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Abstract

Abstract

In aeronautical, astronautical, petrochemical, chemical, iron and steel, nonferrous metals
metallurgical, etc., advanced industry and defence equipment, there are many tribological
moving components endured severe friction and wear working in aggressive conditions with
high temperature, corrosion, high speed and heavy load. It thereby demands combinations of
outstanding wear and high temperature oxidation resistance properties, excellent obdurability
and tribological compatibility. Traditional metallic materials generally applied to one certain
working condition and hardly satisfied all the aforementioned material properties. Therefore,
it is very necessary to develop new wear and high temperature oxidation resistant materials.

The refractory titanium silicide TisSi; is regarded as one of the alternative
high-temperature structural materials because of its low density, high melting point and
excellent high temperature strength, high temperature stability and high temperature oxidation |
resistance. It is anticipated to have outstanding abrasive and adhesive wear resistance because
of its high hardness and strong covalent atomic bonds and high temperature oxidation
resistance. Its serious room-temperature brittleness prevented TisSi; from industrial
applications as structural materials. Introduction of toughness phase though alloying is one of
the most efficient means to improve the toughness for intermetallic alloys. The intermetallic
CoTi having the simple and highly symmetric B2 crystal lattice was reported to have high
strength, strong yield-anomaly and noticeable room- and high-temperature plasticity and
toughness. In this paper, intermetallic CoTi toughening refractory metal silicide TisSi; new
high temperature wear-resistant alloys were designed and fabricated by laser melted process.
Microstructures and constitution phases of the alloys were characterized with OM, SEM,
XRD and EDS. Microhardness indentation method was used to evaluate the Young’s modulus
and fracture toughness (Kic) of the alloys. The room-temperature compression property,
room- and high-temperature sliding wear resistance, high-temperature stability and oxidation

resistance of the alloys were studied and the corresponding mechanisms were analyzed.
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Results show that:

1. Ti-Co-Si ternary intermetallic alloys with TisSi; as the main reinforcing phase and
intermetallic CoTi as the toughening matrix were fabricated by the laser-melting deposition
(LMD) process. Their compositions were: 42.9Ti-57.1Co (wt. %) (alloy A),
50Ti-43.8Co-6.2S1 (wt. %) (alloy Al), 55.7Ti-33.6Co-10.7Si (wt. %) (alloy A2) and
58T1-29.3Co-12.7Si1 (wt. %) (alloy A3). The dense and uniform microstructure of the alloys
transforms from hypoeutectic to hypereutectic as the TisSi; content increases. The average
hardness and density of the alloys were HV360, HV512, HV648, HV725 and 5.92 glem’, 5.67
g/em’, 5.33 g/em’, 5.08 g/em’, respectively. It can be concluded that hardness of the alloys
increases and density of the alloys decreases with the increasing TisSi; content.

2. Fracture toughness of the Ti-Co-Si ternary intermetallic alloys and the toughening
effect of intermetallic CoTi were evaluated by microhardness indentation methods. The
results demonstrated that fracture toughness of the alloys increased as the content of
toughness phase CoTi increased. The toughening effect of CoTi to TisSis is obvious.

3. The results of room-temperature monaxial compression test demonstrated compact
strength of the alloys 50Ti-43.8C0-6.2Si (wt. %), 55.7Ti-33.6Co-10.7Si (wt. %) and
58Ti-29.3Co-12.7Si (wt. %) were 1410 MPa, 1310 MPa and 1220 MPa, respectively. It can be
concluded that compact strength and fraction compress rate of the alloys all increase as the
content of toughening phase CoTi increases.

4. Room-temperature dry sliding wear test results indicated that the Ti-Co-Si ternary
intermetallic alloys had excellent wear resistance in comparison to the traditional wear
resistant materials. The excellent wear resistance of the alloy is attributed to the combination
- of high hardness of TisSis, good toughness of CoTi, strong yield-anomaly of intermetallic and
the formation of a smearing-layer on the worn surface of the alloys under room-temperature
dry sliding wear test conditions. The influence of kinds of coupling wheel, load, sliding speed,
sliding distance, content of strengthen phase TisSi; to the wear resistance of alloys is notable.
As the kind of coupling wheel is different, influence of strengthen phase TisSi; content to the

wear resistance of alloys is different. When material of the coupling wheel is 45# steel which
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high-temperature temper-intencrated resistance is bad, wear resistance of the Ti-Co-Si ternary
intermetallic alloys increases with increasing of the content of strengthen phase TisS13. When
material of coupling wheel is WC/Co cemented carbide, wear resistance of the alloys
decreases with increasing of the content of strengthen phase TisSi;. The alloys also have other
properties such as low load-sensitivity, loss-speed abnormality, decreasing of wear loss rate
with increasing sliding distance.

5. High-temperature sliding wear test results indicated that the Ti-Co-Si ternary
intermetallic alloys had excellent high-temperature wear resistance. The excellent
high-temperature wear resistance of the alloys is attributed to the formation of a thick
smearing-layer on the worn surface of the alloys under high-temperature sliding wear
conditions. High-temperature wear resistance of the alloys increases with increasing of the
strengthen phase TisSi; content and exhibits excellent insensitivity to the temperature.

6. High-temperature stability test results indicated that the Ti-Co-Si ternary intermatallic
alloys had excellent high-temperature microstructure stability. It didn’t happen that
component phase growing up seriously and harmful phase born in the alloys after a long time
high-temperature aging. It is worth noting that thin TisSi; spherical reinforcement with 0.1-1
um size was born dispersedly in CoTi primary phase after the alloy 50Ti-43.8Co-6.281 (wt. %)
aging 100 h at 1000 ‘C and strength and hardness of the alloy increased in a certain extent.

7. Constant-temperature oxidation test results indicated that Ti-Co-Si ternary
intermetallic alloys had excellent high-temperature oxidation resistance at 800-1000 'C and
the oxidation kinetic curves are approximately parabolic. High-temperature oxidation
resistance of the alloys decreased obviously when temperature increased to 1100 °C.

Oxidation resistance of the alloys increased with increasing of TisSi; reinforcement content.

Ti-Co-Si ternary intermetallic alloys can form a scale with multilayer consisting of CoO outer

layer, complicated-structure middle layer mixing TiO,, CoO and Co;TiOy, TiO, inner layer
and the featureless area containing abundant Co, Si elements between oxidation film and
substrate of the alloys under high-temperature oxidation conditions. The excellent

high-temperature oxidation resistance of the alloys is attributed to the combination of reduced
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diffusion of O and Co elements because of the featureless area, dense oxidation film
combined compactly with substrate of the alloys, edge of TiO» inner layer is unfluctuating so
that oxidation of the alloys doesn’t be deepen.

8. High-temperature aging alloy 50Ti-43.8Co0-6.2Si (wt. %) had higher hardness,
compact strength and more excellent wear resistance than the original alloy. Hardness of the
alloy increased HV100 compared with the original alloy. Compact strength increased 100
MPa. Wear resistance is up to 1.5 times and 1.13 times under room- and high-temperature
sliding wear conditions, respectively. Nevertheless, high-temperature oxidation resistance of
the alloy decreased compared with the original alloy. Test results indicated that there is no
TisSiz spherical reinforcement dispersed in CoTi primary phase of the alloy
50Ti-43.8Co0-6.281 (wt. %) when aging at some high temperature after heating for many hours

at 300 °C, and oxidation resistance of the alloy no more decrease.

Key Words: Laser melted, Ti-Co-Si ternary alloy, Intermetallic, High-temperature, Wear
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W-Si Line WSi &, 2433 9.9
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RS SEREREEEA, MUEBFRFMIBHERESN, MASHES
SAEWFAL BN T, BEFRENHEESTHARERES . SEAACRS
& (Stellite alloys) |~ Fi Tl BEM i T4, 4%, BRSNS SBAYINMT T S5 3Lk
RUAR S BEAEN R T EET RS, E5SE205R, MTEEE .



