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T A R SR A BH A 4 — T R FH ik A P R 7K
PEAEA SR T, RIAE 48 S rp 4y i — de g
ANFIRE R T, SR BRSO HE FIZ sh AN S8, AT 34 m
A 4 10 e AR5 B AN B R T o SRECRLF IR ST S TR
Km0 o A AR 2 B SR ORI R, — ok, ki
T4/ RIS, BE, SRR L. BRI
EURCH S SN BYIRITES A TMIEE &ER
T B AR R S A 1) B, S A A B AR R I — e &
IR, SRIE BURRE FIBRAGIIRL -, AT 4 1 & < 1 0%
A 5 o5 iR A

WAL kL ¥ — M B A R & 20 (al TiC ZreC.
HfC), BRALYDTRHELHEAAE A 4 v] CAYEAR & IR B R £
FRAR s AR s LR, mAk T B IR s R
For] DUA B B AS A2 45 RIS S A3 e, AR = & 4
1 it R B8 B AN TR R s IR AN, BRAL IR AR 5
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HAr, EWNAMTRT V26 TR R i
G LA, A B £ 22 TiC M ZeC.
1.1 TiCsREGRLEE S

Hu ZECUCREB A H TSR, Roh#& T
Mo-TiC BE MR« XFPEAR[ES TiC BRLAE Mo Fefg
B E, REMMLT Mo &k, RAEKEKR Mo diki
T 302 nm 4/ 81) 95 nmee S X PR RAR IR L 45
A4, SRRST M 8.96 um 43 2.38 um, H A%
FEILF] 99.3%. BbAh, TiC 9NKERIAE Bt i vh sy
B, JUPAREF 7RG (<80 nm), Wil la~lc
FizR, X195 TR TR 2 BUSCR A Mo/TiC A5 FH T
MRS E M. A3 T —FhEE T TiC ORI 1L AN AL,
MU, —J5TH, SRERT TiC ki a] LI Mo Ak b
A, EEETEK TIO, AHRFE R Mo SRRl . 57—
J7TH, TiC(002) TigCs(024)F! TiO,(111) 4 Hi 1f LA
Mo(110) & T 7] LATE B A% S . 4nf 1d Bz, Mo(110)
HTTIC(002) 1y s THI TA] #4373 4 0.220 #10.216 nm, ‘Al
Z ARSI N 1.81%. BEAM, TigCs ff1(024) & T Al
TiOy(111) S AT LS Mo(110) &4 T L ms i, o
Bl e Al If BivR e xRt i) T o] DUA S B AS B i
R IR, = AR B R B 77, 404k Mo 44k
() stk RS o BT IX SE R 25, Mo-TiC & & (HV),)
FE11%(3939.6 +284.2) MPa.

DRI, A VR T 2 A — P i) 4% Ak 16 40 9 e Ak
B EMABTT, B R LS IR B B R ORL 2 B

RN SRS . SR, 1% 5 VE A7 — S = R 4 A
Poll. wok, ZI7 A R E AR R 5 T KB
AR IIKEY, Mgt HIR, & iERER
EBMAKRTTEN, THFER, FEREK, FIHm
AEF= WM. B e, %7795 Har R BeH & /e s,
I 1 S 7 B ) S AR B, 2 RORUSH B i 1) o)
2 R 5 W RE IR AR () P Aef 4 R ARG A8 P B 55 A R
Fabr. R, RKFHEY RAEHTHIE OB, %
ORGSR S, MR H OB MERe 4R A8, DLISR 2
A UR T TG B oAt 7 R AR 3

BT ER B, AT RAEKE T2
Mo-Y,0; & &I T =M TiC, #F T TiC &N
X Mo-Y,0; &gV RERe IR, SR, B
AN Y05 Bk A A A4k Mo dkL (10.42 pm
—3.12 um), BEFE TiC FJE—B U, Mo &kiidt—
SR 1.36 pm, E 2 Fis. EXFHPHE M
WURLIEAT RAERS, B T R E K TiC A1 Y,0; 4k (R
PR 420 nm), A A TiO,, X2 TiC i —L83%
P T W B BT P 2020 o T 2 P, R B8 A 280 05 1 i
1 Mo FEAR AR F o 58 22 11 58 — A B0RL & Mo-Ti-Y-C-O
A, HRSF/ANTF 100 nme A4 AT 5 Mo FE AR %
LA B 2 e g LT . 5 4l Mo(H V(2401 £303.8)
MPa)fl Mo-Y,0; &4 (HV,.(3626+254.8) MPa)#H
te, Mo-Y,05-TiC &4 B & & A B (HV,2(4165
+245) MPa)l,

i BRW TR TAERT LA H, TiC yREUEA
I RE % B 25 A4 AR Ao 4L 21, T EL B % W B 4 2 44
2R O, HENFILE A SEEMREENER. 1t
Ab, TIC L Re 5 HHEAA T L is Ft i, ERIFGE TiC
WORLIOVEF o IRIBE, TiC 2 SR ORI A & 42 50 M
AR IR
1.2 ZrC RGBS &

