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Summary

I. Title

Fabrication of Zr-Nb alloy used in PHWRs

II. Objectives and Importance of the Project

Zirconium alloys have emerged as the principal materials for various 

nuclear reactors. In comparison to Zircaloy typically used as Zr-Sn, 

Zr-Nb alloys display better creep resistance properties, and show a 

lower tendency to pick up hydrogen. Because of their relatively high 

strength, the thinner walled pressure tubes possibly result in desirable 

neutron economy. However, DHC(Delayed Hydride Cracking) of these 

tubes in the Pickering reactors causes a serious problem and remedies 

to prolong the life of tubes have been required. The presence of hydride 

platelets can lower the low-temperture ductilities and raise the 

ductile-brittle transition temperature. Moreover, hydrides have some 

effect on the mechanical properties of the Zr-Nb alloy pressure tube 

regardless of orientation, although hydrides located perpendicular to the 

major stress direction known to be the most detrimental. It becomes 

desirable to establish the precipitation charateristics of hydrides likely to 

occur in Zr-2.5Nb during reactor service and to ascertain whether or
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not hydrogen seriously affects the mechanical propertires of the 

material. Apart from the hydriding, it is also necessary to take into 

account the irradiation influence on Zr~2.5Nb for the purpose of its 

reactor performance evaluation as a pressure tube material.

Even reactor grade of sponge zirconium has a purity of about 99.8%. 

Therefore, impurity control plays an important role in the manufacture 

of alloys because required properties cannot be obtained by heat 

treatment and stress applied or relieved. Metallic and interstitial 

impurities such as Hf, Fe, O, H have to be removed below the 

tolerance limit. In addition, segregation of alloying elements.

Zirconium and its alloy are reactive metals which react with the 

crucible and water cooled copper crucible has to be used under any 

melting techniques. Due to high temperature gradient between molten 

pool and crucible, VAR process have a marked influence on the tearing 

and cracking tendency and the forgeability of the resulting ingots. 

Recently, VADER process has been developed and the temperatur 

gradient and solid/liquid interface velocity values in this processing 

result in uniform fine grain structures with the ingot cooling rate 

approximately the same order of magnitude as that in VAR. However, 

this has a drawback in commercializing despite several advantages. 

Electron beam melting technique can give similar effects as the 

VADER. Especially, EB melting turns out to be very useful casting 

ingots of reactive metals because the high power density of the beam 

and protective action of the vacuum with respect to the uptake of 

gases in the melt can be fully utililzed.

x



Therefore, the manufacture of Zr-Nb alloy ingot is carried out to 

meet the chemical composition and mechanical property specifications 

and to ensure that the ingots are free of unacceptable defects in this 

study.

III. Scope and Contents of the Project

Scope Contents

1st year
Establishment of
melting conditions

- Manufacture of consumable
electrode for VAR

- Effect of melting conditions on 
ingot characteristics

- Controle of impurities such as 0,
N, C,Fe and defects in ingot

- Ingot manufacture by EB melting

2nd year

Evaluation of melting 
behavior(manufacture 
of the ingot with 5kg 
in weight)

- Study on the variables in EBM
and effect of alloying elements

- Effect of EB melting conditions
on ingot characteristics

- Study on the effect of alloying
elements and impurities

3rd year

Optimization of alloy
manufacture
(manufacture of the 
ingot with 100mm in 
diameter)

- Evaluation of ingot characterise 
prepared by arc and EB melting

- Effect of melting and heat
treatmentconditions on the
properties of ingot



IV. Results and Proposal for Application

The following conclusions can be made from the second year 

research:

1. Easy control for alloying elements can be made for the following 

adding metals like Nb, V, Sn, Mo, Fe due to low vapor pressure. 

In case of Cr and Te known to have high vapor pressure, they are 

controlled by adding master alloy(Zr-Cr) or quite excess of aimed 

composition. However, Bi was found to be very difficult to 

charging the certain amount into the melt.

2. Oxygen content can be adjusted by adding the Zr-10%0 master 

alloy considering the inherent amount of oxygen in sponge 

zirconium.

3. The charging rod of 38mm in diameter, 96mm in length was made 

by a series of button melting, casting and vacuum welding, From 

this, Zr-2.5Nb ingot of 50mm in diameter and 550mm in length 

was fabricated by EB drip melting process.

4. The amount of Nb can be successfully adjusted at 2.8% with 

charging 15% excess. Nb as adding element is easily controlled 

due to high-melting-point metal and its low vapor pressure

5. Oxygen content is not varied during remelting, casting, and drip 

melting, only slight change was observed in button melting stage 

due to uptake the desorbed gases during the melting operation.
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Nuclear materials in domestic nuclear power plants depend on import 

and this amount reaches 100 million dollars per year. The increase in 

demand for the development of new zirconium based alloys are 

expecting. All the results involving this research can be applied for the 

the melting of reactive metals, vacuum refining and alloy design.

xm





Contents

Chapter 1. Introduction

Section 1. Status and Purpose of the Study 

Section 2. Work Scope

Chapter 2. Theoretical Background 

Section 1. Zr-Nb Alloy 

Section 2. EB Melting Furnace

1. Indroduction

2. EB Drip Melting

Section 3. Purification by EB Melting

1. Estimation of Melt Temperature

2. Evaporation and Outgassing

Chapter 3. Experiments

Section 1. Manufacture of Zr Alloy Button

1. Apparatus for EB Button Melting

2. Materials

3. EB Button Melting

Section 2. Manufacture of Zr-2.5Nb Ingot by EB Drip Melting

1. Materials

2. Manufacture of Ingot

3. Characterization of Ingot

xv



Chapter 4. Results and Discussion

Section 1. Evaluation of Zr Alloy Button 

Section 2. Evaluation of Zr-2.5Nb Ingot

1. Ingot by the EB Button Melting

2. Ingot by the EB Casting

3. Ingot by the EB Drip Melting and Continuous Casting

4. Impurities of Ingot

Chapter 5. Conclusions

References

XVI



4 4

4 1 4 ^1# ....................................... .................................................  i

4 l # #44 4# ............................................... i

4 2 # 34 .......... ............................................................. 3

4 2 4 4^ ...................................................................................... 4

4 1 4 Zr-Nb 4#-  ......................................................................  4

4 2# ### 44 & ........... ...................................................... 10

1. 4-3- .........................................................  10

2. EB Drip Melting ..............  12

4 3 4 #4# -0-44 44 44 ................................... .......... 17

1. #4# 4444 44 ....................................... 17

2. 4# 4 #7>^ ................................................... is

4 3 4 44 ...............................-.....................................................22

71] 1 # Button# Zr #4 # Jtm 4& .......................................  22

1. EB button 4444   22

2. 45.^4   25

3. EB button 44   31

4 2 4 EB drip 4434 44 Zr-2.5Nb °J3IE ^ ......... 33

1. 4^.4i4   33

2. #JLE 3%a .................................................................... 36

3. #JIE 4# 44   39



4 4 1 14 ^ m# ................................................................................ 41

4 1 1 Button^ Zr^l 1JLH 2} ...................................... 41

4 2 1 Zr-2.5Nb ^ .................................................. 44

1. EB button -§-51)4 Ijie ..........................................  44

2. EB °<3aLS .........................................................  47

3. EB drip -g-sfl, iJLH ................ ............... 49

4. °JJLES] 1# .................................................. 53

^ 5 1 1# ..................................................................................................... 56

57

xvm



2. 1. CANDU reactor^ 

zl^ 2. 2. Zr-Nb phase diagram

ZL*g 2. 3. Fabrication routes for Zr-2.5Nb pressure tubes 

ZL%j 2. 4. Zr-H phase diagram 

ZL^ 2. 5.

zl^ 2. 6. drip -B-sflA] energy balance

zz^ 2.1. ^ Dl*H=r

zl^ 2. 8. -§-^44^ #7]^-

zl^ 3. 1. EB button Zr ^ZIJL ^2: ^-^5.

Zt^ 3. 2. ^7>w] -g-3Zr-2.5Nb

xix



431 4^

aM 3. 1. lOOkWid 444 4AM -8-43.S) 4^ 4 #4 

AM 3. 2. Button molds) 44£-(a)s)- sj^(b)

AM 3. 3. a#4 ^hh-bM i>y-

A>4 3. 4. 444a -0-4 44 (a)4 4&4 Zr-2.5Nb #4 feed stocks) 

s)tg(b)

A>4 3. 5. Crystallizer 4)4s} 444 a/M(a) 9) puller0!) 444 

ingot(b)

A>xl 3. 6. EB drip -0-4 -0- Zr-2.5Nb seed ingot

AM 4. 1. EB button -0-44 °J ota S) S)^(a) 4 4442:(b)

AM 4. 2. EB 4^a4 4aas) a)^(a) 4 444a(b)

AM 4. 3. EB drip -0-4, 44tS4 4aas) s)^(a), 444 

X44a(b), 4444 &4fa(c)

AM A 4- AM 4. 3(b)S) 444 44-4S (a) 444a, (b) #44a

XX



5. 44

5. 2. 1. Nominal Copmposition of Zirconium-based alloys 

a 3. 1. M5.