Triballoy ZMHFEEMAARFRERAFI—FTZNHANNE &, BHEME
HEpf. 5K EEML, 555 Triballoy &£ B —MEBREES S, HIEE4ocE
) Co-Mo-Cr-Si, A|FZEEH CoMoSi Laves #1 (1000-1300 Hv) 5 Co ZE[FE B EE Ik
(300-800 Hv) FL&EE| RIFMINESERE. H4b, T Cr FER &N Triballoy #h&&
&, Laves fHAIEEE E 0 BF BRI HIEEE . Triballoy RE5E & E#Z H CoMoSi
Laves AHAE B FE R4 A W L B A A 2, LR EEZYh 1230 'C, Laves AHEIMS
214 1560 °C, G4 A LI7EREIE 1000 CHImEIME FEH.

(2) BESE

HESeRAEARENMEN. WMt SmAees, BaEn, MEL—Fd
M, gEs, Bk, AATHERSEHMRARESSE —MH a7 EAMTE
BRI, SERHESEFEEE. ERRMREERSRESERGE SRS
HEE DAL EMTRE, UBE SWEERK. flin, &SR HEAE %
MEEEETHEGEATRN, HOMTEMRAtae, BEHERME & 12. B8R
W LLES I MAH & SRR, SRR RES RS, KAELHEEN
WEY A G ST R R, B8 SR DAL s A L & T

F 1.2 EERETEMRES SR ERS IR
Table 1.2 Chemical composition and hardness of high carbon Co-based and Ni-based alloys

54 =% BASEEE (HY)
C Co N1 Fe Cr W Si
hE 18 HRE — 22 29 9.0 1.0 500
A 20 — ®£E 40 26 8.7 0.5 310
125 WHREE

&R mL R ERAMERBRALY), . BRILER. Brfed. BRALERAIRR
WRFL KRS B SR E A S BT, ARG SIIERIER & &Mk, B
iR E: BES. WEME, ARSRERE MIiggRFRENEE, LaREHN
YRR, BN ARLN RIFRMERE M. IR A T, EREeNA




LR MR R 22 Arie 3

TERBUIRIMMT, 77 LRAE, mhibehdt, HEEE. KA. WESFURER%HHE,
CERARZENSBWEME . AMETEERAHSRSSL, ESEEHARERE
it 700 CUY, BRI T BE R & & 15 A R i BE AL R

AT, WA EM R ERBASRENE. RREEESHRY, Ban
FBEASE, EUESERM. SEERS™ TR T FEAM B .

1.3 NREAEHE

BEE N S0 DA p il R B DL R & R i TR B R & B h3s Bl
R ERIARHRS, —ERE R . BRI ENRENS NS &M AR T WE
K, HLAMHAN AR S (B, 8EFEAE%) RERN, CENR N
I R FZ I il & SR,

1.3.1 Tif #4N

M FE AR 7E il T TAEMAN, BT AR SAZHIN AR, LRI
BiH T, PR R A B RSt A ) o S8 7R AR P R By oo b 2 A
fERRE—8 R 200 CHA, HEAA 8 MASIE, JERRBRAEN, 10206, #
M E AR 450 C, THEEARBIL 60 K k. bH &K HEEGTERNA
Wige i, AR 7 MR i in, BT AV i (i AT HELBE T ik 700 °C, {8 I BRES th 357
BEIMB SR BT, T PR RV LA 200-800 °C, TAEE ML
KRAEFJUEANKRSE, THERBEMBANELSRARBIRLSA. BES5URRE
SRS BEEE RN, I TEN BB TELIHRE TSR, mHdN bR
KR, MERHRIEHRN. REEMEBIRSER. ZLaEHNEEEHEN, &
F LW T HR R RS T,

RIEN I HZVREE TR N 4 A BTN HR . B AR HN . & R it
R 5 D RAAR AN DI 2. B FHALHAR, LA SEH TRFS g A
[, RNRTLHRHET, GRS, & N T T 245 & 77 50 B %8R FR i



SR
(1) Btk

SO I B SR MUY R T 8 T4tz
TS 5 B 0 TS R A0 — e 350,620 0
L, BRI — B LTI AN TN, — s
BEESIIE, ARTENATEREY 5%, RIRE Fitmmais
Febb. HTHRIE L TEREMFIER, SRR a5 s
EAREAIIEK . AR TAL AR Ry
T IZ IR

EHIHL. 4,
HRE s
R E R B
%%,EEMRI%%MI%$m&

(2) B Bk B i e

ﬁ&%ﬂﬁﬁ%%ﬁu%%%,uﬁ\%\ﬁ%iﬁﬁﬁﬁﬁk,ﬁﬁTﬁﬁﬁﬁ
AARIHZE . BELNMFEREEEN 188,
i F4 o

i 18-8 HEk 4R B FCAATY T #44K

2&m,u&EEmﬁﬁiﬁ@E$m

16-8 2 AR AGLRIE AL B LRt A, 1T w
R RIBAICHERE, BTSRRI L T 2be, Merigg, o
et RERSS TLAR A8 T/ 2 OB . ALK (e

—RAERE 600 C,
VE R ER R g R, HAFREE TR R,
i 25-20 &% ER B AR R HAEN

%$%\ﬁ%§%%¢ﬂ%%sxmzﬁ,ﬁ%?mxmm%,@%,Emﬁﬁg
m%ﬁ@@ﬁ%wﬁgg%W%ﬁ&m%%vﬁﬁﬁw§#?ﬁmﬁﬁﬂ%ﬁmmx;
uioﬁ%%ﬂﬁa%mlzﬁ%,%wmﬁ%ﬁ%%,—%ﬁ%ﬁﬁxﬁﬁmlﬁ%
ﬁ@%,E%MIﬁ@%W%#ﬂﬁ%,E&EI&%&%TrEm@@D
iil £I0E SR AR R HEH

&mw9%&%Mmﬁ%%ﬂ%%ﬁﬁ&%mﬁm%ﬁF%ﬂﬁE%mﬁ%ﬁ%@
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EEM AR FHLEAR

v, (ElRTROASAMUEE R H, HAGRMEAF AR, X T # DR & B AT 4N
foHaRYE, REGRBLRE, EWTRN—SEERMALTE (. 55, %5k
s REEEYERITE (W, 6. B B85 URER—SGREAICE (.
#1) REFEREWHEE. BIE LREL, REERURCDSERBRLED A
FERAA R B RAR T RN . DLRRAL Y 0 A I S G R BT RN BR AL 40 52
F—wREH, BUANEEA YL, BRHEERK, BettiE, 25 FREK
K mHEHER, frlaelmtiRE, FAEEAS: DB EYh EERL
AR B AR B A B AR R, (ERREETIE 750 CAf, HBETHT &
BEL, HIUAAEE AR, TEEMTERER FRZ OB &R E.
(3) BRI 24N

KRR AR ZRENPEEERTT 12%, FETEFEOLT RESHEREHES
2. XRWASEH, REHLENRE. k. H, BETE, EMSETHREEKHE
M. BTES 12%U LR Cr, BERMEATEMH. NAEmkeE, £—En
R ER W B — E TN R HEE S, ISR EENIR —RMAKAEW, M
Tk, b T, Bdn EHTNPERS 1T ZRNH. AREMESR T XAEFR
GFRpTEALTERE R — B RO R IRYE, N R AT DR T RN A

(4) 5 PCAd YR RN

ST R AT VR I PR RIS, SRR SN, O T ORFRNX —BRE, £E Crl3
MHER EE LTS ENE. . BEES TR, BTiERTHHLS
251, FEDRAAR, AMTRENFGERNE. £ TREPIXED LA R8sk %
PR RIS AT 2
13.2 i#Hed

TR F4 B o fE FH R B A BB 3 850 CZ2, A= T 850 CHY, MHLARTRE, #
smPEE, REHEMTRSIRE TRRERANRS SERN KSR, Fit,
PEE AT T G AR, BiHIE 7 a7 DL e 5 e B (R a2 St e &4
() REFREE
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WEEE A4S RN A THEMRS RN, SRR TRV RAmEME, Wink
AR TAEM B, BRI, BRE. REZEHMN, Fik, eEaEGeMEF5F
EEMAr, BT, SESESSIEAZNEREEL N 1100 C, MELEmSRS
FHEIE H 150-250 CAA, HIFERES. A8kE. M. A RAEMmIERE
5, BAERERESNATIE. A0 FEEREESE B ERN—FE
4, AMUREH A RBEE, EREEERFLEESHH AR GEHEERE S
o
(2) HiEERESE

ShEERSSHE—FNATZNR&SESSME, SRERESESM, #iER
HESBHLTLAMES: BREMEERERTRESES S WREMERILTHR
HERE4: WHEEHNEEMEASATIRRSS C. iEREGEHINEZLRE:
ks KR (200-700 C) e ARIREEME: HWEMN THRERRSELAK 10%,
XAEEAE AR L T B R s A SR A .