Gan ZEULR F AL SN & 410 45 & 58 SCRL i) i 22
#1147 Mo-0.8%La,05-2%ZrC (JRENH) &4, i
W T %A B MG REiE e S 1R,
25 I AE XELHI Mo A& B A2 1.65 pum M40 &SR
b, EIRA 1400 C I PR R 4 0 988 AT 189
MPa. SEM 1 TEM FAEKM, HIR KIS H) Lay0s
H ZeC FRL 4 AR TE Mo di S Ak, A2 — 28K R~FHi
WURL L AE & N ) 0 AT . RN, AT R A R R R
RILE AR REAS AT FLOLE, XA B E A S
PUhz o FEAAE F P o ARATTIA N AE 3 45 & il B DL A7
SEAL A ARG RN B A SR AL AT R A A SR B,
T 7E T 45 diim B DA b, 55 — R 0k 5 A 2 M — 5L
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Bl 1 ARSI & Mo-TiC £ 4:1 TEM Jz HRTEM H v
Fig.1 TEM (a-c) and HRTEM (d-g) images of Mo-TiC alloy prepared by freeze-drying!™

K2 KB A SR BSE EG
Fig.2 BSE images of Mo and its alloys: (a) Mo, (b) Mo-Y,0; alloy, and (¢) Mo-Y,05-TiC alloy™®

Jing SFPVE @R ML A 4t AL AL E A 4% T
Mo-0.5%ZrC G4tk . LiFELHIN Mo-0.5%ZrC & &1t
FiRNPRIGRE N 725 MPa, E{HEN 24.1%. FEE
B KIRERITEE, Mo-0.5%ZrC &4 fHT s o 15 35T b
i, FEPEIZETEGIN. 7€ 1300 CiB K, Mo-0.5%ZrC &
S IPTRLE S PR E] 676 MPa, ZE{HZRIEINE] 32.8%.
WEAN, ZE 4 I 4G A IR IR B EA 1300 °C, Eb4ll Mo
EHZ) 300 C. 7£ 1600 CiEkJ5, Mo-0.5%ZrC &4

FIPTRL R E FRK R 507 MPa, JEffZRIEINZE] 56.4%, F
PR =R, WK 3 Fos. kit s rtERe
S TN ZeC 9K BN RE S AT FLAAS A 7, ki
PErm T Mo &g Madae k. toh, Zic 50 K
A, RS Ze-C-O BY ZrO, kL, I O X Mo
TN . (B, %A 4 TP 0 B AR 32 2y
ARAE B, PR SFIAE] 260 nm. 1% 2L FHURL AT i
TNEGRAEMBAKKR, (G155 MBI E T
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B, SRECERMANIET . w4 B, 1300 CiBKJE,
BRI R ~FE 0.26 pm 9K % 0.31 pm, 1500 CIBKJF,
Wk R K 0.49 pm™, I, M HEAET
Beid, HUE b2 SR Bk R AR S HE 5
T SRAEFE R G AL, ASBEAR U MR A 2EH f A
XKKHIG T ZeC SHE SRS ROR, JLIHLEY)
it A A% Ul S RN PR 5 AR IR P SRR bR . A T RS SR A
EYER] Mo-ZrC &4, T Bdt— P FE Mo s R,
W ZeC FRLI RN A

B, Jing PGB KA SABUE ARSI T
YK ZrC SRERE Mo A&, 1% Mo-ZtC &8 7E%E
B ER N YR R R R R, =R R AR R R
JEA 920 MPa, SIEMFEN 34.4%, WK 5 FiR. 16
1000 CHF, 1% & L B AL E M 2 7370 562
MPa 1 23.5%. 24i# A F] 1200 CHF, Mo-ZrC &4 )
Frhrsm SR Eik 483 MPa, WEfFZEN 20.9%. [FINF,
I Z T VERI &1 Mo-ZrC &4 B BB G g,
IR 45 IR 28 1400 °C, Heali Mo 1w H #7400 C.

R TR, %G 4 KE 5 5 AR5 5]
SIARAE Mo SeRLATE, ~FIRSSN 54 nm, KA /D &R
BT b T AL, IR G SR P RSN 169 nm, W
6 Fitan. P& 6 Hh il N R FH SO Sk, il SR 5
OFETkFIR, B 6d R T ATHLALES 1 ZeC BTk

HT ZrC MEZEHMAEEEA 0.234 nm(200)F1
0.165 nm (220), 1X 5 Mo /&[] 0.223 nm(110)F1 0.157
nm(200)FHIT, PREARAT] 2 [ P d A FE T /N, e 171

FRILAE B A% S, XA T 5 = A ST 45 A R
HEMIIFEERE . A, AT B — M R R R
AN TALT Mo iy FHA0 1 TE] BR 6T Mo ARk (4 5 B 0 28
A, TR A ZeC BORIAT L3R I
R JE, X R FN Mo-C #ZL L Mo-O #RiR % . [HA3
PREERI A, fEmibeds il fEve, ZeC aT LA R P4 &
A R NAE R ZrO,, X AT LLRER O X Mo &b St ML /B
o 3T FRHZUEE, i TR Mo-ZrC & &8 71 71
SRR AR E M R B T4k ZeC UKL IR B S
AW RGN SRL 5 DA K i T

Jing ZECVR PR SEIAE A T AR R AR AR . BREE T
CURIRRZE T2, AR m R A T LA Ay Fom
TILE, #0TriEEE 2 1200~1500 CHI

——As-rolled

— A1200
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—— A1400
en —— A1500

= 100 A1600

0 L 1 L 1 L
0 10 20 30 40 50 60
Engineering Strain/%

B3 iR AL TR K S Mo-0.5%2ZrC & 4 i TN f)- T8

A% 2
Fig.3 Engineering stress-engineering strain curves of
Mo-0.5%ZrC alloy after hot rolling and annealing'™
b
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Bl 4 Mo-0.5%ZrC & 41 TEM IR Foxk B A 0B R~F 43 A1
Fig.4 TEM images and the particle size distributions of M0-0.5%ZrC alloy after annealing at different temperatures: (a-b) 1300 C and