& 3. 2. Zr-10.5w%O 2.44 4 2: 44

I 3. 3. Zr-Nb 444 M 4 7} 7j-#4

5 4. 1. EB button Mg Zr 44 MM M 

5. 4. 2. 444 M444 4# MM M44

XXI



3] 1 ^ 4 #

4^s## 80% 444 44### ###4|a ^5. ^#--8-^4 44=

441 #4#S $14. #7}&44 zircaloyS. Zr-Sn ##4 #4 4

4 i^43i $1S# #4^# ^44 44 ^#4 ^44 4s 444444 

s#4 444 444 Zr-Nb #44 4-8.7} 47HM]o)i $14. 44 

4 #44 7}#44s4# 4444 ^^ss. 444s $ls# #44 

3=4)5. #44AS 444s $14. s44 sagging 44 #44 4#5 #

# #44#4 4s4 4S##4 #s $ls# 44 Zr-Nb ##44 

DHC (Delayed Hybridation Cracking)4 7]#44 #S5 4 #-#4 44 

444 -8-4#s $14tl][2].

#4# 4#7} #4 #5s## ## ###S5 99.8 % #5# 44 

44#4. 444 ##4]54 #4## 4)47} 4S441 #4 4444 4 

#& 4444 4444 7>4 i4 #4# 4 #_8_# ##-& 4# 44 # 

4. ###A5 #5s## #4#5 .#44 $14 O, H, C, Fe ## ##

# 5##S5# #4# 4#ir #4 #55 4# #5## #-#^#4 ^ 

S44. 44 ### 4^4sx> 4^ 4# #4 45s# e# #44 # 

#415* #4 5#4 43=44# #4# #3=# 444 ###3=4 #4

# #44# 7ie;Ti#4 #44 #4[i]~[4],

4sa#fr 4444 #4 #44 44 # 47)444# 4

44 #7}^# e# #44 S7>4#-8-# #s#7] 4144 4 #44 

#444 #44 44 4444 44##. 5# 4# g-444# ##sa

— 1 —



4 o}EL, ##3#, #7}# 44 43# 7}#- 4)-§-#3 a

5 #4 44 43.54 4. 4"3 -g-*)) #444 tij^SLAj Al^AloZf 537g

#444 40.# 440] ^o. ^3g#44 o^y- -§-# _o#2l ^47} #5

53 545# ^11-St 4)44 44# #444 7)2) A]-g-£]x]

444 Aias^s] M# #47)5 ^ #^## 44# #44

#4 43. 4##4 44444 4#[1].

32}#- 434#4 #4 4# 44S4 44#44 #-5:rLtil)7} 444 

°Jj7es) s#4 444 4444 -§-33# 4 #44es 444*4 #44 

47V# 544 4444 #44 44. 4# 4444 44 ^ #54 4-3 

4 4# 444 4Hr#& #44# VADER(Vacuum Arc Double

Electrode Remelting) 4 4444 44:44 #35 44 4X14"4 #4#

4-3 444 #7}3## 4434 44444 44 ^44 4444 44 

44 4 %1%4-. 3514- VADER4 444 44& 7}# 3 55 444 4 

4444 44-&4 44 4-4444 ##7} 5 #-[51.

4-4-71 # 4^4x1^ VADER4- 444 £4-1- ## 4 44 #7}# 

-§-4144# 4-0-44 4 2 a# 44 #33# #344 4## 7)) #437} 

44. 55 3-§-#, 3## 444- 3 444 4-0-4, #33 7113 4 3# 

344 4-0-44 #7}# -§-44 3#5 4444- 34444 #4^53 

###4 44£4-7> 34 434-^#4 -§-31544 71144 4 44. 54 

444*44 47)o)l n}5} 4)44, button-0-#, drip -0-4, cold hearth-0-47} 

7}4433 4534-4 457)144 ##-0-4^33 4444 4# 444 

3#44 Zr-2.5Nb 44# 43437} 44.

-2-



raid rii c/p ttp |m ja tm rh j2 m. o rA
>L >L

(lift

r&
4J
j(a

-£

oj»
r|o

V*
d|o

&
&

CO

m
1°
Hu

r*
a
M
r|r

n>
Hu
o|d

n$:
dH

H^

r#
rot

r&
HJ
Ja
r&

to
(lid

r£
-u

da-

tiS,
da



4 2# 4#

4 1 4 Zr-Nb

Zr-Nb 4^-# #5 CANDU-PHW4 #4# 57% 5 ;z 7%#

£7} 5^ 2. 1 4 444 44-tl]. 4 #4# M455 €45 A%&5 

44 44si 4 zircalloy°i] 44 a ^455 44 4 444 #5#

#57} 44. ## 44# 47] 444 4a4 W=# #€454 A}-g-oj 7> 

4# # 444 444 #44 44 4444. Zr-Nb 4444 45## 

45a# ##4 34 44445. 444 44(5. 2. l#5). n4 2. 244 

5.4 44 #4 1200K 444 3-4 5a#4 4 4444 4-5 € a}

45. 444 44 a-45a#4 44 4# 44444 #5 4444 4 

54444 44 a-45a#4 3-44.455 44. 44 a-45a##

0.6% 454 45## 5445 455.5 444 1.9%4 45## 344 

#447% 44.

3x4 2. 34 444 44 44 444# 4#, 444, 44 #4 #4 

#444 44 544 444 44 44 4 444 444 #444 4 

4. #4 444 #5# 1120K #545 54455 20% 454 a#4 

80%4 34-55 #7%44 44. 444 4# # #444 «4 444 45 

#4 4# 344 444 #44# 24* 4544.

Zr-2.5Nb 4# 4 Zircaloy4 44 44# #44 #4#57} 5# 4#

# #7% 44# 444 444 4444-5 5545 44-. # 444 4# 

444 4##4 5544 ##44- #44 4#4# 54- #4# 444 

4 #5444 €44 44 ###44 #44 #7%44 4455 44 #

—4 —



Calandria Tube 

Spacer 

Gas Gap 

Pressure TubeModerator

Fuel & 280 C
Coolant 1350 P.S.I.G

Calandria 
End Wall

Rolled
Joints

End
ShieldREACTOR

CORE

Gas GapCoolant HgO ModeratorPressure
Tube Pressure

TubeFuel UOg Fuel
BundleCalandria Tube

2. 1. CANDU reactor^



S 1700

5 1300

Weight Percent Niobium

2. 2. Zr-Nb phase diagram[6]

5. 2. 1. Nominal Copmposition of Zirconium-based alloys

Alloy
designation

Alloy elements (wt%)
Application

Sn Fe Cr Ni Cu Nb Mo O(ppm)

Zr-lNb - - - - - 1.0 - -
Fuel cladding 
(Russian)

Zr-2.5Nb .001 .08 .01 .003 - 2.5 -

900
-1300

Pressure tubes

Zr-2.5Nb~0.5Cu - - - - 0.5 2.5 -
900

-1300
Garter springs 
or spacers

Ozhennite .2 .1 .02 .01 - .1 - -
Russian
experimental

Excel 3.3 - - - - - 0.8
Pressure tube
material under 
development
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Weight Percent Hydrogen

S-4 2.4. Zr-H phase diagram[7]

3.44 DHC4 wi- 44-454 44-M ^$14 4

5L4S hydride^ 344 444 7}4 #S44 44. 43) 471)44 $14 

4 444 4444 4444 44 4^# 4 Ms 444 44 hydride 

# 3444 4s a-4ss#4 4S44# 4S44 44. 4#4

fracture toughness, impact strength, tensile ductility4 4444 444

444 44.