BT, WEEEEMEERERRESRTELRE, RAERERE T,
(EH PN R AARTE, REEAE: 8&. ERRESEEAREFEEAS,
MR BE VAL 25, M7 R AL e B B A P B A L A T K

1.4 MBEHAR

SR A TR E, Bl SABHEE. SURERE. Sk Ene
WEZ, & XFHHIHTIC. SICEIFEAYE, Bl Uiy RAKEE. £
HIE AWt AL M EM R BT 3 5 R RV R L, PREAE BB T Tk 58
TS AT s g EE AR
1.41 ALOME&

ALO; ¥ ERIFa-ALOEE, BRBERIEFERA, NAmE HIMEME, AMUT
CLPE A Thiedt el TSR EE EE A s, M B w ME RS R TR R T A,
MR, WARSHER. WE. WERNEEME. BRAEZ ARITT R, Mk,
P, BARMAEM RN,

12




AEE M IR R 2T 8

142 TiC %

ALK R TR TR T S A R B —F R R, B THARS A, EEERELL
FREFNEEBRE. ST, e, BE2ERETAMENS B EMEE R E.
TCN). TiICEEEME I AEIEILHERBIERAKE, ©REREIIEEFIKRY
PELA R mBRAE . RATIHINAVERE, o8 n Cal s st B v B 2. bTe
WEEZNEE WMo, NifEARSH], UEHEREFAEE, A TESTHEER
B, ATANAWC, TaC. VC. HfC. TiBZ@INFl. BRILEAMEEREE S pe B,
T AR Ay s BE A4 A U718,

143 4KHMGE |

AfFRMERE R, AR Z A 45 68 24 T 9K RIERIZK PR, 2 g
AR KPR R — AN E B AR RN, A RILL 200-300 nm& B R~ AT Y-TZP
A%, 7E 1250 C. 3x107 " WARINH R LA LM - AW MEBEET R, SRR
1A 350% L |, SCER[21)R BIX TR AHLE £ Y 5 i F B T8l 90K SR
TR B B AR, FIAH 120 nmF R R T Y-TZPRE BRET ¥R T FihE
Wi, EWRE, ARFHIEME (AFM) MO, RUEIEENR 1 pmil Ry
TEAR KA RADIRA AL, T T SR SRR RS H0R. H AT, UK BB I AT T
ERRRHIERA ., BEAE et FafetSrmiEd —PKsr.

144 ZHEEWE

MNTE. SRS RIFFERERA I T, (EHSE. BRI
PeReR ZE; MRRAR EA TN IR T, TR BERE m AT R A, (EARTE A
PR E. BTHERH B TR SRR 2 SRR, ESETFILER
FEERBEAEIES), MR — BA T2 RS T8 1 I R s 4t 5 AT (R M T A
RFAFAY T, 7 BB E R TRFT R e R/, RILF b e 2 R ettt Frilee
HITE AR, BRIAFRETNERES, NS REBEETRNNFELE BEEY
TRERSHFEYE, WEMEEEMNEERNZ —RETRENE.

WEEESHEPIENRS R FEMENESRRELRE. KRS, BTREH
FHO SR T BT IR B R TR BAERSS A, EAEE BB Z IRE F
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e MR AR, T SRR Rar. R AL RIS Ze ) S5 AR A0 Y o A R UK R e A
Bl EEEREETE RS, AR TEE 1N R AR & R R, A4
ESMSRENNES, H& HEFEEREAME, H A T L TIAEH.
Hi7, BARAETHWELE SRS AIRER S, — NI TIEAREH =,
B LHIZSHE); 2404 (RAD B9, 3B, 8 —FPMLITETARZ A L
EFTTERE SN,
(1) HHAZHEH)

$EFEAS 1 S M e B0 B 0 T B A5 B 3 2 SR R A B 4 B E Zr O, 32 S L AVR PR O
RIFLEN . ATFZOALER T HARER, LEFIET 1170 CH, HERGRRELA
WRAIU T S8, Fi, IEBHCaORER AL R FARILIL T Zr0 8% §2
B U5 ZrO R B B4, HREA TR XMASGREERR. ATRERERTHS
DAL, (EANN S VER FRGURER AR S, MHE R T ZeOZE N SRR T 7R K
AR EF A AL RR, BRI, SRS, NP, £3
LR, SRECTH R T OB PR B B0 A R B P A, ATID R SR S0 SRim IX
2 B A P N 78 DA 4 1 Bk, I T JRSE T B BNA R IR TR, 1R T MBS REAT
BIH T, RS TR . S B ALOs-ZrOo R 1977 SFTT R, &
S ZrO, AR AR J5 B AR B AL AT AL OSS& W14k . ALOs-ZrO B % TR BTN B YEAR AT, 42

PR

YIBIBRA N Sc 8 8] TIESE, BT TEREACHTAS, M it a2l

el

i o
(2) £F4EHE)

4. BT HKEDEKTRENRIFE, EERHEMFE. K ERLE,
BEAE b B RN KA AN 7, X ATRHRS SRy 8, HREFE R P AT 4R B 2R AR T
ZURTLL “PRHTH” FIBRMHEO MR, BRANRS TRERRITE. K aiiuai
ALO, L A FHEHE B E HBM IS LR E RAFHEF], IAERT A E I
HEAT. EBecher®% & F T ALO:-SICRAGRMLE AMHLUE, AMINER. LK. HR=
HEFFRT KREREXT4%E (B BMPKHRIE. £4&F, ALO-SICREME G E
(e — B L R R, SR BE IR . S rtR) AR L SREE. Wi bR &,
11§ BAE S, FTCL AT e SiEARR BRI A . (BILE EE R Z S & AR E T
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FEREMEMARREFLH B

A, EERAISUR N, TR LR A UM TR, BB R RS SR
OB AL SRR, BT T R UIN TR . (BR RS TR XU H A
AR, RS R EES AP (CFCC) BERAS MM SIHLEE, HU b o
VB FE IR B PR BT I . W\ RTROBF ST KB, CECCRINTELSINE BRI 36
MPam'"?, HEFER, WHEMEN—YES. B TUARIIRETREEg &
PRRIEEA A SRS (AREIRE) 4, BURENTE, AUERNS
dis BRETUE. ST, RAUSEITRIE AR IO B R — R LA

BAEEERREEGTE; 24%,. RAEERGNSENE; 3BENRFKEL,; 4
GidhsE B M R EAUES; 5.861& T Mk,

(3) Bk yREHE )

