View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Xiamen University Institutional Repository

2R gRTE: 10384 NRE R
222, 19320051301957 UDC

B R

£ % M W X

M ESEHENRNEITE

Thermodynamic Assessments of Phase Diagrams in U-Th

Based Alloys

=& %
H/FHIT L X X F HK

ST S A R -
WARZAH: 2008 F 7 A
WIEHB M 2008 F 7 A
FakF A 2008 A


https://core.ac.uk/display/41397322?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

B TXRFEZFAIe R eI A
LA RIR I, AT BITIR S T AL 5 AT . A TR X

A S K A NBERAR ORI R, B30 rh DA 7 SR B o AX N AR
AT MURAH B TR S0 A BRI AT ST E

PN (Z4):



BiIXRFFARXE(EREREA

ANGEE TIRIZTVRAAT RO A AR SCRIRE o JZ 1R SAAT ROk
I i) ) K A2 0 T D AR SE WL I A8 S R AR RBAT HR 1 i, A3 BORE S A2 18 SO
AR H > B HIIF SRVF IR SCIEA A IR A T, AR A AR S
G NAT R B P AT AL 28, A BCRE S A8 S AR R 223 20 L i D3 1)
“P ANV SCAE AR i TS I ASIE o

AEENL RS T

LR ¢ ), f£ A il AR

2. AR ()
GETELL AN TGS T “v 7D

((EE-F H 39 F H H
SIMZEA H 3 i H H






VR 22 18 S H o

B X

- S I
ADSEFACE. ... ... II
B . 1
1.1 $. SR E SRR G cooererererrsersnerssesssesssssesssssssssssssssssssissssses 1
1.2 HEHEEMERIIMIRESERIVIK cccicincssscsssessscissieasissiiens 4
13 HHEITERIE S T3 ooererrersrsnssnsssssssssssssssssssssssssssssssssisssssssiossassssssasssses 5
1.3.1 AHBITF S R FBIEFE oo 5

1.3.2 AHBITF SR oo 6

1.3.3 FHBITF BT R s 7

1.3.4 FHBTF I A5 oo 9

1.4 FEEI SHEBHEIT coovreererersrsssrsnssssssssssissssssssissssssssssssssssssssssssssssssssssssssssasses 10
1.4.1 MERE T HIME S IR e 10

1.4.2 A B ILAEMRIEE TR e 10

15 AT c.cvvorrreeiersesesisssisessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssens 12

1.6 BIEXHITAREH . BEXTEAZ cooceererressressssssssssssssssssssssssssssssssssssens 13
B TTIR covvreiireriessssssssesisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssans 17
FE HETERIBRDEER e 22
2.1 HEIT BRI TTFRER ..ot sessssessssesssssssassssassssasssseness 22
200 FARIEMBETY e 22

212 IERIE AT e 23

213 M IEMIFEARIRT oo 24
204 MV FEBEREI oo 25

2.2 KRBT RFABIRTTZRER ..ocoeeeeeeseesessesssesssessssessssssssees 26
221 BTG oo 26

2.2.2 AR BR BRI oo, 27

223 AZEV R EAE B oo 29

2.2.4 GJRIEAIIE VI oo 29



VR 22 18 S H o

BEZETLBR coverrerrersressesssssssssssssssesssssssssssssssssssssssssessassssssssssssasssssssssessesssssssssassessasssons 31
¥ =% U-X (X: Mn, Nb, Th, Cr, Cu, Mg) —tEEBIH N FMILS
12 - OO 32