-9-



4 2 # #4^

1. 7fl5

5## #4444 4#4 #4#4 7}#

444 44 k# ##4447} ##4 44 44445, 4#44 4% 

4# 7}<I#44-# ##44. 444 ##4447} ###4 #44 44- 

4 44:44 ##453 ^7}.^z}jl 44 #44 ###4 4444 

#44 4444 44. 4 #44# 4#4a##4# 44 4#### 4 

4# 44#4 ###45. #4# # 4533 ###5# 54# # $}5 

4 4#57} &7l 4#4 ###57} 4-53 4#^#4 7l}33# 44# 

# #4 3.#4 ##4 3#5#4 4# 3:4444.

19054 von Pirani7> 444 #%4 #7}*] ##3# 4#44 4## 

4 #47|- ### 44 4#4#4 44444 445. 45.7}- 45.41 4sS 

45^4- #4 19384 von Ardenne4 7}44—# 4#44 47}4# 414 

441 5##-# 4#4 44# 44441 444. ^-44 54-55] #4 4# 

5.5. 1950.444 4^4Ai4 44-4# 4#4 4# 4# #, #4, ##, 

#4 #4 #4441 ### 4# 44# 541 4454 #44 #54 4 

7^ ^5.7} 4 #4% 4. 1957441# 1961# 7}44^ 47}^ #4 4 4# 

4 #44 #4# 4# ##57}- #4 #^45.3.71 4# ### 7}-# # 

4^4. 1965444 #^4 ###5&7i^ 47}^ #4, #4,

7}#4 4# 4#4 ### ol#4454 3 #4# 47>44 4#444 
714 4###53 47>#o>oi| ##4 5}4 44, 5# 4344# 453 

4#/ll4o] 4^5)3 44[8]~[12],

444 Temescal Metallurgical Corp., NRC Inc.4 Consarc, 444

-10-



Leybold4 von Ardenne, 4242] Patron Institute 4°] 45.4'ti -0-4]2 

4] 44 ABi-0] 4. 19604 4 °)] #4 Ai megawatt -0-#2] 44124

hearth type-2] -§-g-°] a] 4444- Ti scrap2] EB hearth melting0] 4-0- 

44 1970444 4 #0-20-4] (VIM)4 ##44 44#4°))

°10-4$124, 1500kW 0-^2] Ta-0427}- n]4a] 1200kW 0-#2] Fe 

4 7] 4# 0-4]27> 4]4E)$JL, 7]#4224 40~44 44##

4A] s] 7)] 44 7}444 beam deflection system-2) #4°] o]##] 44- 

1980\i4 67]]2] 47]-#°] 444 megawatt 0-^=4 0-4|2 ^4 444, 

4#4 2444, -0-0-7]#2] 44 #°] %7^17)] 44[13]~[15].

47]-4 0-4] °)], 2] ft 0 4 -0- #5. fractional distillation^]- degassing0)] 

2] ft f] 44 ^-4 °] 0##44 floatations]- coagulation 40r fr-§-Aj #0 

2] #00)] 2] ft §-5]o)] 2] 4] °]^°]fl4. #7}2] 0# 0#2, 04##4 

&44, 4 4# 2] 4#02 ^ Hti>4tE]]7> 7^ = 1- £]b] -f-7>o)l

7]# #^#2] ^2# 4 4# 4 Htit°] #3. ft #f7]- g4. 4#

7] #*]-«]-g-Sflfe ## power density2]- 0#°)] 2] ft #7}2 3l47> 3.7]

4] #4 40444 40-4o] 7j-ft #42] °JJ1E a,]2°)1 3:jq-^o]4. If#

0#44^4 U]a?M 4 #27} 7}A2) #°]o) e°t °N

5] - 7)]-§-4 022} beam power# 5. fl;f}A]7] -#£2]- 4]47]ft-&

20# 4 $1# 40°1 $14.

07}«] 0-4] 44 4 #4# 34 0%}#, 0#04, 0##4, 4^44

# 7] 0:2244 04] 4^ 4 44 #^407} #404. #, -0-4] 4 #44 

44 2] s-Ajo]] u}e} drip -0-4], cold hearth -0-4], 42, button -0-4], EB 

floating zone refining # 444 -0-4] f] °] 44 7] 44. °1# 47]-4 4 4 

3:41- 44447]jl y^s^°)] 2]44 tfi^00ijz.2-E 4 $1#

drip -0-4] °1] 444 4414 44227]- 44.

11-



2. EB Drip Melting

H 4 granule SM4 4147H# drip -§-##4 1A14 crystallizer 

* 4€-4 41157} 7}1# 444 M444 7^5= # n4 2.54 a 

44. 0.^4 x] # 4" $15-°! drip melting4 4 1 444 4 H55 44

4 1414 1#44 -§"§-°l 4445 5 441 crsyallizer

5 4454 i 4A1 ■€"8-1-4- 7>444 4441 14444. 44 51 

5)1 4444 powers 4414 447N4 #7}^:, 1#4 -g~g-, -g~g-#

6 1447) 44 4)44(^414 44 4441 41)4 44 4444-. 

444 4551 44-4 11 &54 44455

Neb = A • (Dp + D^) + B • Dp^i + C • v 

where A,B = f(Ts/fT,s,p), C = f(Ts,L,a)
(2. 1)

5 4444 Dp, Dpooi, V, Ts, AT, s, p, L, al 4414 4#, €-€-14 

4#, 1€-15, €€€£, 4445, 4444 4444, €-44' 44, €--§- 

4, 4444 4441 4444L14I

4€-14 444 4451 54 2.64 44. 4444 4€-4 P0 14 

Pq44 is. 444 44 41°llAl5 7}54 44 4444 §M

444 i#5 44 444 5:4 14 444 4444 444 4# 11 

5 45:4444 4€-44 44. 414)44(Pq)1 4A1 Pqi4 Pq25 41 

4 4414 €-€-14 5441 4455 44, PQil 4414 7><KPn) 

4 €-€-(Pzi)4 5l4jl 4aKPsi), 141 1^55.4 45(p3i) ^1114 

4 11(Pli)4 #55 44^ 1 44. 1,

-12



1

rod and molten pool
(3) Vacuum pumping system
(4) Melting chamber
(5) Feed stock
(6) Dripping material
(7) Molten pool

(10) Ingot puller
(11) Viewing.device
(12) Feed tube
(13) Pellets
(14) Screw conveyor

2. 5. 7flj3LE

-13-



Pq

Fqi I
| Molten layer

pSK:;

/
Melting rod O

&------- Drip

Crystallizer

Molten pool

Effective beam power Pq
on melting rod Pqi
on molten pool ^Q2

Power at melting rod
for heating P11
for melting P21

Power through From From
rod ingot

heat radiation Pst PS2
heat flow of vapor P31 P32
heat conduction PL1 PL2

Balance at rod
Pqi = P11 + P21 + Pst + P31 + Pli

Balance in molten pool 
PQ2 + Pit + P21 « PS2 + P32 + PL2

2e| 2. 6. drip energy balance

14-



(2. 2)

S. &4# 4 $14. S# crystallizer0!] 445] ^ #4 444 4 44 Pq2 

#4 444 4444 444 444 444 4# Pn4 Pzifr 4?W44 

crystallizer^4 44(Ps2), 4-£(Pl2), -§-§-#4 5114-^-5.44 44#44

4-4 (P32) &444

Pqi ~ Pn + P21 + Psi + P31 + Pli

Pq2 + Pll + P2I ~ Ps2 + P32 + Pl2 (2. 3)

5 44. Crystallizer0!] 4 4 Psz4 Pl2°1] 44 Psi4 Pli4 44 4#°!]

crystallizer4 ^44 4444 44(^, 44^#, 45E, 444 4)4 4

4 4-?-44.

4444 44 ^44^-3. 4444 ^7]-44# 4# ^

#4 4# 444 444 444 444 ^4 444 4# 4444 44 

4 #4 4^44 4-44 $14[18].

N = n0 + N0 • exp( — k —~j^) (2. 4)

444 No, N, A, k, no# 44 4444 #e#4 4, 4^.544 4, 4

7>^44, 445. 4# 4 $14 4#7}2i# 4444.

Drip melting4 44 A5# 44, 441*44 444 42. 444 44 

4 44444 44^444 44444 444 4# 4 $14. #4, 44 

44 4444# 4444 44-114# 44 4#4 3.7} °] °Jjl5

15



* 4 5# # &#4 4# #4* 4 #44 #41 #44 7}5#

### 74]?1# # #4. as] 4 s# 445 #7#M #4, #44-455 

44 #7># 4 7]^]E^1 4252] ## fAS2] #44# 5efl# # 

#4. #4, #4 #4 4447} ###5 #44 #44 444 47>jl #

44 crown*] 7|4 ###4 ^4# 7}## 4 454 ##455 425 

^1 #44 ## 7}4##. TIB] 4 °] 4 # 4#-c- beam power-4 45.

4 #4 #4 #5 ## 5#44 45s}# m 44.