FRRLAE 3370, HIERE IR RS AM R, BRI R ss
PCAREL R AT 4E R R S MR 54T . D, RS PRISTI E AR S 474, B
WP, KR, &8 LA EIERER Y, IE —ENIUNE, ANStksE
SRIE. EREAEPERERICE . BTLL, FURESPIEEE SMEREZRIEN, HIFRT
HRBTF T . BURLSS I B AR A MR B S B 4L Bk Rk, LUt
S0, EHER, YORPRBGPIMERE AR, SRS, 1987 4, MERK
Karch™ A RIE T Fr 6 2K M B BB @ AR BB AT A . HAR AR A2
B IR 5 — 358 NTEROR R ALOSZEAR R B NG K SICH A, (EATELI F7 2% 0 5 18 B4R A
3R, HERAELL R S ALOMI BRI M 300%, WiZUHIMEtHiRE 40%, Bt 4h,
KEGWEEXPRIORERE . MHEEE., RKRS. SHhE, FAERSS4EnH, &
ALOMI MBI T2, SREBMEMRMELSE (FIWNI. Al. Cr. Agk)
AURLA]PRAG R B R . R K% IE S HI & AVALO B &R RHKI B 7 i 4 1,
AVALOSE SR BB H D, TR T EH R IHGEIESE . 015 BE T et
BERE. BEEEmBRN=F TENE, PR T HIRKAVALOE &R 14 4 s 30
SHERE, BETRIFHAE. £BETNALOE SWEYHNE S EERLTF&REE
MEEHER. HE, BTE&BIEA— BB, H5ALOMEHIEENEE, 2R
RN 25 PRA PR 45 R () 3 BE R B 1 22 B, BRBR TR NI &R 9 B 22 31 [ 1
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F4h, HTEREMREAERTUREERZE, ALOHRENLEREESHERE M
T AR
(4) PrRILED)

A& FEBTRHM R L PIRNERIE, WA FEIRILE, AR
ERFENTRMER B BESEATTH T H 2 EZr08FIALO; (ZTA). ZTA-SiC,
FIZTA-SIC,E &KL IWATE=F AR T, MR & BPICRESF,
RN E S AR IR, AU R fE R &b

EIRAT L, MEMEE BRI, WA, MEHR. 5. BERFFENA,
BIMBHRR, PHAE, EFRASRS RS EIRG. RN, BN FEH
TREFENFRSH%E, NGRS MEMLE SRR UK R TIRIAR I bR
MR RIX — G, HEME AT S FmE S, goRBEM RS a
FE YR AR f i — PR AU AR . ik, PRI AT R RS A B A
T A SR B R BT BE AR A

L5 EREHEYEEHH

SR EYREIRERICELN., £RIEEEEELRZAEKRNNLEY, HiF
R ICERZ A R —E LR b, JLAsr )T 7E — R Vo B 2R A AT R BAAL
GYAREGNERG. SERLEYNETESERSRRM, ERREIETEML
s, SEMERHE, EREREFRISS IR, HEEBTRE, NilH s
w EEERLMEEYE; A, BTEWTIRTRSE N, §REE FERZRISHE
iww, FeRRLaYEEEAREMIIERERE: AN, SRRALEDRERF @
RGRHNE] TR AR, WD TIRBARR, MR T 1IR3 InBOd 72 R G0 AL B ]
Retk, HRRESERAMSWHERRRRET Far. Hit, sREASYIEN
RN T BRI R 8], 782 I AR J7 T 0 LSk Bl B A4 k) e e l) RN B e
AR, mERREEN A, T2 &R RLEYRREMEENIRASES TR, e
EFEE TR, SMEFMEENARMRSE - MIFRNEBEE-BEXR, Lxelh
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EFEMEMRRE 2240010 3

AT EGERMERREREBEASTE FTRIOER, XRTTEEAMLEYIE S EE
AR R R AR A B,

BRERERALGYMANEEMERA — W8k, BEXBSERBAaYEEET
FEtEDAR LR, BB HETENHMXERNE. i, KEWAET RS SR
WA EPRIEIEPR, PR, W, B0 AR R Ry B
%, BYIRNTTEEREME SN, 8. AEMNEHEE. SE48Y. B oM,
REETIERIR H Silcd, A RIBMLE WM LK S0 7T B TR SR 28 E T IR
BRI 5 S BRI
1.5.1 &REkEYEIR
(1) HEEH

BIMHEILE (AATE), BAREEBRLAYRARSEHN, BARERE M, X
NEMEITLRMEAERF L, WRRARYSHE, WEREALG, BERFARE,
AT AT, BINEREENEEEUFNICER TR T, TR
X BINEHE TR A ERETREME R TR,

i [a)BR =0 2= RI%s D

1979 4E, HARILK¥4&EMETITHK. AokifIO. Izumi KIS T AR 4L
EWTTEBENGALZ SR B TR Q1M TP MATR BN, 7E6S I KINGAL
Z A I 500-1000 ppm (wt. %) KIBJE S BMHEE T B BRI, R E 35%,
i HLJE ARGEFE R R, ARV INBAI —ITNGAIL SRR A i, HEsiy
SR E AR (] BT, (EVR N EBRI & &N BN FRIR . X TBE&BIENILEHIG
EARPM S, ERENSEBAR R RASE DA R R X T TFA, (R 55
IR, DT 32 o A R X OB TR ), BB E BTS2 IFe 1, B
FKIS R M S E M 2 ML R B 2 2 — 12224,

HAr, mB¥WRIFEEHTTL & B A . Takasugi AP HNLSIH F &40
I EITTEB (019 %) K, BEITEIGER LT, X—I S FBaker® A\ PO ifsrst
AL, TAENGSI A & SR E M2 E 0 LFHE] 2~5 %, (HiX—UE 5BAINGAIK T
MRZEET . H R, FIBMNGAIKFAETTS, 4NLALE S HBI & Bt 5x10*
i, B ESRALCTEMLY), TR & T R EBXNiSi Pk, EIFB
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HSEEN 5x10%E, BRUESFEERIMLY), ENi;SiE eI RFRT ENLAL
EEHFER TR, EERENENATSER. BRI, H00.1 at. %EIBHE AR
B NLGe I . SR BoR # #1Fe-40A1, RIUBRE T RALEFERE,
Fe-40Al-0.1BYE 2 S A #8500 0 oF S W . BREE Rl d 3RSt T B 2
MR, KRR F G SR S, (AR RERE AL, B4,
HMEBXFe; AIFEMN SMBERZUTARIALN, LEMBRES /I @ERE, BRETE
MR E R

Takasugi®s AP0 Nis(Si,Ti) A& A CRIBe#t 1T & &4, MIBER M. AR, 7E
FEE, NiySi,T)+CHEIEAE B fitt, ERESENHHILT itE, KEAETC
ST BB IAE & 4 i R R AT AR R T b\ @ S mT et i, i T =3
Matk. (B2, 7EmiEe, &SN MMREERER LTSS TR, HEHE LR
NizSi& & M ER A PR T EE TERNIE, SERBMETREL0R THEAR &AM
ERK, HTORTFHNRATRESZSHTHY, MCHIMAIETORTFHA
Niz(Si,Ti) &£ it MIEE S KRR N, SCRBUBIARY, GRHCHRE
SHLIN 500x10° %fEE 50x10° %, FIVHRTTIEY, HAEAIENHIAMEHIEA, 1E)E
AR R ARIFEA LM EIR T, MR,
i BEATTERMTM

WINEH R ITE T LLSCE & A R4 . SCRR[32)AIBF 5L R B, fEFe-28AIFIIA 0.15%
Cen] AL kL R, RBIREBEAEA, W6 T &&r-£albin, & T aem=
BN . SCER[331BF SR B, FEAL-M@SitF i in#s 7t ERe Ce] LMT& % 4] Mg, Si
BB, B ICEMAERN 0.8 %, ¥EMgSIEA /. ReMIMA, FBIKT ]
Mg SiAH K TEAZ IR BE B0 AR B BE 2 41/ ITRAZ T L, TR #E T B A% . #HouERIIA
fEAL-20%Mg,SiF e HIP i EREF R TR AR ®, PLhrsaE d 225 MPalE & F 260 MPa,
ICHEH 2.56% M E] 4.4%. RIS FFeAlE BRI AYITE 600 CLL LK ik
ARSR BRI LB R KR IR, [EEEMRNED. ZefICE S M{EFeAlS & 1T H
ZrC, FEiREFeAlS B R A YR
(2) &£tk

FMESUEEEETENTMNELLR S, @1 at. %ih. XEEX &/EHE
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M MR AT LA 1

WEPHE BRI % . AR FITE TIE AT FRE R AR e 5 1 28 S o Bk e 2 v B
A 25 ) AR SR R AR A, SR R R o O R ER B OO 5 4, (R BT B B S B TR
WA R S MR R THEYPRES, (RSO B 7E RRLIE B F4%, TR AN E, ®A
DB RN &S ERE R S & &5 /1 R AR THEE, Bilixetiii
kR =R AR,

5 EBRIE E R LR (ORNL)FIC. T. LiuZe A\ & K BT R 520 & 44k 77 40 A
HNTT (DOw) S A HIEHECos VIR h B IR BB M B B i AR SL 7 (L) S Btk &9
(Fe,Co)sV, MR EIRBEMEHRZIETE 40%P. ANHTHIDOWEICo VAL A Y, SN
3 MMALIEFH R, AL Von Mises& M, IMA—EEBSRABEE, HBETFHERER
[f) 8.00 %3] 7.88, MR N (111}<110>, IBBALKE X (1111<110>, HEBES
ANKLR LU A2 Von Mises 414 .

