Kpome XHUAKODA3HOU MPONHUTKHU
npeIKepaMHUYeCKHUMHU OJIUTOMepaMH, KOTOpPhIe
MOAMPUIHPOBAHBI PA3IMYHBIMH MeTaJljaMHU, BO
BHHUHWHM wmccnenyoT BO3SMOXHOCTb IPUMeHEHU S
raz’o$asHou U 3/1eKTPodopeTHUECKOM IIPOIIUTKH,
a TaKXXe YCOBePIIeHCTBOBAHHS BhIIIEYKA3AHHBIX

by isostatic pressing; impregna-
tion of the SiC fibrous frame by
silicon-organic precursors. The
obtained samples are shown in
Fig.2.

At detailed study of each
method their advantages and
disadvantages were identified.
For example, tubes obtained by
vapor deposition have the low-
est value of porosity (0.6%), high
value of strength (250-275 MPa),
but such samples are suscepti-
ble to brittle fracture. In turn,
the method of impregnating
the fibrous SiC frame by sili-
con-organic precursors allows
to avoid brittle fracture, but the
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samples have high porosity and
low strength.

After analyzing the results,
VNIINM come to the conclusion
that the compliance of tube shells
to the requirements can only be
achieved by combining several
technologies that will allow to
create multi-layered composite
based on B-SiC, as shown in Fig.3.

Three-layer ceramic shell pro-
vides optimization of the prop-
erties of the internal monolith
for containment of gaseous fis-
sion products, the strengthen-
ing of the fiber matrix to enhance
the mechanical characteristics
and outer monolithic layer for

corrosion resistance. Presented
schematic diagram is similar to
the American concept, but there
are some differences, which are
associated mainly with the tech-
nology of a middle composite
layer.

If the American scientists have
chosen biaxial weaving (45 x45°)
of fibrous frame [10], since sam-
ples with such architecture bet-
ter resist torsional loads, VNIINM
considers the use of triaxial weav-
ing or mixed-architecture weav-
ing, which will, in particular, to
resist loads in bending that will
increase the strength of the fin-
ished product (Fig.4). The study of
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METOMOB IIyTeM MCII0/Ib30BAHUS BUOPALIMOHHBIX
Y YJIbTPa3BYyKOBBIX KojlebaHUM. PaccMaTpUBaeMble
BapHAHTHI [I03BOJIAIOT IOBBICUTD IIJIOTHOCTh M PaB-
HOMEPHOCTD 3aII0/IHEHH I MaTPHILBI II0 BCeH [IJIMHe
H3/e/H S 10 CPAaBHEHHIO C JKUAKODA3ZHOM IIPOIIUT-
KOH.

B HacTosmee BpeMs crenuanuctamMmyu BHHUHMHM
BelyTCsl paboThl [0 HAHECEeHHIO Ha BOJIOKHA MeXX-
$a30B0OrO0 /1051, KOTOPBIH KOMIIEHCHUPYeT Pa3sHHUILLY
TeIJIOBBIX PAaCIIMPeHHH C/lI0eB, YTO NpHU pabore
IIpY MOBBIIMIEHHBIX TeMIIepPaTypaxX 3HAUMTETbHO
CHUKaeT BePOSITHOCTh PACTPeCKHUBAHUSI TOTOBOTO
H3IeNTUA,

HeMasioBa>kHYIO POJIb B CTPYKTYPe TOTOBOTO KOM-
nosuTa urpaet SiC-BosokHO. Ha JaHHBIN MOMEHT
TeXHOJIOTHel HM3TOTOBJeHHUS CTeXHOMeTpHue-
ckoro B-SiC-BonoxkHa obnagmator CIIA u SmoHuA.
ITocTaBKM TaKOTO BOJIOKHA B HAlly CTPaHy He 0Cy-
mecTBaAsAIuCh. OgHako, BHUMHM nmMeet cepbes-
HBIH 3a/ieJ1 171 U3ToTOBNIeHUs SiC-BOJIOKHaA I10 c06-
CTBEHHOH TeXHOJIOTHH, KOTOpasi, 10 IpeABapu-
TeJIbHBIM pacyeTaM, 3HAYHUTE/IbHO JelleBJie aHa-
noros. Ee orpaboTka Bo BHUHMHM yske Hauaaachk
Y IJTAHUPYeTCH K 3aBepiuneHuio B 2017-2018 rogax.