(c-d) 1500 C!®
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4l Mo ll Mo-ZrC & 4 1 5 /7-13 35 ih £

Engineering stress-engineering strain (a) and true stress-true strain (b) ! curves of Mo and Mo-ZrC alloy

e 1200 CiB K JF Mo-ZrC & 4 TEM HE Ay FUSokL R ~F 43 A5

Fig.6 TEM images (a-b, d) and the particle size distribution (c) of Mo-ZrC alloy after rotary swaging and annealing at 1200 C

700~1200 C, #l&HHEEMRARANER ., XFEEH
RHTARAMN T TZERMARZER, RERNE
Grf, B ARORLI 2 RS A 54 nm, Mo FEAR 1) g
FIRSE N 0.67 pm, Wi#ELIE S, 55 AHBURLY
FHIR SN 260 nm, Mo FEAR ) &R R SR 25 um.
XY T O T L2 ANR EXT Mo & & (1 42U R
A EERN PRI TR B RE 05 A A 4010 B ok
B BRI R SF, AR SINKERA S, Rad
S [ sRPE RGP, DR G IR B T2 i) &% s PR e A A
EM—NE T

YT TiC 1 ZeC WA IRAY), BANIENHE &
etk ME LRI (D miRfaeE bl Reisfh
0] Mo FEAR SRR (2) REE S Mo ZERH K
O Z&JF SN, I8 O X Mo S A LVER: (3) 5

Mo JERTE AL i, SESRM A I 4 & 71, RaE
R RIORE o T A BV R TR AN DL & < 10 P b ) 2%
Jrids R URTBRRENS SEILBR AL W) UKL (KA B0 . R
KU R RETE 1574 VR T BRAMRIR A A& &, 4 Bk
R G E, WA GEI R4, BRI
RO R At =3 2 i AL, & &0 711k st
ESPAN [P

2 HENYIREGRL

A A VR BOER AL R AR B A T B — e E A
YIERL, 40 La,Os. Y505+ ALOs. ZrO, %, 1E Al i
Wk BHAS  48 12 2 A s SR, b I m A A &
SREE . GRS R N — T B B
14 J@ E A R BT LAy R M (o
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Ce0,. La,0;. Y,03) A EEIY) (W1 ALO;s. ZrO,
HHIO,) o M ECERAL ) TR ECRAGEH G 4, A AR Ek
SEALEH T I A BORL T DUTE iR N IR R E . A
RAEMAZE S, NITRIE T A &1 sl rEgs . K,
S A RO AT DB A 2 R 8L A AR A, R kG G AR
B R RE . TR 43 A0 mT DLIE G A 25 0k K 1 45
fil. HETAWMBIRHE S8R M FEH & EA
BUB A S FLPTRIR A S0 VAT 557 DA B K #
RNEVE o R T2 3 B TR e 45 AR 46 3 44
Bl o AR FE EAR DT AN [F] S AR RIORE T 3 AN
FSF RIS, o3 BT AS [958 2% 7 190 0 8 4 v 48 A 4
LR 0 43 A0 1R 52 e DL S Rt 8 8 A = 3 R v T 0 5
AR
2.1 SRGETHBASEEMERIEZHE

H AR 2 A 5 #4848 vh 78 1) 2% a1 ke 45 0 M 1) R 2
HEMAK. BN, Zhang SUNEBEE (FWIES
) G A BEAE SR UG R T, AT AN [E
TG K Bk (CeO,. Lay054 Y,03) $24 Mo
AWM AR . BT R, 5 1 AW ¥ R B F
KRN AL Y TR BIR AL (ODS)-Mo 54 Bl Bk K ) &
R RSB e . 54l Mo B AL, ODS-Mo & 4 #if
U A 1 df R RS LT3 A AR Ak, X AT RE SR BT PRI
JE R R AR A Y R B R 2 TR A R AR RN
TE AR B 1) 52 A A, BREAS BE AR 33E Mo & K 7R I8
Ji 3 A 1) e A A A AR K

Tkachenko %#!''id ik 5% %5 T A5 SR (KBRS . I
Ji, Hl& T 3 MERMHBAR, WA, BRT 1%
La,0; I E SRR K F4B 2 T 1% La,05-1% ZrO, i)

SERIRR R, AT B MK 2B 27 )+
W5 TR ke S I R Gk R AR, &R Ak
YIE RN & B ER AR, HAE FERTH TSN
TR ORI BK CEEIRA YD) FIH AL 5 1 Al (s
hn La #1 Zr BTORARD) o 828 T La fl Zr HR) K L2464
AR IR SRR AR, A L, WS TR R ) 4
N AWM ENYBREET S RN
AR SRV RE Z AR AE A BRI R &R o ARATIA 9 MK
LR GV F TR IFAE 500 C BRI &=
R AR R I A T .

Jiang %5 USRI 3L U0 AR R AL R R R Il & T
Mo-Y,03. Mo-Y,0;-La,05 PA K Mo-Y,0;5-CeO, 3 Flii
IR, W TAFEEMLB I Mo-Y,05 HEk R
TEFEE . 45 R R, 3 MR G AR I &R RS+
I, RN 141 119 A1 124 nm, W& 7a~7c fix. 1t
Gb, MRS T AR AR A ) o At L, 4
RN, 3 Hfokoy AR R SE A D #8 J3 A 2 BH Aok 5, G0 B 7d~T7¢
Frw, WAL FREELE Mo B b 1) SRR .