XLLE B G YN X(X=Fe. Mn. Ge. Al, Ga%§)E& LB EN, Mo
AT B AL PEREE RN, N XEI & &1 BB A LIRS, MtkE Ll gElY,
AT EE B TEREANGXTXIRT, WHEASNEFAREAISE, AEEt.
EAHRIRIRE, HFeEMniEEANGAIS ST ESAURT, AENi;AIS 4 e
B HFemiMnffiR &I Sat %A, Ni;AlS S0 SR b MMt 5%, HEFE T
RERT R G ERAMENR TR SE B RE, RIRAECHTIE4 T AR TH
Uk 2 BRI AT A A RSB TR & S LRSS NLSIA R M . TaubZe AP
XNGSIEEHATIHAT S SR, Tir] MFNGSIE S SEREERSE. 740, 54
MEREMESSPNISRME MMM, MEMESSHTEBEW, a4
Ni3(Si, Ti)+B#& & T T 30%, 7 H i 486 23 37 oA B A BRI F RERY, Liu
FAPTHENGSI& ST MATIOS%)E R, AEEFSPEREMEEH 0 FFE 7%,
HMA 5x10*BJ5, Nis(S,Ti)+5x10*BEEIET A H B SR EME AT LIAT] 36%. TiFIB
WA &SR ARE LT, REHRFEEN S S5 T T AT T 881 T e,
Takasugi % A P*I%tNi-Si-Crd & Ni-Si-Ti-Cré £ RIBFFTR B, Ni-Si-Cré 41 S8 A
WREERS I (EEREE i TNisSLAIHIFEZE), HIE MR SR i T LUAE 35% 44, H
MEEE AR I, RGO EFEMN. TAN-SIT-Cra4ms, REMERR L EES
BIERHEBEL FTHENSICAESNEREER, EEMECEER B,
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Nigo 3Si11 3Crs ¢ Tis B 4 [ 2E 18 % 3] EE Nigo 3111 3Cra sTis 1 B S I EAR . CrtiNiSiE IR
BEHEET: (OCrinET &R RRE, QREN, EEBNCIHEIHEERMEEK
(R R M TTBE IE T A B R 2. Lius APIXINi-18.9Si# 4 FINi-18.98i-4Cr- 1Moy
SRR, SEN, Ni-18.9Si8 SRR ENI-18.9Si-4Cr-IMoF & Z K, (Hild
FE#BT 600 K25, BMAGITFMHR. BRET: miEA, Ni-18.9Si-4Cr-1Mo& SR MR
PENGEETORTEAS S BAMTEN. EIRERE, Ni-189Si& EHTREM I
Ni-18.9Si-4Cr- 1Mo % & /B &, T 5 TakasugiZs A (A5 45 5 BINI-Si-Ti-Cré g H R 2R
EENi-Si-TiB 42 ¥ 2 A 32 5 A S

SCRR[40-42]F 5B, &4 R FIREENIALS &1 MR — TR E BN TE.
EERRIM, FetZRMATRE<NIER, HHEEEBNE, HEaSHEmREEN
S BARE, SCER[44)FF SR, FENIAIF AR INE BFe e R AR By, T BiA%
BN, WTRESSrE, SMREA 4 ANI-20A1-30Fe, HAHEBETERNE 22 %74
4 . B, Cammarota® AR 3 T i [ Y fe 45 (Reactive Sintering) T ZiHl# HAHNiAl(Fe)
ads SR AN B A RFE ANIAIF L T B FE, XS T ZRIEF
WA S5, HFefENIAIT VAR R .

B LA A Fes Al 7 2 P e T, BTG P S I & e AR Fes ABIEAT SR 1468
TRERGHFFAN SR, BTRNEELTTE, KETEMRUTITANASAX] ST
BRSO T KB/, MiTRe T #ATERAPERTIIL AL ERERTR
41 mg B, EWICE(Cr. Mn. Co. TiF)MEME S EEILE(W. MoSF )X Fe;AlAL
HIBIAER, TIRETERLEE —AIRITHIJCE(B. Nb. Ta. Zr. Siv Hf, ReSH)IIA KR
BT ASNERRAN Y, HPUBKIERENEA. McKamey* %Mo, Nb. Zr. C. B
RIFFFL B M S T IX— M . EXEETLE T, B, MgRCrtiFe;AITERERT R M BN IR
. KEFARY, B. Mg MEAFaAIRMETTEME TR, B2 AFH1EA,
I CrfE AP T2 EME T DU B Fe AR MM ER TE, CrAURERRIRBRIA
e, T B AT SR e AR SRR, AR T EMEnS. S&TRnas
A (BIEICT. Ce. NbEIA) REMEAEI BRI MG BIRF ML &1

MoSise—FIC Il 4 Bt &4, HANagoya Universityl{Harada® AJg el T
Cr. Zr. Ta. Nb&TGEEMoSLF FIHAARL, €T 900°CH, REEHHIZ HEMoShHE
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R MSPRRE L2083

HEMEEERNETR, T lat. % NbEFIMoSLAMEE ER WA L EFESE. SiFEE
Los Alamos National LaboratoryfJSharifFlIMisra A\ HE— 5 18 1ot %6 25 7 75 65 48 45 #g [ T
giiE 1 EEMENLH . TEMILZZHE H, 1 at. %NbRIINABRIL T 24588, HT#m T 1/2<111>
AEMENREE, BREGENEREEZEEEMN 68 nmBME 7 8 nm, HFTF
2<II>( S AE(RE T B . CERS1ITALERY, MMoSL & & T HRMWITETER
MoSi FHIMoIR T, M A EEH(Mo,W)Si,, HIEHEMTMoSl,, MIHEET
MBI ER SR AL Ge%5 A 4 703 M AT LUER A MoSi, i A 1 BSi B F, 3E4T &
Mo(Si,Al),, & &R T MoSLEM AWM EME . BEREMIEEE, ETHESS
T ESUEYHIMEREREZ.

B A G, AR Laves R LI U . BMERE R, TEAUSAL, 3SR
Y, BORMERREHRE, DEMSUERMSEAS. BRAXMEST®. 85N, &4
JCF ] LA AR Laves 45 5 B0 & BRI R AIZ SR ), 1A B3R b i B A fig
A I LavestH S ALY B I BAT, 1EAESITEHTHAMETI. Feu Nbs Mo,
V&, WHELavestTiCr, P, MAB =& EITENI. Mo, VA LA ETICr ) S8 A 4e
FIFWEFI . ChanFlIDavidsonfIEF SR, WRINASTETIE, T Nb/NbCrB4H
HERWRPITEM 4.9 MPam"* #2553 20.1 MPa-m'?, (HiZRF R FiRt I &b,
NbCro i & BAXL 25% (HRRIEL), MR & EARBE TR 2 RIENDCL 5 i B R SR .
DavidsonFF A5 i, WINAR&EITTEGE, Nb/NbCr,BHESEESAEIGs+dE R
TRERAEZN, FREENTHRERT, HsHdEBRTRERKERTESS
BRI, XA INAEN &SRR EFmREIEIS S T . ClEmSENRE
MM EEICHEZ —, Takeyama AF5 H CriT A W ASR EHS TR R . FIFXPS 77 5
FCXFe; AITTHIMEHLER, BFARIL, 7EFeAlPIAERICT, A4S RIREEBE
2 BB RPN, TSR AR R KA B RN, $EEEEE. Okaniwa
BHHUABL, Mo. W. TiHNbCri@ BRIFHIEYIER, I ERF AR, HEEL
KEESTRET S TNb A E. LivA AR LT R Cr. MoRIWE B854 200 18 iy
NbCr, )%t . {HGrujicicE A KBL, 7ENb-CrRLHMAFe/s, {FLavestl7E B LT
EARFFACL4 1), T HAETARBNC14 BIFESKCLS AR A HIIC36 4
FIRLEAR . Eith, FesGZot T Nb-Cr M = A F) Y,
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L EMESWE SR RAENAH R HEGF BN —FEE. fliln, BF
HRLST T (B HIBIZIColk &4, ERAESE T /L PEAE SN, ERIINETREN 1%
RO AL, ATEESEBNSE T BH%E™.