3.0 U-MI TILER cerrerrensrenssessesssssssssssssessssssessssssssssesssnssssssessssssssssassssssssssasssnssens 32

3.1.1 U-Mn - JC R MBI SZIAE T e 32
3.1.2 I ZERA ST EIEFE oo, 33
313 BEHR IR s 34
32 U-ND TILZR crerrerresssesssessessssssssssssssssssssessssssssssesssnssssssesssnsissssasssnsiasssnsssassens 39
32.1 U-Nb —JCRAEIISZINAGT I oo, 39
3.2.2 B ERA GBI FE oo 39
323 BRI s 40
B33 U-TH TIEFR ccerrcerressrenssessesssssssssssssessssstasssssssssessinssssssessssssssssasssnssasssasssnssens 45
33.1 U-Th —JCRABIRISEIAGT BN e 45
3.3.2 IR GV EALFE oo 45
333 AR I s 45
B34 U-=CE IR ererrrierivssessiosissssssssssssssnssssssssssnssssssesssnssssssasssassssssassssssasssassanssens 50
341 U-Cr ZJUERM B SZIEAT L oo 50
3.4.2 B AR G T I R s 50
343 GG IR e 50
35 U=CU 2TTER crerrrersesssesssesssssssssssssssssssssssesssesssssssssssssssssesssassssssasssnssssssasssnssens 54
3.5.1 U-Cu TG HRAHBEIIISEIRAET R o, 54
3.5.2 BN EARA G T BEALFL oo 54
353 BRI s 54
3.6 U-ME T TT BRurrerrrerrssssssessssssssssssssssnssssssasssnsssssssssssssssssesssessssssassssssssssasssnssans 59
3.6.1 U-Mg ICRFHBIII SIS T e, 59
3.6.2 PN ZEARA G BALFL oo 59
3.6.3 ARG I s 59
B TLHER ovvverreerressresssessssssesssssssssssssssssssssssssssssssssssssessssssssssssssssessassssssssassssessaeses 63

HME Th-X (X: Pu, Cr, Mn, Nb, Zr) ZiEEBHRDZEHL ST

-II -



VR 22 18 S H o

4.1 TR-PU T TT B eureeerreesresssessenssesssessssssessssssssssessssssssssessssssssssessssssassssssssssasssessans 66
4.1.1 Th-Pu - JC R AT BB SEIRATE R e, 66
412 FIARAC G TS ITE R oo, 67
.13 BEREGTTIR e 67

4.2 TR-CETT B ervereresrenssesssesssssssssssssssssssssssesssnssssssssssnssssssssssessssssasssnssssssensanssens 71
4.2.1 Th-Cr TG RAHEIHISEIRAE B oo 71
422 HIRAC G TS ITE R oo, 71
423 FEFLEGTTIR oot 71

43 TR-MI TTEFR crvcerreerrenesessesssesssessssssessssssasssesssssssssnssassssnssssssssasssnssssssasssnssens 75
4.3.1 Th-Mn - JCRAHEIHISEIRATE R o, 75
432 PR G T AR e 75
B33 BERIGTTIR oo 75

4.4 Th-ND TITER ceevrereeersensnserssssnsessiinssessssessessssasssssssssssssssssssssssssssssssssssssssssassss 79
4.4.1 Th-Nb ZIC R HIEKAT L oo 79
442 B FRAC G TR FE oo 79
B43 BERIGTTIE e 79

4.5 TH-Zl TTTZR cecreeeiiseeenssssnsssssssssssssssssssssssssssssssssssssssssssssssssssssssessssssssssssses 83
451 Th-Zr —JCRABEIIISEIAG B oo, 83
4.5.2 I EARAC G T AR e 83
B.53 ZERIGTTIR oo 83

B TLHER covvverrrerrresssesssesssessssssssssssssssssssssssssssssssssssssssesssssssssssassssssssssssssssassssssssenes 87

EHE U-Th-X (X: Pu, Cr, Cu, Mg, Mn, Nb, Zr) =7t Z&HFER
2 3 2 o SOOI 89

5.1 U-Th-MRZTEFR cvcrererrennessnsesnesessessssssssssssssssssssssssssssssssssssssssssssssssassssssssssasass 89
5.1.1 U-Th-Mn = JC & AHPHT I ITIAR oo 89
5.1.2 B EARAL ST BALFE oo 90
5.1.3 THEEE R ITIL o 90

5.2 U-Th-ZI S JE B uverreeereensnssssesssssssssssssssssssssssssssssssssssssssssssssssesssssssssssesssssses 96

-1 -



VR 22 18 S H o

5.2.1 U-Th-Zr = Ju & AP FTIR o 96

5.2.2 FIRALG T IEFR s 96

5.2.3 VLR TTIR oo 97

5.3 U-Th-X (X: Pu, Cr, Cu, Mg, Nb) =T RZEENHRDZERKL oo 107
BEZETUHR wovveeeeerensenserssenssenssesssesssessssssssssssessesssesssessssssssesssesssesssssasssssssssssssesess 113