Hu 51 A U5 T 18 A B T #8410 Mo-Y,0; B
ARA, PSR STN 54 nm, [REAE B R R
giimtE. 75 1600 CHIMKIRIEL 5, Mo-Y,05 & 43k
BTN EE (99.6 %) , FEH5HA Rk T
ODS-Mo F%dEAELL, BEAASARERR (620 nm)
I I 5 EREE ] % Mo-Y,05 & & B A Ak k47
EL R B, AT 1 & 1 Mo-Y,0; & 4 K 4 1)
AN oA SN, WE 8 Fr, FHORFF/NRT
(<50 nm) . JIEMERER, Mo-Y,0; A4 B s fI
FE ((4772.6+£274.4)) MPa. JERGEE (902 MPa) FlE

Bl 73 BhiH G 00 R B TOW ] SRR B2 1) TEM BB
Fig.7 Microscopic morphologies and TEM images of the three kinds of Mo alloys powders: (a, d) Mo-Y,03, (b, €) Mo-Y,03-La,03, and
(¢, f) Mo-Y,0;-Ce0,"?
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B8 BREEAIA U T ) % Mo-Y,0; &4 ) BSE il SEM Bl 1%
Fig.8 BSE and SEM images of Mo-Y-Oj alloy prepared by ball milling (a-b) and freeze-drying (c-d)!"!

GE5RSE (1110 MPa) o BbAh, ARATTIE R A VR T 45 A
TRIBRLE 7 iEH] % T & A48 Mo-La-O KU (1)
A4, X Mo-La-O 9KERI I K /NAN 5 nm,
SR TE AR B R AT . %A B S
J¥ (4851 MPa) FlEs@/E (1201 MPa) . XEM, %
R T 8 — ol 2% A R B AL B A & A AL
JiiE, B RN SEILER AR JEURL IR 35 5 43 SO R 4 o kL
M, Rk T ZEak— D 50 K RS b il 4
S BE I AR

g bk, HurHl &S B EE AR
BEMERE, A 7] & R AR SR RS KA AR
JiE , S AR o AT 2 AR K T B[R 5 ik
AL R T S R S R s ma A AH [+
DRI S AR A FH 40— PR bR o 25 PE A o 30T SR BROSR A A S 1
RERISZ T 5, Hu 25U Jiang 25 5% F (0 VR T 151
AL OB AL 2T 5 A B K W Bk BE K K3 43 Ak
W3 A5 BIVEH SR B, 10 H Mo diRE i R ~F 40 120
/N, ERMES. R ITTRIRMEE, EAEN
PRERBE L W5 55 IR ANV R T4, X TR B VR A B
AR TE R N, RG22 5 IR A 7
2.2 SEHEEIKRELAEHIN A ZRERTME

A A TR BOR A EH A & M R 2 B [F S 1)
Bk RSFL g Ersm . Kk, B ek
R R A [R) A A X B S A 11 2H A 45 A g

REFRIsZ M AL FD AR, DUAAR AL AP (R B A5 2
T2, "EHEAENEE . MERMD 2 HE ik
BB & SR b A — 2R E .
221 MERMAY

Fan 25 H@ R K G B AR A S MELHI % — &
FITZ, 4% 799K a-ALO- Mg & Bk 1 42 (4 & 4
o BT a-ALO; M CRURL RS AR R 2 %0 %t
BH A 4 W B0 45 R R g S T G R O .
a-ALO; M4k T 40 SR, JFRFRE T &4 M
T8 PR R ISR E . M a-ALO; M B AR
S BUKR B 1.28%IN, & < 1) i I ok FE 8 B A, Hh 4l
HHREE T 61.07%~90.2%. Mo 1A f gk # 4 4i )
a-ALOs BIN T B 7 st AL Al f sk, MTm$E s T
& 4 I AR B 1O

Wi 85 A AN D 3 A R I L A R 0 R A B A
TEF . Yan 'R G T 9-ALOs 1 Y,05 9K i
RO AH 52 G A R ROU 45 R RV R 1 52 o 25 SRR,
2 A1 Mo-Y,03 #y K4k SPS Bt Jim, wft: DA R e 3575
o R AR AH B A . AR, B R IE R
P-ALOs 1958 0, W] LA RO A 1 4H fr) 308 A0 A o
FLA0AE o ARATT ST H ] %% 7 B A S AR % B (98%)
A R (1.67 pm) ] Mo-ALO; B &4 k. T
Mo-Y,0; &M KL, Y,0; 99K BRI A B 2 1K s
%, KEM Y,0; 99K BURL 4> A £ Mo M KK, #I
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Bl T BN R PR, XM AL T R R
sty T ELBR TR S B ECE b, Wl 9b 1 9¢ s
FHEEZ T, k-ALOs BRI R~ KL 2 BRI y-ALO; 1)
10 155, FW ALO; BKLAE Mo [H 5 A EAREET#
FEGTR, X2/ R Mo 2 T R 747 i BELAS R o
RlUt, 7EFIRIMEELE T2 T, Mo-ALO;s B &M k%
FEdRi T ai4H . FR, BRI k-ALO; Bk HAG T
mIHERE, 44k T Mo FEARRI SRR, il 9d AN
9e FIT7

Dong "SR B ZrO, % Mo 3 44 BE & ki A K4
700 S e AR A o At AT S o R TR A 2R
il £ T Mo-ZrO, H-E M AR, F 44K ZrO, Fiki ¥y &) 73 #k
F| Mo Fifi Z 18] SRJE 53471 T 46 Mo #3 il Mo-ZrO, &
SRy ARAE 1000, 1300 A1 1480 C KRB 4bAT N
SR KAT N, W 10 FE 11 FioRs.