45-455 -§-8-aJ-ei]5.^e] 7}a# M# -§-44 44444 444a. 

4s 441 #7># M##7} 5444 #7}«]2] 44### 54|# ^4

444 444 54# 44 44# 57} 44. 4# 7]]444 444

transverse gun# 4#44 47}4 # 270° 44A] 4 #41444 444 

continuous flow melting# 4#44. as] 4 #7} 2] 45 4444 2## 

4 4#444 4444 444 44 cold hearth# #44 #7} 2] 44# 

4#44. 4# ### #### 47]# # 4# tmugh7} ###4 #4 

4 crystallizer 5 #4 #47}7] 44 7|]7) 5] 4 444 2.4-7} 4# #44

4.

#4455.drip melting# #4#, 447]54#, a4 4 4444 4

4 47)144 2#4 4444 4## 44 #25# 3.7), #4#4 #4, 

#7}tii power# 44#4, 544## 4444 ##7} 44.

— 16 —



41 3

1. 444 #4144 f4

444 ##44# ^7}<£o) ^ AjH jg^L} 7)X)^$l ##4 BflO.

41 #7] 4#4 4##4 ##4 #4#4 f#AS. #7)1 °.<*£M #JL# 
#4 44 #4# 4# #44444. 444 444 #44 #3i#7i]^ 
444 ###4 #£» s.44 4 44 44 °1 4^44- 4# 44 #4
444 -osflAl Langmuir 4444 44444 #7]444 4444 44

# 4 44. 4,

dw = p _M_ 
dt *1 2%RT

where logP = -~3jP- + 10.1 +0.33logT - 0.265xl0“3

(2. 5)

444 dW# ##4 44 ^44 ##%), dt# #444(&), P# 44 

(atm), M# dzAM 44#(g/mol), R# 7]###(82.06m3 atm/mol K)43i, 

% 4144-314 4# #4#s(K)44. 4 44 44-4 44" ^ 44"#4

44# #444 5.444 ,4444(cm2)# ###44 44 ^4hs 4

44 4^si n4444 #cp 444 S7}-4# #- 47)1 4

4# #44 4444 44 44(7ir2)AS, n#4 #44# 444

&44(8w2)^ jlb)4 # 44. 44AS 4444 95.94g4 Mo# 30g 

##44 444 #44# 870mg45S4. 444 4# 4# 4(2. 5)4 4 

31 4#4 #444^ 7)144 ###4 #£# 4 3031K& ##44 # 

^4# # $14.
-17-



2. It's §1 #7]-5(Evaporation and Outgassing)

4# #44 M# 4 44, 4 44271 #44 #7]^l 44

####4 #444 # nfl, -g~g-##25#E] 44# ##### #44 

25 ##x]^ ^4# ^ $14. 44 2-§-##44 4-4, 2-g-4##4 # 

444 4# ###4 #4454 47fl 444#4 44 °1 i^H 44 

444 «l?l 4442 $14. 44, ##5#4 44 ###4 #4 

454 -§-4444 #4454 47> 4 #4 #5454 44 444, 

Olette# 4 7ie# 444 44 &%42 $14121].

Il P? A|“
tb P2 kMi-1 (2. 6)

L Cb4 #e#4 -§-4444 Roult ##5 44, 

p?, Pb^ #4#4 -§-4444 ^^#44,

Mi, Mb# #444 44444 44-4# 44^4.

4(2. 6)4 44 #44 4#44 4444, #4#5# ##4444 

#5#4$1 2#4 44 #444. 44444 444 344& 44 4 $1

4.

(D ### 47}4 444425.4 4#

0 4#4 444 #4444 #4

(3) 44442544 #44 #xl#4 #4 #445.4 4#

18-



5Hr 7}) 344 ##44 4^1 ### ^4# ##^3#, ##4

Langmuir #4-# 4 3 4#4443 7}4# 41, Langmuir -441 441 4# 

4 433. X444.

= g-4.4-10^Ps (^-)^ (2.7)

44 4414 dw/dt# 44444 f t#£(g/s • cm2), a# ##4m, ps# 

71 fr^(Tv)4144 54^714- (Pa), Mdxt ^7}4=44-. #44 44# 4

4 #4444 #34 44 3441 44# ©4:4171- 4*44 ^4 44,

##4#.€7l-#4 #44 ##7}3 #7}#4 ##44 4#4 341 44.

444 441444 #1t#37l- 4-44 4444 433, #4#37l- 4-4

4 44 44471 4444 #44 44# 4444443. ##4.

3^ 2. 7# ^^##4 44 ###34 #44 44* 34#3 $i 

# ^337] g4<%M4 44 10-iTorr #4 4f44 $1## # # $14.

4444S-4 4# 4444444 4#3# #4443 ##434 44 

7} #34 434 ## 444444#4#37l- 444 4 444 #4 

#4.

-&M44 ###3#4 #4 #4- 44^ 3^ 2. 84 444 #

4 44:4 3J^#7l#4 -§-44/I 44 4444# 4443 4714 #4

43 4335. ##437} 3443 44# # 44. 4444 #444
lO^torr 34 4 44 - Mg, Ca, Sr, Cr, Mn, An, Cd, As, Sb, Te - #

4#447} 4^4. 34 444 #4437} 333 ###4 ##343

44 $14. #44-4 lO^torr #344 4#*44# *44444 4**

471 44 #3HM #4 444 44 MaHr 4*7} $14. 4

—19 —
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2. 8. -8-3M
42] ^

 #7]#

M
elting 

Point, °C

Logarithmic vapor pressure at melting point, mmHg)
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!] 3 # ig ^

7>##lS-0- Zr-Nb ##4&4 4# HIM jl-0-1, a## 4 x]h 

a# ##4 #4! f&4 4# l&ll 14# l%5.s. 141

1 I?4t1 #5.1 400gl button# 4am4 #44M] 41 #11 

1# 111 11 1531. &1 11-til -0-411(11 3. 1)# 1-0-11 4 

# Zr-Nb 11 4 am 12:114 4#5.m Zr-2.5Nb &S4 11 50mm

all 4am 4&4 41 #!#4# 214 !#1^1.

711 1 1 Button^ ZrW 112:

1 41# ill£4 a-g-S, a#S4 Ima# #14 IIS 141 

42:4 41 1&41 11# ti}#mm #111 ##7H#4 #5.1 400g 

# buttons 4am4 -0-442:4 41 115. 7|^A£ 3. 14 5.

45.1 #4# 4-0-# 1#1 #1

1. EB button -0-411

114 1-0-1 100kW#4 l#m US -0-411 (EMO-100, 11 

Von Ardene Anlagentechik GmBH)4 7flk£f u| 2. 54, 44# H

3. 24 5.11. #14 11# 34 11#, 411^14 (crystallizer! 4 

am puller), 45.HH (bar feeder! granule feeder), 1HH1, 

beam guidance system 5.5. IS 41 4.1. H5.5. 414 H## °) 

-0-lV #4 deflection-55. 4114 #1# Ml5.5. 2:1# 1 #7]

-22-



43 3. 1. lOOkW^ 44^ 44^ ^ ^
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Sponge Zr 
Mother alloy 
Alloying 
element

5 times

Analysis Next step

Weighing

Evacutation

Charging 

in Button mold

EB Button 

melting

Mother Alloy

ZL% 3. 1. EB button ^ Zr

—24—



4 #4 37)-34 443 ##37} #ai 534 3 mm# 34. + 34. *l 

444 3xio_2~5Pa4 4^3 W# 444 3#34|xi #4434 7}#4

4. 4 3.## 3-33m#4 a# 43 3&# bar feeder 444 4344 

3 m# granule feeder447} 4444 44. & #3##34 crystallizer 

#3m #34## #3144 43 #43344 cold hearth# #4 33 

3m 14h4 # 44 pool# 934^3 44# 444 #mm 4:2m 

puller# 4444 44# 3.714 43m# 4##m4# EB drip #3)7} 

7>#44. 4 434 444 42:7}#4 44 43m# ## ##4 44 

434 Mo4 4# 44 100 mm, #4 800 mm 3344- 

Zr 4# 7i)#3#4|# 344## 4 €4 3#si mm 44 ##44 l 

5)4 #44 4#4 33 43m# 42=# # 43# #4333 #4, 

444 button melting 444 #434 44. #h§ #37>4# 4 #4

button mold4# #4#4 getter# hole(44 11 mm, 44 44 mm) 17)14

3 #44 34 500g(Zr4# 7l#)s) 44^43m# 434 # 4# 47fl

4 hole(44 24 mm, 33 60 mm)4 434 43 3.24 7)143 4 444 

3# 5-34. 4 33m#3 Zr 44# 344 4 400 g4 button^ Zr 4 

4 43m# 3^434.