B NEE B B e 114
B It 115
BUST LA BIE L ARE R oo 116
B R e 117

-1V -



BT R 2 A 2 18 Contents

CONTENTS

AbSEract (CRINESE) ..........oooiiiiiiiiiiiiiiieeee et I
ADSEFACT. ... II
CHAPTER 1 Introduction ...........c.c.ccooviiniiiiiiiniiiiieiieeeceeeeeeeeeen 1
1.1 The characters and applications of U and Th base alloys........................... 1

1.2 Research progress of U and Th base alloys ...............c.ccocoiiniiiiniiinniiinnen. 4

1.3 Introduction of CALPHAD method...............c..cocoiiiiiiiiiii, 5
1.3.1 The history of CALPHAD method ...........cccoveiiiiiiiiieiiie e, 5

1.3.2 The principle of CALPHAD method..........cccccovviiiieeiiiieeiieiece, 6

1.3.3 The procedure of CALPHAD method ..........cccocoiiiiiiiininiinininienee, 7

1.3.4 The advantages of CALPHAD method ........cccccociiiiiininniniiniiiie, 9

1.4 Material design and phase diagram ......................c...ccoviviiiiniiincin e 10
1.4.1 The conception and approach of material design.........c.ccceeveveeenreeennnen. 10

1.4.2 The applications of phase diagram in material design.............c..c......... 10

1.5 Phase diagrams of nuclear material.........ccevveeicvcerissvnrcnssercscnncscnnrcssnnncsenns 12

1.6 Major contents and significance of this Work.........cceeevverercercscercscnrcsnns 13
RECIENCES c.ueeeeneerintiiinniniiiiciinniinistieistecsssnecsssnesssssessssnessssessssssessssesssssessssssssssanes 17
CHAPTER 2 Thermodynamic models .................occoviieiniiiiieennnnnnn... 22
2.1 Introduction of thermodynamic models ..........cccevvvnricsirsnnrccsccnneccscsnnsecssens 22
2.1.1 Ideal SOIUTION. ....ccueieiiiiiieiiee ettt 22

2.1.2 Regular SOIUHION .....ccueeviiieiieciieiie ettt 23

2.1.3 Sub-regular SOIULION........ccueiiiieiieeie ettt 24

2.1.4 Sublattice MOdel.........cocuiiiiiiiiiiiiie e 25

2.2 Thermodynamic models used in this WOrkK.........ceicvvvinvcerisiercscnrcsnnne 26
2.2.1 PUIC €leMENLS ....euiiieiieiieeiieeee ettt 26

2.2.2 Liquid and other SOIUtIONS ........c.ceecuieruieriieiieniieieeeie et 27

2.2.3 StoichiOmEtric PhASES ......c.ceecvieriieeiieiiecie et 29

2.2.4 Extended s0lid SOIULION......cocuiiiiiiiiiiiieieeeee e 29
RECIENCES c.ueeieeerieiericiniinitiinitiesinicnsnticssstncsssnecssstesssstesssssesssssessssesssssssssssssssssees 31

CHAPTER 3 Thermodynamic optimization of U-X (X: Mn, Nb, Th,

Cr, Cu, Mg) binary SYStemS...............c.oceevieuieuienieieieieeecrecre e, 32
3.1 U-Th DINary SYSteIM......ccccrvercsssrrcsssnncssssncssssncssssesssssesssssessssssssssssssssrssessssssnsess 32