Hesb3s He OTMETHUTD, YTO B U3TOTOBJIEHUH TPY6-
0607104€eK TB3JI0B MOTYT 6BITH HCII0TIb30BAHBI HAHO-
MaTepHaJbl, KOTOPble B CHJIy CBOUX 0CObeHHOCTe
3HAUYUTe/bHO ylIyd4IlaT CBOMCTBA TOTOBOIO HU3Je-
AU, IPU 3TOM HX MOXHO BHeIPATh IIpaKTHYe-
CKH Ha Ka>kK[IOM 3Talle U3roTOBJIeHHuA. Hampumep,
B IIpollecce IMPOIHUTKYU YMECTHO IpUMeHeHHe
MeJIKOJUCIIEPCHBIX IIOPOIIKOB Kapbuaa KpeMHHUS

a) b)

Puc.4. BapuaHmesl apxumeKkmypbl nAemeHus: a — buakcuanb-
Hoe; b — mpuakcuanbHoe
Fig.4. Weaving architectures: a - biaxial; b - triaxial

BBICOKOM UHCTOTBHI C Lie/IbI0 3aII0JTHEHHUSI MUKPO-
IOPp A/IS CHU)KeHM S 3aKPBITOM OPUCTOCTU. [l
yBeJIHMYeHH S IIPOYHOCTH — B KayeCTBe BCIIOMOra-
TeJIbHBIX 3JIeMeHTOB IIPH HaHeCeHUH MeXX(pa30Boro
CJI0S1 - BO3MOXKHA UMIIIAHTaL U Ha $-SiC-BOJIOKHO
rpadena, ¢ynnepeHoB unu SiC-HaHOIPOBOJIOK.
PaboTsl B JAaHHOM HaIlpaBlIeHHUU y>Ke BeLyTCs, HO
0 KOHKPEeTHBIX pe3yabTaTax MOXKHO 6ygeT CyoqUTh
He paHee 2018 rona.

B 6auskafIIye roapl Ha romanke BHUMHM
IJIAHUPYeTCs 3aBePIIUTH CO3/laHHe OMBITHO-1abo-
PaTOpPHOrO y4acTKa IIPOU3BOACTBA TPyb-obosodex
TB3JIOB M3 KOMIIO3HUI[MOHHOTO MaTepHraja Ha OCHOBe

this issue is planned to finish in
2017.

Architecture of weaved frame
has a significant influence on the
properties of the finished prod-
ucts, preventing brittle fracture
and ensuring the improvement
of mechanical properties, but the
quality of the impregnation of the
braided frame is no less impor-
tant. One of the key properties of
the finished product is its closed
porosity, which should be mini-
mal. The porosity of the matrix
depends on many factors, includ-
ing the chosen method of its for-
mation and on applied materials.
In the United States the method

of liquid-phase impregnation by
preceramic oligomers is used that
gives a fairly high porosity at the
level of 6-10% [11].

In Russia, as in the case of
selecting the architecture of the
weaving, the combined technol-
ogy is studied. In addition to lig-
uid-phase impregnation by pre-
ceramic oligomers that are modi-
fied with various metals, VNIINM
investigates the possibility of
applying gas-phase and electro-
phoretic impregnation, as well
as improvements of the above
methods by the use of vibration
and ultrasound. These options
allow to increase the density

and uniformity of filling in the
matrix across the length of the
product compared to liquid-phase
impregnation.

At present, specialists of
VNIINM study the deposition of
interphase layer on the fibers,
which compensates differences
in thermal expansions of the lay-
ers and in case of operation at ele-
vated temperatures significantly
reduces the likelihood of cracking
of the finished product.