7E 1100 CHEZEIT, 4l Mo Ky A 1) 80U bl iz K
T Mo-ZrO, B AR o SR, 33X ot RS 1 350 2% 4k 2 LA™
(1 sl RCR A AR I, 3X — AAT DA 11 75 BIIE S
T Mo-ZrO, ¥y K, ZrO, IR I FELAS T & ST 8 8
b, XULTRY, ERER T SRAK R Mo-Zr0, &

1.1
Mo

2 10 LA
©n —_—
5 ;%;"
a 1300 C
e 091 i
5 i/I
A} .
o~

=]
=)
T
'-H\
-
=
=
o]

e
9

Time/min

0 20 40 60 80 100 120

EHCEALI L ZE Ao T VFA KL A KX Mo 48
FUEATTERET, #1R I Mo-ZrO, 1 & HH Mo ki A
Xf H BB AL TR/, X ZeO, FURLAE —EFEE L
et T Mo KRR . IR AT IE I Wi 4 75 R AR
TP R SRR B R, KB4 Mo E ik
I BUBUEAL, 1M Mo-ZrO, 12 il i 4 B & 4k,

ARG RAEMRER MRS R E . £ 1480 T

FEFE M 1) 75 =

Fig.9 Schematic diagrams of influence of second phase particles

B9 ANIR)ER —AUBORL N be b it

s . 17
on sintering process'”?

1.0 T
Mo-ZrO,
0 9 1480 C
— i—1
—
08 I~ I 1300 C
p— ey |
0.7 b I/I/I i
1100 C
0.6 .

0 20 40 60 80 100 120
Time/min

B 10 ASRENREE S S50 o8 45 AR AR 0 % FE 5 ) 1) 7 5% 3R

Fig.10 Relationship between relative density and time during isothermal sintering process at different temperatures: (a) Mo and

(b) Mo-ZrO,"¥

Mo

14801°C
[
—_ "

I
— 1300| C

Grain Size/pm

i

./!————i ]

Of 1100 C

60 80 100 120

Time/min

1 1
0 20 40

B 11 AEEE NSRS

Relationship between grain size and time during isothermal sintering process at different temperatures: (a) Mo and

Fig.11
(b) Mo-ZrO,"

L b
0.7 Mo-ZrO,
05 1480 C
. = g
J——
[
— 1300| C
o3b] | 44—
0.1f —F—— .
1100 C
1 1 1 1 1

1 1
0 20 40 60 80 100 120
Time/min

TR R 5 I TR 25 R



1466

G E A A M

53 %

SEIF G, R3] T PR SRR ST Y 480 nm 4K R
Mo-ZrO, &4z, ZrO, PRI 51 3 AT AE i N A iy 7L, 42
m T EENESMREMMR SRR EE, 18464
BB A8 .

gr BTk, MR AIE NEE G SR RAAE, T
DAL AR diokn, $RmEA SRR, #MsE. JER
oo P NSl R R, [R] At AT DA R A A ) B Ak
BEINAR A SIS EE . B2, B E A
Wi — SR, EERIECN T LA H: H5%,
HTEUMIBRTTE. BAE. RE T2MH#mT
TEHERREWARE, FECT AR AR 4R =
AILEE, HEDL R G T SRR REL A
MEEXNHE S I FHR I E, DREMIZ
(6] B AR ELAE TR RO s ek, H AT RIAR 78 2 OG3E
THA SRR 4850 5 R i B SR e bR, W
XFEH A A MR I REHEAT MK, ZNE T AL PR A P SR
HEMRIER. B, ATHESERNEHEGS, &
BEMRAEMDEEMB IR T, SZEFEHESM
FIVERE . EX T, B AL IR BRI & 4
MR CEme T i, NELN AR T —E
2N E .
222 HERAY

Lan DR FWE 2 08 B T0E SR R AU TR FE I
JRAEDUE, H% T AR LEMY (Y05, CeO, I
La,03) B4 Mo-W FEEAEE AR, HPkiiz
fE 90~130 nm. FXLERAKRLE 1600 Chesifa, KM
Mo-30W-1La,05 CJ5i #4350 & & 1 db b R ~F de/hh (1.5
pm), Mo-30W-0.25Y,05 A & i di ki R sF e K (2.0
pm). 3 FiG G B A ROR I Gt A R IR 1 TR .
AT o3 BT T AS TR A A 5 B B0 485 4 R0 77 2 MR RE T
WML, N La,Os BRMESEBEF LR (D
La,O; Pk RSP R4/, Bt =45 K Zener £74L
71, AR AT & TR, AEE AR (2) LayOs
ORI Mo Fik Z IR T BRI, 8 H T 25 5) fn 5%
Flangt, WeR T M IMAREME: (3) La,O3 BURL 5 Mo
AR 2 TR T i A B TG B K, A8 L0 i AT 7 AR B K
(HETE /7. R, Mo-30W-1La,05 & 4 A i e 1)
TR FE A S s, A 12 s

Jiang 2R A L U BG4k 23 AV IR e 45 1
2, S T EAEAM TR EORI P EH G S TR
CeO, BARE T Mo-Y,0; & &M L4 8 58 (340.3
+8.1) MPa) FIfigifE (4018+127.4) MPa, Ifj La,0;$5
Fe0 B E S VORI A, R 2 A 13 nTLAE
ZER &GS, AR ESMES AN G
BEY, MARER (atFk), XU T Lan &1

F1 Mo-30W &% BAFREF LY R T RAER S
Table 1 Size and volume fraction of intragranular and

intergranular oxide particlesin Mo-30W alloys”’

Size of oxide particles/um Content of

Doped oxide particles/vol%
oxides - _ - _
Intrag- Intergr Total Intrag- Intergr Total
ranular anular ranular  anular
Y,0; 0.48 0.68 0.58 0.22 0.78 1
CeO, 0.39 0.61 0.50 0.23 0.77 1
La05 0.34 0.54 0.44 0.18 0.82 1
iy a
800 —vewavo 1
—— Mo-W vll.25.(’dJ os / ‘
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k=l / o
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200 > “ |
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£ 600{ 55 2 i 546 ST
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en
=
£
5 200
m
0
025 [os] 1 Joasfos| 1 JozsJos| 1
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K12 ODS Mo-30W Ke&5 R ) 1) % 1 ik
Fig.12 Mechanical properties of sintered Mo-30W:
(a) load-displacement curves, (b) micro-hardness, and

(c) bending strength!'”!