F RN T = 2 VATES'S Contents

3.1.1 U-Mn Experimental information .............cccceeveeeiiienieniiienienieeieeeene 32
3.1.2 OptimIZAtiOn PIOCESS ..ecuvveervreerireenieeerreeenireeesereessreessseeesseessseesssseeens 33
3.1.3 Results and diSCUSSION ......eevuieiiieiiiiiiieiie et 34
3.2 U-ND Dinary SYSTIM ....ccceerruecsenssnessanesssessanssssesssnssssssssnssssesssasssassssssssassssassans 39
3.2.1 U- Nb Experimental information ............ccecceeveeeiiienieeiieenieeieeieeenn 39
3.2.2 OptiMIZAtION PIOCESS .eeeuvveeeuvrrerrreenieeerreeessreeessreesssreessseeessseesssseesssseesns 39
3.2.3 Results and diSCUSSION ......oevuieiiieiiiiiiieiieeieete et 40
3.3 U-Th DINATY SYSEEIM..uuccrreessrecsenssaessseessressansssesssacssssssassssnssssasssasssnssssaasssasssns 45
3.3.1 U-Th Experimental information ............ccoeceevieeiieeniesiiieiieiiinee e 45
3.3.2 OptiMIZAtION PIOCESS .eeeuvveeeuvrrerrreenrreerreeensreeessresenseeesnsresiosiesanseeessseeans 45
3.3.3 Results and diSCUSSION ......eevuieriieiiiiiiieiie et 45
3.4 U-Cr DINary SYSteM.....cuueerseecsenssaesssnessancsanssnsssssissssssansssasessasssasssassssassssasssne 50
3.4.1 U-Cr Experimental information............cccoocceeiiiiiieniennieeniesieeee e 50
3.4.2 OptiMIZAtION PIOCESS .eeeuvveerurreerireeisiresireeenieeensreesnsreessseeessseesssseesssseeans 50
3.4.3 Results and diSCUSSION ......eevueerueiiriin ittt 50
3.5 U-Cu DINary SYSTIM ..cceveerseecserssuiissenssnscsanssssesssassssssssssssnssssasssassssssssassssasssns 54
3.5.1 U-Cu Experimental information ............cceecveevieeiieenieniiieniesieeiee e 54
3.5.2 OptimMIZAtiON PIOCESS wievuvieerurreeeireerieeerreeesireeessreessreessseeessseesssseesssseesns 54
3.5.3 Results and diSCUSSION ....cc.eevuieiirieriieieeiieieeeete e 54
3.6 U-Mg Dinary SYSteM...ccccccrereccsssnrncssssanresssssssssssssssssssssssssssssssssssssssssssssssssssses 59
3.6.1 U-Mg Experimental information ..........cc.cceceeverienennenieneenicneeneeene 59
3.6.2 OPtimiZation PIOCESS ...eeevreruieerierireereenreeeteesteesseenseesseenseessseesseesseenne 59
3.6.3 Results and diSCUSSION .......eevvieiiriieriieieriieieeieeee e 59
RECIEIICES uuuerenereiiteiisnieisneinstiesstteessatecssstecsssnessssnsssssnessssesssssasssssessssesssssssssssnes 63

NDb, Zr) bInary SYStEIMS .........c.cviviiiiiiiiiee et eeireee e e eieee e 66
4.1 Th-Pu DIiNAary SYSEeIM....cccccceecsssercsssnncssnncssssesssssesssssesssssesssssssssssossssssssssossssess 66
4.1.1 Th-Pu Experimental information ............ccceeveuveerciieeniieeenieeeniee e, 66

4.1.2 OPtiMIZAtION PIOCESS ..vveeervrreerreerirreeerreesreeesseeesseeessseeesseessssesessesenses 67

4.1.3 Results and diSCUSSION ........eeeviieiiuiieeiiieeiie et eeree e ree e 67

4.2 Th-Cr DINAry SYSteIM....ccccceeccssrecsssrcsssnncsssnecssssesssssessssessssssssssssssssssssssssssssess 71
4.2.1 Th-Cr Experimental information ...........c.ccceeveveerciieeniieeeniieeeniee e, 71