() &L MG HIE
L RRAER T BB, WEREMEMRRS, B 50 ERRTLMATATHA.
W H BT M EAT A SR E S T T € B SR Rt & B A &R E W, A

FoRL R SR S ANE R L A4 A R AR A B R R, B RS RAE
ST . TEATAT— R DAVE A I 74 s M SRS A R, HCBTYIRE Sy (HPRE ST
BYIR /48D tSEB KR T REERINERA: k" R RE
RSN T SERBOEYIN S, ol RAEEE TR AR . W TR
FBE TR, B4 R T KRB S A TR E R L2 1E T4
RHOPTAE BRLL, HEEHTEMNRRAMMSNETRRS L, XERIEE T SR 5
B AR OIS . T SRR/, U BT R B RS R, R ERR
S I B fr ) 22 AR FE R, PRI B T LA B S R OB T . IR, kil
AN, PREBHEKEME, RN 5 ROERER, BRI & TR
BHIZERN, SRR, BT, WA TRA%ES, RORERT &
MRS RAIRE, FHEE TN, B4, EWEREHRANEAOELT, &R
TEWTBRT R A K MR T, WK B0 TR, FT LR AL R T HIPER
R

0t Fe BRI aY, FILR R s IR, R R AE BB AR . W
IMBRILLEINGAIS B IALEY), mFaT Sk, 7% E R K E AR .
SR IALAWI SRR, BRTESAE: ()RR TARRES RS ST
EHAAAEBERNTE: QFFARAR SIS EHTREN TN E: O
A& R R R T -

SCHR[SAT S, Huh 3038 1o 48 79 45 S R BE SR B R LT AR K/ NRTBR R FT IR,
HWFe, AlE 4 112 R . McKamey %Ay, BEAETNBR AN THIER AR J) A
B /0 T4 AR AL I T S T Fe, ALEL B0 () T 2 P A %mﬁ%mm St
{EBE TIx— A, FMEREETEDO, s F7EB2 X R A S iR AL, RETERTE

B
&>

22




By sl L N e e VA

fE TR K ARFF A AR, FFRAE S BB EIB2 454, {FFe;Al-CrZrBi Al
(=R R ZEIEH] 19.1%.

AT RSB RIR LAY RO, SIN;AL Niy(ALTI)H 45 S&8GHET = 5025 i
W, SRRY], BUELTUNERBIRERNEEEFRARES REHLME
i o X NisFe L T M FE BOR S SR R R TF RS BAIESE TiIX— &, Hh 2 99 %
ETFERRFET 900 CHATHERAZWTERLEIET 470°CH P ANBE HINi;Fe sz 77 A4
WRERIER, W BHARTHERGEEGMFER FERA 88 %A L7 77 421,
AT DLAE TR 257 JC R I 77 7 R AL ) 3 T4k HH BREREL, T 3 IR Bk IR 2 1 KB A o
5, HRERGHE. Fit, EHRAMNEREEDEREEENE TR —. ik
[5713RF, i SR L KRR G PN & SR A ST ES], WA SI S ET-AL
ReRELEDNEZEEIRIERE. EaniE &MU, KA (oM X EiE—~(a+B)H
X[ 9 AL B2 — o A X BRI 2, e 25845 B I A 400 B3 o BRI 5 20 A Tp Rtk L,
BRESEA RN =R MR, Fla0, 2% T 24 Ti-24A1-14Nb-3V-0.5Mo & 42,
H81=9.8 %, ©0,=797 MPa, o,=1034 MPa"*;, Xt FXUMflyHEa4, WFRAE(a)HEX
IR BIE —~ (aty) X P, BEIRBIEH BENL) ERGEHAL, A hMAS e £
HA REFRGEHRIERE: TIS-TIALE G SR T2 R (TIAL+8)SUH X & #4 % — 1
iR K, BTN EHALRD),

SCHR[6019R 5, FI ATt st ] o] AR B3 R IR R S & B IRL &4, T LA 20
HPUTERAERT LR E. AN —EENTPHEZEESHTUAZRRITE, A
TIEF PRI B K. B BB A HIB FINI-AL-X (X=Cr, Mn. Fe. Co. Si%) 4&J&/q
WEY, HWHERAEEAIE 90% U L. Ti;Al. FeAlSF £ 548 [A46-&4 il @ ot S
R [ B AR SRR B4/ ) LT S B BB P RO ROR . BT, HTi-ALRIL S
R, SR EITE—FF, REREMAALD KA R REERBEKE, A
TR X S Y 2B . ATIHYE, PURRE T2 BB i SR RA R/, T
FPALRTY U AR ISR B R 25 2 Fa R SRR B X L Ti- AL AL S 0 S M 0« 4
HISRBA R, B TRARKINEIER, ERE BT FAMOR R . HoRgE T
EAE S TTIRGE ST, EREIEE K AR . i, e E&E T, 6TiAl
TN SRR — AR B B0 57 77 (B2)AH, BRI ZE R Bt B 41 F, Nb& AL %
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5 at. %I TiALNbE £ RS AR ENbH A4 B R 2 B8N N ALS & 7Rl
Cr. FeS T HEHITREERE, FRBHTIL 427 %, RABHE TE. #BRSE, &
HNCr. Mn. VAR S0P ge fE I Ti-48at. % AlS &R, HeEREEEMRN 3.5 %,
bt JCTi-48at%AlA £ HIARE] 1 %H TR ABERRE. XIR[531HR T, NA RERE 7T
VHIEUHINI-AL-Fe = oA &4, OB MR IE H e B 41 4R B B 20 - WA UNi-30A1-20Fe
& & TGRSR WNIANL &Y, SFIRIBHATIA 5 %, Ni-20Al-30Fe &L AHTHLL,
RS PI(NLAD R E AL, SEBEEE 17 %, MIEFEEZEENFHE,
PN EIER B, BHRFEERET R, SCRS7TIIRT, PSR EER
B\ h BB 7 B IEREE R AL AW SEBR B 1 L AR — 1 S EAR SRR K
REARMLGE S, TUEIMANESHA, EFTISHIT SRS, ATARA LR T
ERASRAL SN TR 5 B, TisAL-NbII A Er%# 70 8 HHEAT tRE v REm] = A —
A/ NTIREMELO: R i, RSN AEmBREEYFERAE. XN TyEes, EWN
TERXA AR EHTIAIES S, Al e alEE K E Rk, A5 HTi-6A1-4V
LS4, BEFERM (1350 °C, HEL 26:1). RARER AR & Ky-TiAl, Hép=3.5
%

FAM A SR REA RSB EERLEY . Hin, FEERER AR S
HIFH ENIZBRINGAL IR IEMRTTIE 55 % HHILH BRI, Rk P e
BRM A4S, BRGNS REN] LA EIE B & RRUR.