KW ST 8. 54, CeO, BRI 1 b AL
VIR & &, T LayOs B 4480 1 de AL 5 & . IX
RN LayOs I R BE R, 58 2 M SR B ey 5 2% i
SRR RIIETFU )T RIS, LayO3 5 Mo FEAR ) fik
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THERL, $2 T Mo-Y,0; 7 4 0 R 45 5 B MM .
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Table 2 Satistics of grain size, intragranular and intergranular

oxide particles of Mo alloys™*?

Specimen Mo-Y Mo-Y-La Mo-Y-Ce
d/pm 2.1+0.5 1.2+0.3 2.6+0.5
dya/nm 24 24 30
Pura/VO1%0 0.77 0.86 1.07
dier/nm 45 46 38
@rer/VO1% 0.23 0.39 0.18
Pmatrix/V01% 1.00 1.25 1.25

Note: d-average grain size; g-volume fraction; @marix-total volume
fraction in the matrix; tra-intragranular of oxide particles;

ter-intergranular of oxide particles

Mo-Y-La

Bl 13 Mo-Y. Mo-Y-La il Mo-Y-Ce & 4 M1 fif TEM {4 A
HAADF K%
Fig.13 TEM (a, c, ¢) and HAADF (b, d, f) images of Mo-Y,
Mo-Y-La and Mo-Y-Ce alloys

s LRI, AR LS 7 B A
WD AE REZMN, La0; BMETHIA, CeO, %4
BT AN o BbAh, SRPURLE AL R — i 2 ) 4
JiiE, B R EGUK A RECT Mo s, IXAE
A BT LR B ALY, DT 1 5 B < g B A
TRBE T, i mH G 4 PR B FE AT A 12 .

BT bk 2 B, A — RN T2
Bk, EMOTESLTTRUR A SRR AL, (HRH
REFRTIRES . Lin PRI, R RERS 56 &1
Mo-La,0; &4 it e A m, ABA10 4T TR, N2 1%
Ji & 1A S P RN 2 R T T, SRR
Ftk. W14 ZERIBIGE (a,b) FEHRIB R (e, D)
il 4% 1] Mo-La,0; & & KM TEM ElfE . Kl 14a &R
T Em AR B RIS ] 14b IR T dn S
PIRRL WIS o B 14e AR Ao sk il & &
LH ) Mo fRLAT La,O; Bk B 14d J&iR 7 AR TR
HAL S ah N RORE AR AR o dl(A] LayOs MORLFH 250
Fik IR, Ah A LayOy BRI SO i Sk R

Kl 14 BEDES RERR B 4424 % ODS-Mo & < AR T
TEM E&

Fig.14 Representative TEM images of ODS-Mo alloy prepared by

solid-liquid doping (a-b) and liquid-liquid doping (c-d):

(a) particle decohesion, (b) particle fracture, (c¢) Mo and

La,03 particles before tensile testing, and (d) interaction

between dislocations and intragranular particles in

deformed specimens™”!

¥ 14a 1 14b v] DUE 2 E 2], KRS La,0;
SIATAEE Mo ahFt, IF HWS Rk 7 a hr K IF W R
XAE— 2 FE R L La,O5 R, AEfE S Mo &
PR IRARTE o fH 2 31X 28 K RS UKL 25 2 16 dey SR AR 5N
LSy BE R, A E FIORE BRI = A S N AR R,
Wik 14a Al 14b fion. RIE, 2 ODS-Mo & & 2E 1
1) O B X S SR A BRI A AL B 9K R, R S
I BB R SN, MAIFER T 2 F /KPR
WBREAR . EXFEOT, HAETIRSERS,
XAEHE TR R T AR A . RN SR
NH4La(Mo,07), ¥, BiJ5, NHyLa(Mo0,0,), ¥ F
(NH4):Mo0,0; fEH E R sit%, TR 7eaii . X
e G5 R T ERE I, I BLAE 5 B2 N 5 2%
BT AHSAZ B . A, oA A
AR P LayOs BURLAH HLFGES, FHIS T La,O; BikL
VR, NG LayOs BURL R SFIRBITEG RG] . 1X
FhJTEEAE4S LayOs BURL) 23 A A AR K IANE, K
53 LayOs MURLYY &) 70 BUE dioRL N3, R — /Nl 4y
FLTdn gt (LB 14¢) . dib AT & TA)JORE 1) 42 1 53 #7 45
R 3. HT YUK RS SRR 5 1T # (1) & S A0
HAER, BroAfle& & &R R RA 0.5 pm 7245 .
Z R R EEWE 15 R, oK SR A 4
EA%-TEEE R I A R, S 2 AT R A BURE 3 O AT AE B
WA ER . IERIX RO HLSE, SR TEE
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B IBRET (£ 800 MPa) . 43 i 78 f ki A 1 (1) S AL 4
SR I fit 2 1 B RSS2 8 A s 17 S A O UEEL AR T,
14d fin, SEEEN TG B2 TE, EHER
Pl (4 40%).