4.2.2 OPIMIZAtION PIOCESS ..vveeervreeerreerirreeerreesreeesseeesseeessseeesseessssessssseeensns 71

-VI -



F RN T = 2 VATES'S Contents

4.2.3 Results and diSCUSSION .....eeveruieriiiiiiriieiieieniieneee sttt 71

4.3 Th-Mn Dinary SYSTEIMN ...ccccverersrercssnrcssanssssanssssasssssasesssssssssssssssssssssssssnsssssnssss 75
4.3.1 Th-Mn Experimental information............ccccoeeveerciieencieeciie e, 75
4.3.2 OPptiMIZAtION PIOCESS «..eeuveeuverurerteeieritenieetesieesteetesseenseesesieensessenseensens 75
4.3.3 Results and diSCUSSION .....eeveruieriirriiriieniieieniienieee sttt 75

4.4 Th-ND DINAry SYStEIM .....cccceeererercssnrcssnnnsssanssssasssssnsesssssessssssssssssssssssssssssssnssss 79
4.4.1 Th-Nb Experimental information.............cceeeeuveerciieeniiieeniieeeeeceniiee e 79
4.4.2 OptiMIZAtION PIOCESS «..veuveeurerurerreeieritenteetenieenseeeesseenseesesseenaeitessientins 79
4.4.3 Results and diSCUSSION .....eeuveruieriieiiniienieeieeitesie ettt 79

4.5 Th-Zx DINAry SYStEIM ....cccervererssercssnrcssanssssanssssasssssasssssassssssssssssnssssssssnsssssnssss 83
4.5.1 Th-Zr Experimental information............c.ccceeveiieivineiniiineinieeniee e 83
4.5.2 OPptiMIZAtION PIOCESS «..eeuveeuverurerteereriienieeresieeneeitesitenteesesieensesseesseensens 83
4.5.3 Results and diSCUSSION .....eeuveruieriiiiiniiesiieiiies ettt 83
REfEIreNCEeS . ..cuueiiniiiicniiiiiitiintictiintinseessiseiisesseissesssesssesssesssssssssssssssssesnsne 87

CHAPTER 5 Thermodynamic optimization of U-Th-X (X: Pu, Cr,

Cu, Mg, Mn, ND, Zir) SYStEIS...........ccovviiiiiriiniiiiieeeeiiiieeeeesireeeeeeneveeeens 89
5.1 U-Th-Mn ternary SYStel.....cccccsseecsaeessuecsanssncssaesssasssassssnsssassssasssassssasssssssasss 89
5.1.1 Research progress of phase equilibria of U-Th-Mn ternary system.....89
5.1.2 OptimiZation PIOCESS ..veevreruieerreerireeireenieeeteereeesreenseesseenseessseesseesseenne 90
5.1.3 Results and diSCUSSION ....c..cevuieiiriieriieieriieieeee et 90

5.2 U-Th-Zr ternary SYSTEIM c..cccccveeeecsssssrecssssssresssssssssssssasssssssssssssssssssssssssssssssssss 96
5.2.1 Research progress of phase equilibria of U-Th-Zr ternary system....... 96
5.2.2 OptimiZation PIOCESS ...eeevrerureereerireeteenieeeseesseesseesseesseesseessseesseesnseenne 96
5.2.3 Results and diSCUSSION .......coouieiirieriieieiierieeieeeerie e 97

SYSTRINIS weeeerurrecsnecssnnncsssrnesssnncsssnessssnessssnesssssessssnsssssesssssesssssesssssessssssssssssssssnesssanes 107
REfEIreNCEeS  .cciueeieeiiiicniistentensticnieseenstessticssessnesssesssesssseesssssssssssassssesssssssesss 113
CHAPTER 6 SUMMATY ........ooooiiiiiiiiiiiiiiee et eeee e 114
ACKNOWIedZemEnts ..............cccoviiiiiiiiiiiieiiiee e 115
Publications .............ccooiiiiiiiii e 116
Addendum ..o 117