2. 3337)1

EB button #4333 3#4 43m# 44 3# # 434 #44 

43 347} 5344 #3)43 #44 43# 34# 4343 444 # 

4 34 44(# 3444# 54)4 4#« 3)31 of 44. 44# 444 

4 3444 3lm 344 #433 3334- 44 #3 45334 # 

#3 431# # 34. 4# 4443 44 #33m ### 4#44 # 

5334 #44 44 37}#3# 44434.

-25-



A>y 3. 2. Button mold^ 4^(b)
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^2^ 544 1852°C2 53 EB button 5*114 3454 ^a}!^ 

353 m 5 14424 545 444 1442 i7}&

54244 43si- 42541 14. 44 4*04 44 14-424 45 

#44 512354 1415 11424 545 4444 444 4 # 

45. 55544.

a) 44 44—5. 47}55 45

• 4414 5444 45 44 : Nb, Sn, V, Mo, W, Fe

(414414 554 71-44-E 3.444 4-417})

• 2155 412:4-71 11-3 5444 &4 44 : Bi, Te 

(455:14 104414 41 17})

b) 2l4 145. 17}#4 14 : Cr(Cr-40wt%Zr),

0(Zr-9.6wt%0)

• 444 444-4 55 45

• 5*024 : 554515, 5424
- 434 144 44

- 44:437} 44,

- 544 55(554115 24)

- 314 4414 544(5424)

2. 1. 4334

5*04 454 43344 99% 444 451 1.5-10 mml 45# 

44 reactor grade 2#A] 1 r))424 444 45 1 455 5554 

244 4 3. 14, 414 44 3. 34 241. 44 14421-5 99.9% 

411 343 granule 1141

-27-





2. 2!. Zr-10.5w%0 2L#^- 312=

Zr4 #2# $7} t}7] 44141 X] a2qo].(Zro2) tg^a. ^7>S>jlx> 

4^4. 44## #44 44# 4=2444 -§-#4 2550°C3. Zr

3.4 600C 35L Jg.gj)Al ^#^4 ^O] *1# ##

44 4# -§-4 4 2065C3. #JL 14^4^ #3. 44 €4 *1 44a 4 

#4 1 Zr-I0.5wt%0 2=44 2-441- 42444. 2=^-4 4 2214 4 

7>444 # 43.^44(Zr02) #-441- 414 #4 44444. #43. 

& 3. 144 #.3L2:4(sponge Zr)4 430 ppml 2L^-#-4 2=43.

4 41 4 *hs 14444.

- Wzr02 : weight of ZrOg

(known-balance4 44 4441 4)

- Wzr : weight of sponge Zr

(Wzr02 141 171-41 sponge Zr 4)

- Wm : total weight(Wzr02+Wzr2)

(414 4 master alloy 4)

- x : wt% of oxygen

(Master alloy 14 #3= wt%, 47141 10.5%)

%% =

32
132.22

x WpZrOl

ML xlOO (3.1)

4 4 2^1 El #44 Zr02 14 44 17M44# sponge Zr 41

29-



wZr = wm - WZr0l

 3200 x Wzroi 
"" 123.22 xa% "twz
 l 3200 

- \ 123.22xa%
= ( 3200

\ 123.22x10.5

= 1.47332%,#

l)X WZrOl 

-ljx WZrOl

(3.2)

d]jL, 444 total master alloy 4-cr

wm = + %r

= (1.47332 + 1)WZro2 

= 2.47322 (3.3)

-AS 444 4 $14.

EB button -§-*0^ 5. 3. 24 5.4 4 44 13444 ^2^1

4sa44(ZrOz) #444 444s 0.2Pa4 4s4 4^

44 44) 20kw4 powers 4*3444. 145. 4704 451- 24 444 

4 Alloy ID ZrO-14 ZrO-2#, Alloy ID ZrO-34 ZrO-4# 444 44 

4"45 24 -§-*044 4# master alloy-§- 4215# ^]S44s 4# 4S 

#44^ 5. 3. 24 444 44 44 44 9.6 4 8.2wt% 44 4# 4 

4 5mm4 45 4444 4447} S.44A.S 4~§-444.

30-



3. 3. 2. #5#7># Zr-10.5w%0 5## 45 14

Alloy

ID

-§-4# &## 4#

#55#
(Zr-Xw%0)

Wzr02 Wa
Total

wt.
5#

(Zr-Xw%0) Total wt.

ZrO-1 10.5 64.85 95.55 160.4
9.61 250

ZrO-2 61.10 90.01 151.1

ZrO-3 64.64 95.26 159.9
8.23 270 :

ZrO-4 75.38 111.05 186.4

2. 3. Cr #7}# Cr-40wt% Zr 5## all 2:

Cr4 ^o> Cr##4 ^|t|7} ###q-;iL #4

4 $14-. 444 #4-# -g-44 #-§-457] 444# -§-44 Cr4 #44 

ir 44# 4 $15# Zr4 444 7>44 5#4 51##(Cr-40w%Zr)A.

5 47>43L7> 4^4. 5##& 4^44 444 #44 5# 55 44# 

f -§-44 Cr4 ##- 4#, ##& 4444 444 4 Ar 14 #444 

Plasma Arc button melting SLS. 34 44444. -§-4 444 1% 444 

4-44-44 #44 #4.

3. EB button #4

14454 #4-4- 44### 44A.5. 400g4 4## 4Jim 42=4 

#-§-# #7> ###54 7>^4* 5. 3. 34 S.44. 4#e Cr # 04 m 

#4 #45. #7} #4A4 Bi4 #4- ##-§-44 7}### ##57] 44 

#-55# 4 1045 #7>#^#.
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3. 3. 3. Zr-Nb 444] ^4 ^7> 4dzS] 7>^x]

^^^44 4 44 £ 7> 4 4 (%)

Zr Nb Sn V Mo Fe Te Cr Bi O

Zr-0.4Nb-0.5X
Zr-1.0Nb-0.5X
Zr~2.0Nb-0.5X
Zr-0.4Nb~0.8Sn-0.5X
Zr-0.4Nb~0.8Sn~0.3X
Zr-l.0Nb-0.8Sn~0.3X
Zr-2.0Nb~0.8Sn~0.3X
Zr-2.5Nb
Zircalloy-4

(Zr-1.4Sn-0.2Fe-0.1Cr)

100 115 130 200 120 280 550 400 1000 100

* 44^44 ^444 $7}t}^ 7}^}7\ 100% 4

^44 S43L5. 400g 4^4 Zr 4 4^4^4 ^-2)7} 4

button molcN °1] 44 4 4 $1S14. °1# 2]4 50 mm 2] mold 4] 431

1000 kg/cnf2] 4^ 4% 4^ 4. 44 4^4^:^ 4^4 ^4^4 44

44 ^3 ^-3-4 Ajtg -g-sflAj IQ-^^S] ^44 4443L7}

44 4^4# button molds] 47]]2] hole 4 44 44444. 

4^-32# O.OOSPa 443. 44 4^4 4 44^4 440] 44##

4144 4 -§-*114 44 44s] #44 4444 444 4^4 7>^» ^ 

444 444 M442] 44 4444 4^4 7>4# 4^(44^ 

4 : 0.2Pa)4 £444 444& 4s -M# 44443% 44 444

deflection mode# ellipse# 44444. 1444444 —5-a] x]5S4—

£44 444 7>i4#s. 444 spitting44# 4444 44 beam
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powers 7kWS 334 434 434 7## #3383. 48 2#, 34, 

44 8 534 #344# 44 lOkW, 12m, 15kW 8 20KW4 powers. 3#

444 ## 44#4 44# 3s383. 44 button! #jls4 44# 

4444 44 44 448-9-4 4###s 44 63 mm, 44 I7mm4 

button! 43.se 4s383.

4 s# 4 #4 43SS#Ei 45.488- 33# ICP4 44 ###4# 

«@383. 4M #e# # Zr #9-4 444 #44 #-8-# 3S4 4=#

LEGO TC-4363S 34484.

4] 2 4 EB drip #484 44 Zr-2.5Nb 43#. 4]^

3 #43 14434 3#4, 3#!4 433# 884 #44 #33 

#34 4! 43## #4# 4!3S 3444 83484 #3# 5kg 

8 43S4 eb drip #4434 43 ##s 43##s 3! 3. 24 s 

834 #413 4 #3 4#4 34.

1.