{H2, 0 SR A UL 58 4% 70 AT T AR
i Jt B T2 A BRI AT I S B E AR, B
RTAESERM AL, FERNEEE . 4t
MR S IR Rt 5 S kA, FILHELZESR
2 n S E Y R B E AR .

Liu 25213 F ODS-Mo & & IR 7 M i A4k 4
PR A T R . A I - [ 4B i, AN TR
BHMNAK Y0, Ml CeO, 5EETKIRGFHBA
MoO, ¥y K, BILIB R, ASHEIE. Bk,
#% 7THAA N 1.80 M 0.18 mm A Mo-0.3Y,0;
Mo0-0.3CeO, Fll M0-0.15Y,05-0.15Ce0, &4 22 . 7347 T
2R AR . S AR A R RIS . 45 R
xR, SR—BIRHGEMARML, 2 MAPPREMLY
35 75 0] LUK S 4T 1R R AN ROR o FE R FE
I AAE i T ANK Y,0; CRHF 1 AR TR 56 B, T
YK CeO, WITEHz 4k 77 M K IF TR i v, aniEl 16 Jir
N, RIE—ERRE LT Y0, HAME. MErREE,

M CeO, /& ) - Mo-0.15Y,05-0.15CeO, FF i 7 Fii
R 2 T R AN I 4T 4R 2 4, DR mT DASRAS AR
S0 B Ad 5 BE R AE A ZE . 2 AL Mo-0.3Y,0;
Mo-0.3CeO, Ff, Mo-0.3Ce0, H A E i HItERE, X2
KN CeO, I RSTRE /N, BA AR . 5 4h,
CeO, /] LW R T BT, o T & &Mz,
5T T Mo-0.3Y,05 3R Ut, 492K Y,0; T 43 Ai 7E fi A 4b
BELAS T s SR TR , 3 WT B A4 ) 56 BE 1 o038 2 A R Y

=) i
{FL R XoF AE Je& 1A 1 5 3 AN
Liquid . s
. ° [ . _.. .
o .
° o . O
Tiquid @ v
Jele e .
S elc e
L-L doping Reaction Doped powder Final microstructure
oLa® ®Mo,0,;" .(NH4)2M0207 Mo
NO, «NH," © NH,La(Mo,0,), ©La,0;

Bl 15 452 % ODS-Mo & 4 It R A SR MR & B
Fig.15  Schematic diagrams of microstructure evolution of

ODS-Mo alloy prepared by liquid-liquid doping!”

%3 ERBEEMERIERGEH ODSMo &&RRUMBRIFI Mo BHRLR~T B4 it

Table3 Satisticsfor oxidesand Mo grain sizein ODS-Mo alloy prepared by solid-liquid doping and liquid-liquid doping

[20]

Parameter

Solid-liquid doping Liquid-liquid doping

Cross sectional average grain size/pm
Longitudinal average grain size/um
Average size of intragranular particles/nm
Average aspect ratio of intragranular particles
Average spacing of intragranular particles/nm
Volume fraction of intragranular particles/vol%
Average size of intergranular particles/nm
Average aspect ratio of intergranular particles
Average spacing of intergranular particles/nm

Volume fraction of intergranular particles/vol%

1.42 0.54
6.6 2.8
150.6 78.2
1.3 1.1
- 182.6
0.08+0.04 0.48+0.11
232.4 135.1
4.2 1.8
924.7 1257.8
0.91+0.11 0.51+0.07

200_nm ‘1

16 3F&4E44H TEM B
Fig.16 TEM images of alloy wire: (a) Mo-0.3Y, (b) Mo-0.3Ce, and (¢) Mo-0.15Y-0.15Ce?"
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B S PAWAI T T Y,0, 5 CeO, XA 4 Bk
SR Mo & & hi M PERERI R . 5 Mo-Y,0; & & 4H
EE, Mo-Y,05-CeO, &4 5 H 3 B AH 24 (£ 1000 MPa),
H 2 ZE RN 10%~15%32 = 2] 28.5% . fl 111N N i%
G e I AR T R URME T K, S NMERARRE
RIS T . BhAh, CeO, ML E 45 5 F & & At 1
AT, AN 23 A 40 A I 3 201, BRACAL B T8 7%
TP R R, I304% T B A0 A B ZE AR R, i
MEEREME R E R, BRIz 4, Ce0, 5 Mo
FLARAE A ST AL SRS VT IC R 4F, LA, B
FRR 7 A RE, 200 T CeO, MIHIE . Lidix st s
KA 1S Mo-Y,0;-CeO, & & B GBI L. B
I, ATREL A AT A ST DG FR B K S P R AR TR 1K
JUANNFAEERTE, CeO, & ML S A4 5 £ 1)l 7
AR,

7£ 1600 ‘CIf, La,05. Y,0; Al CeO, HITE K HE 2> 5
N-630.7. —684.9 f1-703.5 kJ/mol, Kt CeO, & Fifa
JE I LA . SR, iR T A BER KRR
TISRAFAE, Sema T MRk IYERE S T $ I AL  1 41 5K
KK, BEEBIRZE PRI, 7TRLEE 5 AR
3 P G 2ok R T A R s R 43 Al . Yao 51
N TR Y,0; BURLAE g S B R OR ), AR
Mo-Y,0; &N T ER Zr, FIAED I
AT R, R T SR RS E K Y-Zr-O
PRECIRAL Mo & 4. E Y-Zr-O Pkt it A, &
Zr TLRICV] DU E PRCE B R O MR EE, AT 1Y
5 Mo fi o 3 4 A Mo-1Y,05-0.6Zr Fl Mo-1Y,0;-1.2Zr
PN RE S R SR R Giih R, R ATLUR I, 4
Zr JFUE S BRI 0.6%I, &b SR Y-Ze-O Bk s
ERBIE. 2 Zr INIEN 0.3%0, &4 24805k
SERIRIIE ) 43 B Y-Zr-O 9Kk, KRB 748
SERBRERIGE FEYE . FHELZE Mo, %A 4 0 IR 5 B A
PP FIER R T 1.87 A1 2.98 fi.