SiC fiber plays an important
role in the structure of the fin-
ished composite. At the moment,
only USA and Japan have the
technology of manufacturing
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HAHOMATEPUADbI

Kapbunaa KpeMHUS. [IpK 3TOM yIIOp JienaeTcs Ha BO3-
MOKHOCTb ITPOM3BOJICTBA He TOIBKO 060/I04eUHBIX
Tpy6, HO U JPYrUX BUAOB KOMIIO3UTHBIX H3/eIHH.
B mporecce co3aHMs yuacTKa Takke [IJIAHUPYeTCs
OCBOUTH IIPOU3BOACTBO PB-SiC-BOIOKHA, KOTOpOe
bymeT BocTpeboBaHO BO BceX 06/1aCTSIX KOMIIO3UTHOM
OTPAC/H B CHJIY CBOMX IIPEeUMYINECTB IIepes yIie-
POAHBIM BOJIOKHOM, B YaCTHOCTH, B TEPMOCTOHKO-
CTH U TePMOCTabUIBHOCTH. B fanpHelIeM IPOeKT
10 CO3/laHHI0 KOMIIO3MIIMOHHBIX TPy6-o6omouex
TB3JIOB U3 Kapbuma KpeMHHUS NOJIKEH CTaTh COCTAB-
HOU 4YacThlo Oosee mMacmTabHOM HPOrpaMMBI
BHHUMHM "TomepaHTHOe TOIIJIMBO' — aHAJIOra aMe-
puxaHckoro ATE.

MHOTOMPAHHbIN SIC/ SIC

B HacTosimee BpeMs Kapbug KPeMHU S CUUTAETCS
OLHUM M3 Haubojee mepCreKTUBHBIX MaTepHUaJioB
LISl IPOM3BOACTBA KOMIIO3UTOB. OH HUMeeT 60Jb-
IIOM MOTEHIIMaJ B aBUaKOCMHYeCKON OTpaciH,
B IIPOM3BOJACTBE y3JI0B U AeTajel ra3oTypbuH-
HBIX JIBUTATeJIel U YyCTaHOBOK. OcobeHHO MHpO-
KOe IpUMeHeHHe KapbuJ KpeMHUS U ero pasind-
Hble MOAUPUKALIMY HALIIKM B KOHCTPYKIIUAX JIeTa-
TeJIPHBIX AIlIIapaToB, PabOTAIONMX IIPHU IIOBHIIIEH-
HBIX TeMIIepaTypax B YCIOBUSAX BBICOKOM HaIrPy3KH
U IIOBBIIIIeHHOTO0 M3HOCA. DTO CBS3aHO € TeM, 4To SiC
obnamaer BRICOKUMHU aHTUQPUKIIMOHHBIMHU CBOM-
CTBAMH. YKe CerofHs OH IIPUMeEHseTCs B paju-
AJIbHBIX U TOPLIEBBIX IMOAIIMIIHMKAX CKOIbKEeHHU S,
paboumrx KoJbLIaX TOPLIOBBIX YIIJIOTHEHHUH, B TOM
4YHcie Ta3oJMHaMUYeCKUX. [Iapbl CKOJIbXKeHUS

C HU3KUM KO3QOULIMEeHTOM TPeHHUS CIOCOOHBI
CyIleCTBEHHO CHU3UTh SHEPronoTpedbieHue Mexa-
HH3MOB, 00eCIIeYUTh BBICOKHUI yPOBEHb HaIeXKHO-
CTH UX paboThI ¥ 3HAYUTEJIBHO IIOBBICUTB HX JOJITO-
BEeYHOCTb [12, 13].

KOMIIO3UIIMOHHBIe U3enus U3 RKapbuga kpem-
HUS HoNyduaud 6osblioe pacIpocTpaHeHHe
B 060POHHOM IIPOMBIIIIEHHOCTH, 0CO6@HHO MpHU
H3TOTOBJEHHUH Pa3/lHUUYHBIX OpPOHE3TeMeHTOB.
AKTHBHO H3y4aeTCs B3aHMMOJeHNCTBHe 3TOT0 BUAA
KOMIIO3HMIIMOHHBIX HU3[eNHUH C KYMYASTHUBHBIMHU
3apsaMHU, UX coueTaHHUe C aKTUBHOM 3alUTOM.
HccnenoBaHUS PA3IUYHBIX BUJOB TAHKOBOM OpoHH
IoKa3ajJH, 4YTO NPHUMeHeHHe KOMIIO3UIIMOHHOU
KepaMHUKH Ha OCHOBe Kapbuma KpeMHHUS AaeT OIy-
THMBIH BRIMTPBIII IIO Macce - 1o 30%. Ilpu aToMm
BO3pacTaeT MPOYHOCTD U IIYIeCTOMKOCTb U3deTHHN
[14].