SchulsonFlBarker®Zf{IiIF 57 45 £ B, 7€ 400 °C, NIAITEAE — MR T, 2124 20 um,
EUNIAU ST 20 pmbS, RIUH REFFEETE (240%), H HIEIBPERE d kL rs
ANTIRREERE AN, 28R STE 20 pm FREE] 8 umi, FMEMEH 5 % BT 40 %.
Bk, BRSSO AR NAl FFERIAKE, MTHH NAL &R LAY
MR SH T EENE L. YA 4 (mechanical alloying, MA) Jiik2—7F
BREEREERE, T LM SR T E Bl S RN A O, TR R il el
2, WA RN, RERBEHREHME . FESER T A &H
%[ NiAl gk BN EEZE 1100 CHRIEGRSLG MRS, KRS REY, FiR TR
FEik 1074 MPa, [EZE¥EMEA 7%, TIHEANIAL GRBLR 50 pm) BE4EE IRGEE LA
303 MPa, EEEEEHEILH 2.8 %. G0K ENIALRAM RN H AR 58 BRI BB ENIALSY il
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IEEMA MR REFE #0183

{27 80 %A1 2.5 ffF, thSh, W IRAEATIME AT TR HES, EREENES
EEATRANALGER, RANEEH BN T RhEkmEH, MEtNERT
g Abst, VG S B B A MBETRESE T <110>188%Y, WHEE T4
SN, HTYRERIEZ RS, B SRS 4 A S NIA B3] T 547
FIER . BIACRANME A R B SR T A& MINIAYY E& 06, 90Ky4 (10~30
nm) ¥ T AENIAESE b, PPELZE SR T BE 4% B IRI2AEA S 1200 MPa, HLZ SINiAl
mPIfE . IXE R T R R LA R A Ky BB R B B S I B B B . A b el
FREZELE 18%, BHTHENIAL (28%), HHNI-30AI20FeEAE. 54
MR B FRBEKRE TR T (1D SR S BRI E RN H /A T35
FERTHTHIN. T o 0 ELERAr A AL T DA AR 4 S, MR EIE B E; (2) RLfis
PUHEEAERT: (3) BPEAX B AT Ay MR T A (A0 R AL A5 B T 5, A T JE A fUNIAL
RUEEBALE, NIRRT, SRS ABIR T HIR A S 4L LavesHINDCr, [E A 3
e N E BTN, A BE 2 R HLAR & S MBS K SRR SHE S QK %, T BE
AR # S M BE AR IR 1200 CRARE] 900 C. BEFT 2% ABTFIHIMRER B 77 v & 1
AFLO%Ti(BUE T EDB S R A LR ATRE R, AR B R ~HE 3 AL,

HEREERRBER K, ERE RS TR NS A . AEE% A
AU AR £ R Laves A TiCry, K BLHUAR & $4L 20nHITi-Coly RAKZE 1400 CHUEJS AT
BERS AR LavesHITiCr It 44, TIHBTML T Sk, S b laig
BERiE 2308 MPa, HUEWTRIBIENATIAS] 1.42 %, Zr-Ni-V-Mn-Fedr &5 25 MR a 2
WRBAEREMEL, REEREIEE FIRA, TTURRERIER M/ NICI4LavesH.
WMEBALE I Laves & B AALEY, BT KK T &AM, A ABGE R B AR Ay
TRAEBIR ) 404, TR S B R TE I RE . AN A S0, B S EmE 4 RATIL
BRTE SRR AR & RS RALIA, BB KSR 5% L LavesHIES 1L,
VAR HMCry-MEIMCr-Crar e, FIFIR B s B B IR I OB 5, T DAk
REF Laves ALY HINEHE . RN A S0 7 BB A TIALS 4 (3 Sk
RE4 0.1 pm), W FEEELRLE 1200 CEZHHHT 10 NRIE MR A QR Ek
FRST4 1-2 pm), HEFFEEETIE 20 %, I B4R ARGR TR m =14 . 75851 2 vol
% Y,0: B UL T, FANR G ST B 45 T 2 07 i 53 FUNi35-A120-Fe & 4 Wi 24 3]
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Mk 3 4%, T ERARIERHIRE T 50 %. HURASMHIREIE SRR BRAER
(%510 pm) 4b, —MERE 2 um. BT REFEH &R H LR, T8 K e LT A
(R B E A SRR, FTOL, & RR AR FIRER R T SCHR(66,67]
REGHII T EFef E AlFe-AlS SHHMA SR, HFRAEEIRE ST
T 4K B Fe-AlL 4 i Sk ot A2 . SCHR[68]F XS EATI (XRD) 4T T Fe-25 ALTIHLIR
Ao AbilAR. CER[69]HFST T Fe-35AINLI A £ (Lt iR, BRRY, NRESk—RE
FREE, LS BB E T ¥ 658 2(FeAl, FeAl, SCRR[70FI YL E 4t
U £ BT MRS 2 (MAPAS), B4 4K RFe-ALE R AL &9 SCIR[7LIA VLIRS
LAk B 8 I B A AR T2 (MASHS), BRI 14 B R )20 40 nmffjFeAls: B AL 54,
2T B IE L TR B TR S 80 %. MM SICHHET B B R £ ) R
R, I BN A Sk KRR Fe-AlS B L &Y EEME . STIR72R FAHUE
oAb G A P (HIP), 1% HFe; ALJARTEL. XRDATHTEREE 100 hiJFe. AIBSRTRE
B, BRI T becks MIMIANK FFe(AD A 5(12.6 nm). {EBEE M EFEREIAE FFe(AD
B v AR G TR M FesAlL. SHEFaARLL, BT ARG EME T RARKK,

TR S B amrEae. RELE 973 KA HE B T4 4K A7(80 nm), {H
T A e TR e A S MR, PRI YR, T HAE 673 KEA L
R R R 2B R, 76 1073 KIVER R, T 32 im0 B st 258 S 30 SR
B, R RREFEA(180 nm), EMEEE REFRZEHIMIERE.

YRRk, AWIMEASTS (Severe Plastic Deformation) 1 il 8 MEACK- G K i B A 44 4
TR S, MEAEZEM. BSREHME, A& BRAKGEEHE. X
5] Johns Hopkins University ffIRHIFA BB B8 T —Fi 3 S0 &R G0K S R FIL &Y
BLFTEE. HATEL Hiperco 50HS &4 4844, HWMAEV (<2%) FINb (<03 %)
VR RIS AR, IXE—F FeCo (B2 4f4) HMEREMLEYME. HTZHREIHN 3
5. BE-AEGEK, B, BEHERATRATGREFENSEMEL 32 205
SRHELEAT RIS, BIAE R BB, B T R RERE T RN KRR
B S — iR KR AR R A R R 4 B A L, TR LT 25N =R
G, ENEENEGTEREEE FRA, fi&ngkeR ey RamrniF
YEgE. Foprhr i E AR A 2.2 GPa, BN 1.3 %.
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AL MEM AR F 28

TIAIT R Ry Mo A ZHRE A R OBIME, B 5 m 5 E R s BARR He i
TIAIEFE BTy Mo ARE A ZRALR . 70 RIS I AR I i 70 SPAT B % X
FETREB TR KRR AR MERERRE, BN EETRA 50 %, fniE
BATH AR KB R TH— N WMEEEF SR A&k, BT LR h TR
SRR R BWALR, WA EIME H Y. 611, £RZuAISSTE 300 ClEE
TAWRPT (BBE>1 MeV) BH G & ANt h 5 SR, FR 60
BUBRTEHA T T . BTN QAN B A B AR R AT, BB ERASET
W, BT SEEYE, dRE S P R SE ik, NS 2 4R ST R A
BN R RE BN, SR E T A 5 R AR R e
B2 BHRICIZEENITI, FREE I RIFHRBEME, F2E5AN, HAESEEELR
NiTiL &R H N THER Y KEAAERN KL R . NIAUL &Y HERAED RAHE, 7
EN AT FAHEM TRt ¥ & Lalillh, NoAULE W RAES HBE, ENEET L
RUMEREZ R, BACHERARL, MRS SRS 8GR AR
FIN A G D AR Z S5, KA T RSN 5 S A A U S AL NIA LR . 5 T Ti-ALZR XX
MERRGEIEEE, EHIHRATR, BRoEE (RE) — ool (o) HIK HiE]
(ot R BIERIFFFRY, BB ooy i BR A SR E BA LR, IR
BFEIEEYE . Ti-48AIIPSTHAATE H ZEUA A& T, T LUK SZ 20 %435, i 8PS,
6 %L b, XRATREEMNET A ERBRSER e,