% 4 Mo-1Y,03-0.6Zr 1 Mo-1Y,03-1.2Zr &P RN R R
SRR T FIRFR 25

Table 4 Size and volume fraction of intragranular and
intergranular oxides in Mo-1Y,03-0.6Zr and
Mo-1Y20:-1.2Zr alloys™

Intragranular particles  Intergranular particles
Speci
peetmen Size/nm Volume Size/ Volume
fraction/vol% nm fraction/vol%
0.6Zr 20.23 0.90 74.12 1.82
1.2Zr 25.45 1.82 120.40 2.70

3 REERE

5K B AL BH 1 < 2 — R A B 2R R 0 BT 4
NS AR A e MR, B RGREE . W
P e i RV S R PR RE . R—ATEAIR . B REM
WM EEM R EFK, REGRILEE &
MIwE T g 7R EFRL, HRTIRAAE LK
BRI AT PR A . BN, BRAL SR BORAL A & e
FOES MU A %, %07 Tl Ae A 7 N A
HARA B RSF Mo A oA i s AL/ 4L
Yror HsRACHH & e IR A8 I R b 2 R AR M
UKL i I RIS, BRAR & Mk RE; JCid
MBS T R, R IR RS R T 5 R
HIRACK,  BRARSS A WO I R B AL ROR . N T
BRI A ) L, L PR S S AR UKL (1 £
FE, CRE 5 B4 Tk« B T BURL 0k B A BT,
AR 5 < 1 HE 52

s PN 55 AR UKL AT DU o FELAS A7 S a2 sh AN 4%
B ve o < AR e o B AN LR AR VERE . O T ORAIE R Y 2R
TRRBURL ) iR AR E VE AN AT SN, R R R
N A 5 i 3R 2 T AL BB AL, LU T RO
(12 50 ARl 2% T332, Re il R A B R R SRR,
B ORAE KA B A 77 1R I3 T K 48P 400 Bt AL 1 5
AR R . BeA, R ERAEREAF K
AR 55 — A RURLAE v i 2% 1 R I3 e Ak o 2 il
Fe, BHHWET N KARHUH ROtk &IFEE, N
TRHBURE 1R S8 R BT SR R A AR

A I o5 AR UKL FT LUl L BEAS B RS, RS
EHA SR, ATRE @RI T RIIE &
S —ARBURL K 20 AT 2 ST AR 5 SR (i R A, 7 22
R E AT 5 BB R 2 TR AR R 4 1 TR 2R, IFAE SR
TER T RENS 5 WA R . R, 34/ 20 G i
FrE “ARBURLAE Wl T I BURKOR, DU d s SR
A B RGO B X — J5 T I PR R AE T LA A
S —ARRURL 55 5 22 T8 (R AR ELAE R BL RN i TR 1Y
M, DLRAR R ORAF i 55 UKL AR € 7 1

S, GRHR A EH B < RS R T P AL SR
5 THRBRLI RSE . A AR E P, IR ER X2 E
Wl T B AR BURL A A BT . PR,
NS AERZ IR, CRE BT i AT 72 A
UKL, LASEILIR R & e PR AL o A2 DL S i
b, &R RMTIZ, BB A Bk
M RSE AN A, diAL e R SR 2L 23, AT i) 4t B A
FR OSSR AE R R AT v R AR B SR OGRSB4,
PRI 2 AT R T 0T IR SR HLIA -
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Research Progressin Dispersion Strengthened Molybdenum Alloys

Zhang Danhua', Dong Di'”, Xiong Ning', Dong Zhi*, Ma Zongqing®
(1. Advanced Technology & Materials Co., Ltd, Beijing 100094, China)
(2. State Key Laboratory of Hydraulic Engineering Simulation and Safety, School of Materials Science and Engineering,
Tianjin University, Tianjin 300072, China)
(3. University of Science and Technology Beijing, Beijing 100083, China)

Abstract: Due to excellent properties such as high melting point, high strength, high hardness and high thermal conductivity, the
molybdenum (Mo) and its alloys are widely used in aerospace, nuclear energy, electronics and chemical engineering. However, the
material also has some inherent defects, such as insufficient high temperature strength, low room temperature ductility, low
recrystallization temperature, poor radiation resistance, etc. Various methods were researched to improve the material performances, and
dispersed second phase particle is a simple and efficiency one. This article reviewed the researches on the effects of different metal
carbides and oxide strengthening phases on the microstructure and mechanical properties of Mo alloys. The influences of particle
morphology, size distribution, volume fraction of oxides and carbides and interface structure with molybdenum matrix on the mechanical
properties of molybdenum alloys were analyzed. The characteristics of different doping techniques to obtain high-performance
molybdenum alloys were discussed, and the challenges and opportunities of dispersion strengthened molybdenum alloys in industrial
applications and production were elaborated. This article aimed to provide scientific basis for the design of dispersion strengthened
molybdenum alloys, and to expand the application of Mo alloys in various fields.
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