EB button #48#s 344 #3S# 34 8# 3 8-9-4 #34 

4s #414- 3834 #344 334 34# 34# 4434 434 # 

# 34 434 4#3# 334 43 S3 EB drip #4443 ##-## 

#3.34-44 3# 33334 #83 448 # 83. 8# 884 43 

8 Nb4 ##4 #3 #434 83 #34 #8#4 #3# 83. 13 

334 334 4388# 3!#s 350g4 8#! #3S 4s4 ##3 

Nb4 7>##e 115% 83. S3 4s##44 s#4# 3S4 #8#s 
e 33371 43 33 388# 84-34 383.
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3 times

EB casting

Fabrication Feed Stock

Evacuation

Weighing

EB Drip melting

Compaction

EB button melting

Charging

Characterization of

Sponge Zr 
Nb chip

dia.= 50 mm 
pre.= lOOkg/cm2

W = 350g 
3 times

W = 300g

Ar welding 
in partial 
vacuum

0.15 Pa

3. 2. SlU Zr-2.5Nb #^^1
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4# 3. 4. -§-^4^(a)4 Zr-2.5Nb feed stocks

4H(b)

35



#*H 4-#4 4sa#4 l 44 Nb# chips] #

4S 99.9% 444 es# 7>X]J1 #4.

2. °JJ1E ^]3:

Zr-2.5Nb ##4 r]]# 4&4# EB drip #444 4#4$i4.

444-5-5. f # W#w 7H> Zz#4 4# 50 mm 54# 4 #4^4. 

Drip #4 a] 4 #4 4# granule feeder Hi# bar feeder# 4 #4 oj: 44. 

5#4 Zr4 4S7> 3.JL Nb4 ^ 7>44 2.5%5 44 4 #4 granule 

feeder# 4## ##4 4# 47} 1MM 444 444% 4- 4# 444 

317} 350g 444 button# 45451 4# #5# #4- o] ##

# 4#o}5 #4# 44 4 #4 55 44 946mm, #7fl 6.6kg4 #55 

411:4 drip #4# feed stock*.5 4#4$-5-4 -#4# 41## 4#4 4"

4.

2. 1. EB button #41

#4 EB button #41 #44 #444# 2#414 44# 44 #4# 

444. #44 #4A# 4#4 350g 4#4 Zr 4 Nb4 45544 4 

441# button mold4 4?H4 hole4 44 44 4#4- 14#4 4]4 5 5 

#4 4sa#ss#4 52}# 7>Zz4## 44# spitting### 44144 

44 beam power# 7kW5 444 444] 4M4 6#4 #4 4 $4. 4

# 244 34 #444# 44 10BV, 15W powers. 3# 444 ## 44 

#4 #4# 4-54 $4. 44 button# 4SS4 44# #444 44 

44 44%#4 4 #4 55 454 45154 h4# 4# 63 mm, #4 

16mm, #711# 330~340g ^5^54 4# 4-4 4. l(a)4 5^4.
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2. 2. EB ^3 ^ feed stocks 7)l3

7)13# 350g# button# Zr-2.5Nb #33# ol##.# lA}#3o)l 7jj#g 

%#-## 4^-#4 #3###. ^3# #33# ^^71 #<4i ####

# 4# M4 #"5 tb £#3 3!?# #2. ##tb ^1^44 30kw#

powers, ### -g-sfl, #3# ##7)^#-, -H-sHa] ##-## #-### #sfl 

deflection mode# spiral# 7}#^}##. 7)13# oj 33# ## 38mm, # °1 

3## 300 g 4* 4^1 4. 2(b)4 3$#-.

#3# “JiS 267111- ##o)l #Sfl .#4 0>^1- M#7ll 7b#% 4# 

4# 4# 711## *!##-3 ##711- ###-# feed stocks

# 4# ##7l# #7)1 a}# 3. 4o)l 3$#-. Feed stock# #<>1# 946mm, 

### 38mm, #7)1# 6600gol^#. ## ### Zr# 3Mb##& 3##

# ##7l ### ### O.lPa »l#-3 W 0.5 71## Ar #|# #-#<41 a)

### ##

2. 3. EB drip ##

EB drip ##, ###3Al #33# 37l# ## crystallizer ### #

# # 37}## ###- puller# stroke# #### # # ##o]]a)# ## 

50 mm# crystallizer# a}##-# #33 7)13# A) 3s} #3# ### 3 

7}## ### a}# 3. 5(a)(a>#o)lA-)^ ## 100mm# ###)# 3##-.
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A>X1 3. 5. Crystallizer £7>q(a) puller^! #43

ingot(b)

—38 —



°J55 45# 44 A>^1 3.5(b)(Mo 455S] 4#*])0!] 5*1 44 4 

*1 7]#S] seed ingot# puller head *11 4444 crystallizer 4#*!] 44 A] 

44- 14 #44 4 #4# Zr-2.5Nb seed ingot*] &555 Ti °J55 4 

#4 #2:4 Zr-2.5Nb 4 JL5lr 4A]-4 AS. 4#A] ^ seed ingot# 4] 5 4 

$|54 *]# a]-^1 3. 6*)] 55&4. 5 #44 Zr-2.5Nb feed stock# bar 

feeder holder0!] 444 4# crystallizer 44 -5-444 *] #A]7]2.5,4 # 

4#yl7> 45-44. *]# 455.# 0.05Pa *145 4 4# 45.5 7fif 

#444 444 455(#444 : 0.15Pa)°l] 5444 #A]-^# 43. 

Zr-2.5Nb seed ingot# ##A] ^ pool# 4 4A] 4 # feed stock# #4 A]

4 crystallizer ti]5 #a]o)] puller# 44455 444Ai 4#

#5# 449 AM4. *14 444 deflection mode# halfcircle4 ellipse# 

444554 feed stock ## #4A] 4 4 #A] oj] crystallizer 444 ## 

pool# A1H444. *14 4444 power# 444^4 444 44 7}4 

4454 4 4554 54447} 454 28kW5 54445 *M4 feed 

stocks] o]##;e^. I2mm/min, pullers] 44" #5# 7mm/min°1^4.

3. 455#Aj

444 4-44] 44 Nb#4 #44 544 ### 443:4#

44571 44 444 #si] ^#* 44444. 4, 344444 4#, #

5 455, 3.45 feed stock# *]#44 14 #4 • 4##54 4*1 

550mm4 4555#E] #444# 44445 *]# 44 feed stock55 

A>#44 24#4# 545 #44 #455 3444# 444. *14 44 

#4 • 4##5 54# 14s] 4 #4 #444(# 5^4A] # 14-8-414 

444 444^5 2,34 #4 44# 3445 5jla]°Ha^ 41- ^144).
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A}g 3. 6- EB drip -S-sfl-g- Zr-2.5Nb seed ingot

aflsg geg Mgg g drip Mg gumg ^gg g g

gg& gg, gg, macroetching g-^ir gg gMg# g#gg31 g 

ggg gg XRD gg& W$g. MgM Nbgg# ggM g# 

#ggg& gg^ gg# g gM g=& LEGO TC-436»-3-

gg^g.
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44# #4 ^ 31#

7}###2-g- Zr-Nb #4424 44 1442S] JZ-g-4, JL### x]2 

Ht #44 ^4^ -§-44 %4 44 424# #4# 4422 244 

242 4444 #47H#4 124 400g4 button^ 1224 #442

^4.4^7}! #4 #4# o]##4 4^ 50mm 27] 4 Zr-2.5Nb 122 

42:^4# 44 1^ ^ 2#4 ##4^4.