C ydueToM MoOC/IefHUX TeHAeHIIUH U IIPOrHO30B
BeJyIIMX MUPOBBIX YUeHBIX KapOUl KpeMHHU S CTaHET
OOHHMM M3 OCHOBHBIX MaTepHaoB 21 BeKa. Obnanmas
HabopoM YHHKAJIBHBIX CBOMCTB, OH MOXeT OBITH
HCIIO/Ib30BaH ITPAKTHUECKHU BO BCexX 06/1aCTAX HayKHU
Y TeXHUKHU,
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stoichiometric B-SiC fibers. Such
a fiber has not been supplied to
Russia. However, VNIINM has
a strong competencies for the
manufacture of SiC-fiber using
its own technology that accord-
ing to preliminary calculations is
much cheaper than counterparts.
Its development is underway in
VNIINM and is scheduled for com-
pletion in 2017-2018.

It should be noted that nanoma-
terials can be used in the manu-
facture of tube shells for fuel ele-
ments, which, because of their
characteristics, will significantly
improve the properties of the fin-
ished product. And they can be
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used at almost every stage of man-
ufacturing. For example, the fine
powders of silicon carbide of high
purity can be used in the impreg-
nation process to fill the micro-
pores and to reduce the closed
porosity. Implantation of gra-
phene, fullerenes, or SiC nanow-
ires on the B-SiC fibers as the aux-
iliary elements is possible when
applying the interfacial layer to
increase the strength. Work in
this area is already underway, but
the concrete results will be seen
not earlier than in 2018.

In the coming years, it is
planned to complete in VNIINM
the creation of the experimental

laboratory division of the produc-
tion of tube shells for fuel ele-
ments made of composite mate-
rial based on silicon carbide. The
emphasis is on the ability to pro-
duce not only tube shells, but also
other types of composite prod-
ucts. In the process of creating
the division it is also planned to
master the production of B-SiC
fiber, which is needed in all
areas of the composite industry,
because of its advantages over car-
bon fiber, in particular, in heat
resistance and thermal stability.
In the future, the project for the
creation of composite tube shells
for fuel elements made of silicon
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carbide should be an integral part
of a larger program of VNIINM,
"Tolerant fuel” that is similar to
the American ATF.

MULTIFACETED SIC/SIC

Currently, silicon carbide is con-
sidered as one of the most prom-
ising materials for the production
of composites. It has great poten-
tial in the aerospace industry, in
the manufacture of components
and parts for gas turbine engines
and systems. Silicon carbide and
its modifications have found espe-
cially wide use in aircraft struc-
tures, operating at elevated tem-
peratures under conditions of

high load and high wear. It is
caused by high antifriction prop-
erties of SiC. Today it is used in
radial and lateral slide bearings,
in face seals rings including gas
dynamics ones. Sliding pairs with
a low coefficient of friction can
significantly reduce the energy
consumption of mechanisms to
ensure a high level of their reli-
ability and to increase their dura-
bility [12, 13].

Composite products made of
silicon carbide are widely used
in the defense industry, espe-
cially in the manufacture of var-
ious armor elements. The inter-
action of this type of composite

product with shaped charges, its
combination with active protec-
tion is actively studied. Studies of
various types of tank armor have
shown that the use of composite
ceramics based on silicon carbide
gives a considerable (up to 30%)
gain in weight. At the same time,
the strength and bullet resistance
of products increase [14].
According to the latest trends
and forecasts the world's lead-
ing scientists, silicon carbide will
become one of the main materi-
als of the XXI century. Having a
unique set of properties, it can be
used in almost all fields of science
and technology. [ |
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