NIAVR BRI BRI ERAC, R BB THRANEE . ecE, SIS A1k O 1B
FLEJLAT RS . BLZENIALE &, A 1300 CHRE S, MEBSAIEES 16
MPam'?, WISRLE 473 KiBKFHFERVHNBIEE, WRPIMERE 3 MPam!?, 24,
NIAIASZ HAE R K0, FM R EIPEE % 7F 10-12 MPa-m'22 [] B 57 A 5 % H Bridgman
EREHERINIALL G, FHEHLAEEEE L BNAGT T HE, B HNIAL30Fe 2,
BEL 1200 C, 4 B AKLE, HRAMEMHEETX 12%, LERESEHE THE %R0,
NiSOAI30Fe20 ZHa&EMEN 0, MEREESTIE 1 %, BHFBBEREST 1 2.
NiSOAI30Fe20 £ &7 5k [F 45 4 I 7E M AL 5 TR Ab A — V2 SR MEEOvARAT H 79, 12 B Ry
W%ﬁi@ﬁﬁ%,#Eﬁﬁtﬁiﬁ%ﬁﬁ,ﬁﬁﬂﬁ%%¢ﬁﬁﬁﬁﬁyﬁﬁﬁﬁ
CERPEARR, BT DABEE A AINISOAIBOFe20 175 1 %A . NiSOAI20Fe20 &4:75% &
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%ﬁ%ﬁT@ﬁ%OL%%%%ﬁﬁE;ﬁ%%ﬁﬁ%ﬁsﬁ@%%%ﬁﬁ]%,%%
%%%%ﬁ%um%&4hﬁkﬁ,E@%ﬁms%oMmmm&wiﬁﬂﬁ%%%,
%T%%%ﬁmﬁ%%,E%Eﬁ%ﬁ%&@ﬁﬁﬁ%J@ﬂ%ﬁﬁi%ﬁwﬁﬁ,
AL AT, BFESBEREE.
(4) BEHH

GHFL RN SRR IS (UK sERESRMEM (N,
%ﬁ&ﬁﬁ%xEﬂﬁ%ﬁ%ﬁﬁmmmﬁ%ﬁ\@ﬁ%&#@‘ﬁﬁﬁ%ﬁﬁm%
SRR SR R R R R R AR, R T RS
WA AR BIFH A YRR, WIME L EREIE, FHESABEBRMTHI
F, A FHRHURREE B RO T-HEAR B R . RS TR AR
i EESE R

P K27 4 B R TR S AL 4 B )4k A B AR B LRI e S AR B AL, 85
ok BT HKEREATERNRIEE, BARHRRE. R EmE, H
i B AT B RO — R ORI T, KR EE R e MR SR
MR YE . STOR RSN A AL hEA, RM AR I T AT R R R, BT SR
AL I AP U B 1T o IMER R 7E S R L R AR 2 AT R R
AW, WA R K TS AR (Le), BT ISRBLR BB HBRE . ARTTT 4T
BWELE, A RN AT 4 B I L S R I o . H RO AT R B
5 R R B A B  ALOS ZFAEFISICK 4T 4 LA RIB BT ) /W Mo Nb.. Taff]
RS, i, RS YIRRBIAH B, SICHALOKMA 4, LILEIH
T A EL AR 7 A B (A LA 4R IR e Sk (R PR B, I NHERS 2 £ 44 (Ut
NIAlEF A CEEF 4, Ni;AIF I AMoZF4E), it & Al & Y A U AT R A AR B, T
ﬂ&ﬂﬁﬁﬁ%%%ﬁ;EMN$W$%M¢M&%W%%%~%%H%,K&ﬂu
BB RI GV , TE A & & i SR AR — MRS (NIALY 0.012 mrkef,
A NLALEF IR P HINIAL, 0.14~0.28 mkgf) . Nourbakhsh AR FH F 9 V2 1 % HY
AlLOy-ZrO, A BN TIAIEL 5 &AL R VAR TIALRE b L RN T -

B IR MoSL T FTIE T 1985 4E, FitzerS W FINDE/ MoSh & B #I 7 SE K145
B BN E PSR T A B IRAR . HAZEFASRANTE S, SENbHEE
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AEREMEMRRF L Arib

i 55 MoSip B4R Z [ & £ B3 B R MY #L,  #END 55 MoSi; [ 4 K & BiNbsSis .« (Mo.
Nb)sSizs MosSi %% ZALEY), T B IRK 72T FINbE AL T A R 3 7% 1 H-RND,0;,
FrErEE A ARTRE T2 AT BN/ MoSLE &AL R EAL N R N8, 752
ALOERZIOFRENLE K774, R X B X P B &M RHEGeE — e/, 18FH
SMPIRBNDE AU L ZE A, MEMAEME S ERA 2R, 20 ERE T
T AR Z R, Bt % TR BEMoGe, B Y0531 5INb/MoSi, & &kl h 3t
RIS, (BIEFSIIR O R D R AT SR S B NI A B b
BIS R Ta K4,

i RIS RAETIL

FELET 4 BRI R )40 8 I8 IR & )RR L BIRR b SR S SR A AL Lo, P4
FRSEER G SRR B HE T Z MR B &M RS S g2 A, o sk
AAEFELLIE A MY RH RNY . B, B4, B SR,

FUbL 98 Fe- Al B AL S W2 R SR IR B AL R oL . BUGCfE )
G X o W RRe G K g B RURLAE R SREUAH 51 NTK 2 Fe- AL & 1A £L 2 55 1 1A 461
BAGMEEME, RFe-Al&BRNAYIETIH RN EE %y —. KNI F)
HE RAT R B R TR R, 3 R BRI ZE M2k, T 2= A A
TERB PRSI AR F BT R . MO N 5 A 9K S A 4 A B R A
DLEEFE XA GORIRL “4THL”, RO KR BB & L mIT, 25 T Fe-AlE &85
RN BET ). AN DRI RO BN BRI AR L RUE B B AR /NBTRL(1~100 nm) ¥R BCHT
SRR IR, A TR REREE—BONERTE, FERTER0.1~1 pm)¥R M
RE 8 AU L[ B 45 ORI K, R R R A3 R R SE AN B B KBk (5~50
wm)IESEARFFAE AL T A — B, (R IR AE S I B RS B b, BRI TR T $9 4038,
TIARIBAGIR . SCER[79LR A LS % T ALOsy TiBo R SICEURI(RE /M Eh 5 %)
[KJFe-28A1-5CHE &4 k. FFFHE, ALOsTEFe; Al ik 22 thIRIF, TiB,RAEZ
TR SICHEGREMERNRN. FaAREE M RBNER T M 2N
KIEREWE, EEMHEF T, SCER[801FIE BT & BRI T 541% T TiCHk 1%
Fe;AIEE &M B, RITICHR ] LB AWM BN B R, S e AT
LZMERE. #EFe;AIRIMATICERE , MR SEA S B EMSE T EE R 2R
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& (BfE— SRR LR TALE I S k. Ak, AR THURE S E R
SRR e-AlS B I S E SRR CER[811 % T ZRIHlE T ALOs.
TiB, 84 38FeAl & BRI L & W EE & EL. SCER[82] LA & &4k 45 & Bk R e 4
(MA+PDS), BFgt T B4 A R TICE b 38 Fe-28 A1 8 B A AL S W) L L A A1k SCRR[83]
TR %7 45 A HUE(MA+HP), 14 T ALOs. SiC. TICHITIB 3 3&FeAl(Fe-40Al) % /&
A E AR, SEMERIREE Y SR, AR M.

S CHR[BATIR S, BT TIB, B TR R L, NIAL B SRALAF 2 T BOKRR A, IXH
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