4 1 4 Button y Zr## °J Jl^s] Jpj

4 y#44# 3,-g-y, 2444 #e4 -§-#4 #2

°1] 44 7]&4#4 442214424 44444 44 4#7]]iH -=|1 

% 400g# button^ 122# #1-424 ##4 44 7}^4

4 l7}42# 4444 544 ^fl-g-W 444 24 #4 44# 3. 4.1

4 S-44.

-§-44 ^7144 44:4 Nb, V, Sn, Mo, Fe# #l-^]4 #4 $1

4 ##244 44 444# 44# 242 44. 7144 4#-§-47} # 

7>#443i 444 Cr4 4# 5.44 M2 400%, Bi4 4# 4###2 

2 1000%# 47}44S 1224] 44 44 S11^2 444 #44 SI 4. 
444 Cr4 Bi4 4# 444 #aM# 4#4 # &# ##4#22 4 

444. 44 ##244 1045. 44 47}4 Te4 4# ##244 60~ 

105%444 444 SiA4 #44 4# 447} 7} 4442444 444 

42# # 4 441 #47} 4# #4444 422 4444. 44 Sn4

— 41 —



a 4. 1. EB button Zr

v-e
7}3L

X4)

(wt%)

4^^ ^ (wt%)
#88

(ppm)

Nb X O

Group 1

Zr-0.4Nb-
0.5X

1-1 0 0.38 2030

1-2 . 0.5V 0.40 0.72
1-3 0.5Mo 0.38 0.52 1780

1-4 0.5Fe

1-5 0.5Te 0.36 0.53

Group 2

Zr-l.ONb-
0.5X

2-1 0 0.95 1110

2-2 0.5V 0.92 0.64 1620

2-3 0.5Mo 0.94 0.52 1213

2-4 0.5Fe 0.93 0.69 2029

2-5 0.5Te 0.85 0.33 1414

Group 3

Zr-2.0Nb-
0.5X

3-1 0 1.78 1109

3-2 0.5V

3-3 0.5Mo 1.85 0.52 851

3-4 0.5Fe 1.93 0.59 906

3-5 0.5Te 1.74 0.39 1090

3-6 0.5Cr 1.83 0.10

3-7 0.5Bi 1.95 936
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#*4* 7}**} 130%S. M44 50%i M*#* Cr4

Te4 3*€ *54* 44*5* M4 4# 4*7} 44 #7}«] M

7> 7}** *^4^5 A>S44.

Zr*544 454 *5# 4#4 **5^ All 4 4* *4 1*444. 

*4 454 Zr* M44 5*4* 4*4 lOOOppm^] 444* 4(7}* 

4 100%)4 5*4 Zr6)! 544 45* SOOpp* 4# 4 *55 #7}«] * 

#A] 454 4#44 §144 MM 4 I500ppm4 4*44. 5. 4. H 

4 4*4 *4 800ppm'~2000ppm4 4444 #4444 44444.

44^1 M* #44 444 #4 #4°1 44 445. 4444. ^44 

5. ^444 44 44 14 4 24 button *44 444 Zr55*sl 44 

44 7}is] 4*5. M# 444 spitting 4455 444 #4454 

4#4 44 444. 44415 5## 4&4 47}4 Zr4 Zr02 A^Ml * 

4 447} 60045 57} 4*4 4444 #444 M5 444 545 

7M14 444 *5*444. 44455 M 4 M4 454544 4 

*55 suboxide 445 #44* 4*5 444 * * *4. 444 44 

454 37}44 444 4*455 4*44544* 45# 444 44 

4 4-5455 n *4# 4*4711 *44 * 45 444 4*44 *#

4 *4444 #4.

44* 54# * 4 44*4 Zr *5 *4 *4*4 * *5*7}* 

455* *x>* Ml 55 45* 4* 4*4 *444 **4 *44 

4. 444 4* 5** **71444 4*4* 47}* M444 *45 

5* 4 4*4 71* #7}*44ji 4444. 4471 47}** M4|* 

*4*4 45 447} 4* 45457} **4 Zr *544 4*444 4 

4 *4 45 4# 44°11 44 4*44 4*7} #4443. 7}&44.
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4 2 # Zr-2.5Nb 43^# #4

1. EB button #35.

5#4 Zr## 43#^ 4 5### ##«g& 7>5 # ###3 Si#

# 3#-o-# 4## -§-4] A] of] #7|-^-§- ### #"o"44#" 4 "o" 4 # 4 

#4# 4# 3#JL## ####. 3# 3# A] #3 4# ^44# 0>7]#

4. 4, ###3 Nb7} 3#4 3## Zr# 4^^]# 1# #4# 4#, #
#5# ##44 7>5# ##3 -§-#]!- ### spitting #433 SI#4 

3## #44# 4~§- Zr # ###3# ## 3.5]3i #£# button# 3 
Si#7]Sr #t)]7]- ###3 Si#. 2# 4 l#'§~'sfl# button# #4

S.5. #]#7] -g-tfl-i- 46|4 7]# # spitting##0] ##4 443 ###

#. ## 1# #6]]A] ##5i Aj-Efls. y-#- ## A^x] Zr# #

#4 7] si #4. 2# -g-## button# #4 ##35. ## 3# ##### 

spitting #4# ###4 ##4 4## 4# SI#.

2# ### button# #435. #4 ##435 15kW# power3 3# 

444] (4# # 3## 33)#4 4# #'4 340g 43# Zr-2.5Nb button 

4 ## # ###3# A># 4. 14 3##i button# 3## #443 4 

#-## ## - 4443 ##S14 ^# - # 443 4#44 #45 # 

44#.

#4 4. 1(b)# 44 #4# #### 44433 44 444 4## # 

43 mold# 4# °M##33## 47>#°] 4##3 ###33 #4

4# #4#SI#. °13 44 4# #444 43## ###33 44##

3 A>4# ## #3 SI#. ## 7Mi# 4# 3# button# #434# 7> 

3### 4# contrast ##3 34433 #44# 4 # Si#. #, mold

# 4# #-# 4-44A]^ 44 i~2mm ##3 #4 #4 #4#
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3 34 4 #44-4 ^47} #### 43 4#4°114# 44. 444 4

XT button #4)4 37H# #4 7} 491# 4##33 t4 #^# mold

4 W334 ###344# 444 4 4444.

#4 #44 4^ 4~6mm 444 #444 444-3 $134 444 

7>4 W# ### 44 4s 44. 4### 4444 power# #44 

button #« 4=4 4444# 44& mold&4 4447} #91433 

44 4#oi ## 4444- 444 4^9^ #3#S7} #4

44^ 44# #444 445. 4444.

4##444 4#44 444 #444 44# 10mm 4444

#443. $14. 4# button##4 S|#433 44 44# #447)1 #4 

7) #44 #44 44# power(l5kW)3 4 203=4 #444 4444 

444 3444. 44## 4449)4 ellips mode5. 4# 240mm 44. 4 

4°11 444 44 flow patter0!! #4) 7}#917} 3## free surface7> 4

44#4s 4# 44. a# 44##44 4444 ##44 3/4 44

35. 444#4 ## pool4 #4# 5mm#££ 3 4#4 #3 W# 3 

4=4# # # 44. 4# #4# mold#3s4 4M4 #44 a.7) 4# 

°11 ##433 button#44 4444# #447)1 #4# # §14# 4#

# #443 $14.

44 buttons) #44-4°) 4 ##4 49! ## 444°)1 4 #4(44 

°114 47)1 34)4 44444. 444 4# 4444 button##°114 t)°) 

4444 ## 43&4 ##4 #47} 3#$)# 44-44. 44 443S

# #4 #34 #### i9 It $134 #3# 917} 4-4 as #44 

4 #4. #443. 4444 alMl 444 #4 91 #44 #7}37} 44 

44 44 bubbled 433 34# # $134 444 444#4 #4°ll# 

#7}4 4#7} 3444.
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2. EB #54 °<3 Jim

€4:4 AS #5}r €€€ #44 #44 #4#AS4 €

#44. ab|4 £ 4#4€# €44 #4 4 AS A44 44# #5## 

€71 4# e4 ##4 7}# 47} #4o| #4 #4 57}4# €44 # 4

44 button4 €mt 44€4J7 €44 power(4 7l 4 € # 30kW)* 

## 4*44 #*A4 444 44444 4#4 44 as. *el #4 7}4 

4# #54# 4-4# 4#44A4 14454 sa€4€ 4# 4 44.

44 44AS. 4# Zr-2.5Nb ##4 44 4 44451- 4-€ 4. 24 

5.44. ##4 A4# €€ 38mm, #4 38mm €4. ##€ 44# 4A

€ 444a #4 #44 €4# #€4€ &a €4 #44 €4 44#

#4 4 #44# 44 l~2mrn A44 ##44 4#4# €€ lmm 4

44 ##€# 4# €4 €4 #55€# 444A 44.

##4 44 444 A44- zl 444# 447> 44 € 4€ 4. 24 s 

€ €444# ##4 44 5mm, €4 13mm €54 #44 # 4#€4 

#€444. #€ 4% ### 7l€ €4€4 #### S4a 4A4 4

### 4 ##57} 4#4 €AS 5.4 ##€€ #5444 ###4# 

4# €AS €444. 4# ####4 4444€ €€ 7}57} 4## 

#4 47>€ #4-4 ###4- lt«M €€ €AS #€# # 44.