- VII -



I VREE 22 1 S EES

m E

I RE A SR UR, AR 2 SEIUAZ S N HE 224 . i RGB AT I
L) FARR . BUEL A SR B ARG 5y o TR BT 52 215 41
(RSB0 SRR, T8 I K SE I S AR G BHF 5 7 AN & TR B F
Ko AT TERE AR AL RL, AR AR NI 5 R RSO T 5
P )5k (CALPHAD), %} U-Th-X (X: Pu, Cr, Cu, Mg, Mn, Nb, Zr) % =JC&
AR EAT T D) 2 5L, AR SRRl Bl 55 S 30 2 St
e, EEWP AR T
(1) RGLE. I HT T U-X (X: Mn, Nb, Th, Cr, Cu, Mg) /54~ TG A& Ik
D155 BN SR A B, i 5T U-X (X Mn, Nb, Th, Cr, Cu, Mg)
T ICRIAHE, JF 5 SR AE BT RAF— B
() RGN BN T Th-X (X: Pu, Cr, Mn, Nb, Zr) i JCRKMT)
oG SRS BB, E X ST Th-X (X: Pu, Cr, Mn, Nb, Zr) % —
TCRMAHE, 558045 B R — 2k
(3) T SCHRIE R AR SO R U-X M Th-X & 0 RIS,
A O S AHEE R, § ST T U-Th-Mn 1 U-Th-Zr A4~ —C
BRI VHEAE IS SR BS AT
(4) FETCERACE A IR SO EA R U-X M Th-X & s RNATIES4L
SNV T U-Th-X (X: Pu, Cr, Cu, Mg, Nb) % =JCZ&LE350°CAI1000°C 445
FLTAR KL

RIEATIT T 45 5, X U-X (X: Mn, Nb, Th, Cr, Cu, Mg) fil Th-X (X:
Pu, Cr, Mn, Nb, Zr) % —J 0% J U-Th-X (X: Pu, Cr, Cu, Mg, Mn, Nb, Zr ) % =JCH
FHIEEAT ) 70PN T Al B R 2 Bl P, A% AR vt
AT IS %

A Akl CALPHAD;  4h4t&4



& 1T R 2R 2 A6 18 S Abstract

Abstract

Nuclear energy is an important kind of new energy, and nuclear materials are an
important guarantee for the secure and highly efficient operation of the nuclear actors.
U-Th based alloys are the vital part of nuclear materials. However, due to the rigorous
restriction of the experimental conditions for the nuclear material, the traditional trial
and error method is not useful for the investigation of the nuclear materials.

In order to design high-powered nuclear material, knowledge of phase diagrams
and thermodynamic data of the involved systems are crucially necessary. In this paper
thermodynamic calculations (CALPHAD) on the phase relations of U-Th-X (X: Pu,
Cr, Cu, Mg, Mn, Nb, Zr) systems are carried out, and the U-Th based thermodynamic
data base is built, which is described in the following.

(1) Thermodynamic description of the U-X (X: Mn, Nb, Th, Cr, Cu, Mg) binary
systems were firstly optimized by using the CALPHAD method based on critically
evaluated experimental data. Calculated results from the obtained thermodynamic
parameters were in good agreement with the available experimental data.
(2) Thermodynamic description of the Th-X (X: Pu, Cr, Mn, Nb, Zr) binary systems
were firstly optimized by using the CALPHAD method based on critically evaluated
experimental data. Calculated results from the obtained thermodynamic parameters
were in good agreement with the available experimental data.
(3) Based on the optimized parameters in this work or literature for the U-X and Th-X
binary systems, the U-Th-X (X: Mn, Zr) ternary systems were firstly assessed
according to the experimental data. The calculated phase equilibria and
thermodynamic properties were in good agreement with the experimental data.
(4) By combining with the optimized parameters in this work or literature for the U-X
and Th-X binary systems, the U-Th-X (X: X: Pu, Cr, Cu, Mg, Nb) ternary systems
were extrapolated for the first time. The isothermal sections of the U-Th- X (X: X: Pu,
Cr, Cu, Mg, Nb) ternary systems at and 350°C and 1000 C were calculated.
According to the calculation of this work, the binary systems of U-X (X: Mn, Nb,
Th, Cr, Cu, Mg) and Th-X (X: Pu, C, Cr, Mn, Nb, Zr) were assessed, as well as the
U-Th-X (X: Pu, Cr, Cu, Mg, Mn, Nb, Zr ) ternary systems, and the U-Th based

thermodynamic database for nuclear materials is built, which will provide important

=11 -
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messages for the design of nuclear materials.

Key Words: Nuclear Material, CALPHAD, U-Th based alloy
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