43^4# 2##4 €44 #€4# 4 #€ 44 44#4# 54 # 

-§-#44 #a€ l~2rnm #414 $}# €#4 4a 4##44 444# 

7}# 4 444 € #€4 #€444. A 4# €4AS. 44-#s#si 

5mm 44 4# 4AS ### 447} 444€4. 4# €44 €€# # 

#5444 #€ 4 #44 #44 €-#4-44-5.5 44457} #s #4 

#5* s€# # 44# 4# 4 4444a €4 44. 4, #4544# 

A44 #44 #4444 #44 ### 544 9J4 ###s44€
—47 —



a}x] 4 2. EB °J JLE.S1 2]^ (a) ^
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44# 4### ##-§: # ns. #7# #33 4 #44. 4-^## f7}3 

4# t# 44# -8-441 7fl-g-^i #44 444 €• 4#44 -8-44 4 

#Hd#4 4447} 444 # 444 4-8-44 H}3 #e# #33 f 

444.

444 43# #& ##33 ####33 444 4-HI #4# 

12mm, #4# 6mm #3 41# 4# #4 #3443 ###4.

3. EB drip -§-41, #4%# #33

3. 1. 4jl^4 X##3

EB drip -8-Sfl#33 14 -g-4) • #4^33 4# Zr-2.j5Nb 4 4

4& 444 5#3#3 44 44 4.34 44^4. #334 44 49mm, 

444 550mm #44 6kg #344. 4444 44# 4 444 #33 

4 a## 44 ## 4# 43- 434 44 4# -8-34 #44# 444 

4 #4 7] 71-344 #-8-35. ### 435. ##44.

#35. a#4## 3711 #7}#4 4#4 ##4&4. -4# 4# 4. 

3(b)44 444# #4 #4 #4 lmm#44 serration4 4## #43 

5. 44-444. 4# ###44 -8-41 4 #34# 44 ### #35. 

feed Stock4 #4#3 4 pulling #34 ###4 44 ##4# #35. 

#444. ## #334 4m#4# ### ### 44# 4# 4. 3(bHl 

44# #334 #4 ##33 ##-# crack#- ### 4 #4. 4# #

##44 -8-4 # ^34# 44# ### 4 4# #33# 4w4 #4 

#4# -8-4### e# 4HI 4# 4#4 #33 ###4. 4 drip -8-

4, #3 3714 #4 feed stock4 -8-4437} pulling 4334 #44 

3/44#4 #### 44(crystallizer 4#344 443 5~ 10mm 44)
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34 §1441 44 *34 4 334 crystallizer 444 444 4 3.7]} 4* 

#711 €4. Puller^1 pulling *5* 44453 4354 45# *44 4 

/>44. 44 *^* 44471 444 #* *53 /Ml# 4^-4 444 

-5.5. 44 3/47)14 444M 444 tearing4441 44 4—5. 444

4.

3. 2. 435# #35#

44 4. 3(a)^1 5.4 43.5.* 4 54El 60mm* 4444 /fl44 44 

4 444 4 #444 44#5* 4-4 4. 44 544. 435 ^ufs) s

44444 44 344 444 feed stock33*El 4# 4 4 4*

cyrstallizer 444 44 pool3 ^444 SMI #3 433# pulling #5

* 41^ *44 41 4 3034 4/1-4 & 4444 #444 **#43 # 

4 4-44 433 44 44. 444 4 10mm 4544 3 4444 44 

444 3/444444 453 4444. 4/(13 54 #4# feed stock

* #### 4 4444 44-/1- 33433 **pool4 44# 10m 34

# 4* 433 4444.

433# 4443 4# 4444 44453 414 44 3~15mm4 

*#433 4444 44. 5# #444 #444# pulling 44=4 44 

444 #4-44 4443 434 5.433 #*# 4444 4444 # 

4 444 4# 4453 4*4 43 44. 444 44# 54# 45# 

4 4444 34434 #44 #4444 4**54 #*pool #3 

44444 #-§-#514 Zr ## drip* 44413 344# 1# **

# #434 #4 4 444 #44 4443# 5* *37114* *44 

*4# 5444 4 33* #44 414 44111].
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=^5544 -§-55#4 $(144 444 45:1-4 #

4 #"4^455 crystallizer 4 #4 4#- 5/4444 ^#4-44 ##<g ^

44M ^MiHM "#»#4 a±s 444] #444. 4

4 45.1-4 #-%Ml 44 pullingtioHMl «# ^55 ^444-7} 4#4 

44 44 544 44°1 44 44^4 44 444 ^5544 444

#55 5444.

5# 444^4 4^7> 2.5wt%5 fe^4H #4#5 4^.3:444 m 

444^4 444 4444 45 44. 44 44455 44 pulling 

4^4 ^4 4H44, 5# 5 #444 5#& 4444 -§--§-# 44 5 

43:45. 444 44 #e#4 445 4^44 544 4-## 4444 

1-5# 44 4##4xr 1 444 m# &&4-lr #& 4444.

4. 4554 ^ttI-4

EB button -g-4, 55 drip-§-44 4# 4 554 W#5 4 4:5 5 

54 44# a 4. 24 544-.

3. 4. 2. #4-4 W§-44 4# 4554 5###

5 1- Nb(wt%) O(ppm)

Sponge Zr - 520

Button-melted Ingot 2.88 760

Cast Ingot 2.79 740

Drip-melted ingot 2.83 780
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Nb# 4# ###4# 44 #44# 24447} ##44 #2 44. 

#^27§# 115%2 47}4 # #4144471 44 #4# &&44

2.88wt%7> #### 4 44 3% ^2# 427} 4444 44A1 414 

4144 44 44^47> 44 3#4|# Nb4 ##°1 444 4442. 4 

24 #4 drip## 4# s 44 ##44 ^## 4444 4# Nb4 # 

714-4 #2 #44 2469°C2 Zr4 1855 °C 2 #7l 4#4 422 #44

4. 444 Zr-Nb 249144# #444# 7}##«- 4 103% #22 4 

#42 ### 422 44 42 24 444 #444 44 4444 41 

#22 444 4#412 4444.

424 #2# Zr4#414 4414 4#4 414 4# #24 4444.

# 4444-1# 42 442^1 2#4 44# 444 424 244 #44

2#El 244# 424 ## 4424 244# #4 424 ^71-44 #
SS444. 44422 2#4 Zr# 520ppm #2 44 427} button ## 

4 76022 #7} 444-. 4# 350g button# 344 44 #4444 44 

44 ###2## 244 4224 S4# 4444 A^## 44 441 #4 

4 #44-2 #444. 4#4 #24914- drip #4144471# 44 

740ppm 4 780ppm 22 714 4 #7} 44. 44 #2A] 4 7} 4 4 power

# #4 ## 7]4#4 44422 2441 2*4# 444 44 #424 

4# M-44 #44 #4#47> 242 7}4#4A1 44444 4444 

4 4S3#4 42444 444# 44# 24 422 4444. 4# drip

##44471# 42444 2# #7}4# 4422 24 ####4 44 

4 drip## 444Ai #442##4 24# 7}#4# ### # §14. 

##422 4# ###4# ## 42#27} 4 lSOppm 42 ##44 

4 4# 44422 Zr4#4 4##4 4# I500ppm4 4 s## 4 42 

4 4442 4444. 44 24# 7}#4 4 4# 42, 42, #2# #
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4 ^7>4 #4 5:45] jL-g-4

& 4## 4 $143. 4&44.
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^ 5 ^

7}4##3# Zr-Nb ##434 44 14434 444 ##4 #34 

44 434# 44# 4433 24434# #444 #e?i1#4 #3# 

##43 44^1 #4 444 EB drip melting4—5. 44 50mm 3.714 

Zr-2.5 Nb 43E(6kg 43)# 434434, 444 #43 44 444

### 4#4 44.

1. #44 #444 4# #44 Nb, V, Sn, Mo, Fe# ##344 4 

4 #44# ^4# 35134, #44-4 4# # Cr, Te4 3## 
34-# 3# 4433 47>44 ##43# 34444. 3ei4 Bi 

# #3 44333 447} #7>444.

2. #3# Zr-10%04 3### 41 # 7}#4* 3444 4##

3# 3#44 4344 #44 #4# 4# 414# # 444.

3. Button#41, #3, ###433 44 38mm, 44 946mm4 EB 

drip melting# 44## 4|3# 4 4 3# 4 4 4 50mm, 44 

550mm4 Zr-2.5 Nb 433# ^444-

4 Nb# #5344 115%3- 47>44 ##444 44 ##4 444 

4 2.88 wt% 3 4444^-4 #7l 44444 444 ### 344 

^3 44 3% #34 433 4444.

5. 3#4 Zr# 520ppm 43 44 #37} button ##4 76033 #7} 

4434 4# #4# #4#4 ###44#4 #44 #443 

#444. 4#4 #3#44 drip #444°114# 44 740ppm 4

780ppm33 44 ##7} 444.
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