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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 reactqrs. 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 reéult 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, hydrideg have some
effect on the mechanical properties of the Zr-Nb alloy pressure tube
regarcile’ss -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




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-25Nb 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 coppér 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 resultirig ingots.
Recently, VADER process has been developed and the temperatur
gradient énd solid/liquid interface velocity vélues in this processing
result in uniform fine grain structures with the ingot cooling rate
approximately the same order of magnitude as that in VAR. Howeyer,
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.




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
~ Manufacture of consumable
electrode for VAR
Establishment of - Effect of meltir'lg'condjtions op
1st year . . : ingot characteristics
melting conditions e .
‘ - Controle of impurities such as O,
N, CFe and defects in ingot
- Ingot manufacture by EB melting
- Study on the variables in EBM
Evaluation of melting and effect of alloying elements
behavior(manufacture |~ Effect of EB melting conditions
Z2nd year . . . ..
of the ingot with Skg on ingot characteristics
in weight) - Study on the effect of alloying
elements and impurities
Optimization of alloy |- Evaluation of ingot characteristi
manufacture prepared by arc and EB melting
3rd year (manufacture of the |- Effect of melting and heat
ingot with 100mm in | treatmentconditions on the
diameter) 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 SOmm 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 conten% 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. .




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.
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1% 2. 2. Zr-Nb phase diagram[6]

3 2. 1. Nominal Copmposition of Zirconium-based alloys

~ Alloy . Alloy elements(wt%) .
. ) : Application
designation | Sp | Fe | Cr | Ni | Cu | Nb { Mo |O(ppm)
7+ 1Nb I R T B Fuel (.:laddmg
(Russian)
: 900
Zr-2.5Nh 00108011003 - |26]| - ~1300 Pressure tubes
900 ini
Zr-25Nb-05Cu| - | - | - | - |05|25] - Garter springs
-1300|or spacers
Ozhennite 20 1lo2lon] - |1|-] - [Russan
. experimental
Pressure tube
Excel 33! - - | -1~-1-108 material under
development




Compacted Zirconium Sponge and
Niobium Electrode
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I
Forging
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% 2. 3. Fabrication routes for Zr-2.5Nb pressure tubes[1]
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(1) Electron gun (8) Water-cooled crystallizer
(2) Beam directed to melting (9) Ingot

rod and molten pool (10) Ingot pulier
(3) Vacuum pumping system (11) Viewing device
(4) Melting chamber (12) Feed tube
(5) Feed stock (13) Pellets

(6) Dripping material (14) Screw conveyor
(7) Molten pool :
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Effective beam power  Pq
on melting rod R
on molten pool Fao

Power at melting rod

Melting rod for heating P
' for melting Pa;
&—— Drip | |
Pi+Par | Power through From From
Fae rod  ingot

Crystalli . .
FYSIEizer Py, \Ez heat radiation Ps4 Pss

heat flow of vapor  Paq Pao
heat conduction P P

Molten pool L2
Balance at rod

" Pat = P11 + P21 + Pst1 + P31 + P

Balance in molten pool
Pa2 + P11 + P21 = Ps2 + P32 + PL2

19 2. 6. AAY drip &314] energy balance




(2. 2)

Py= Py + Py + Py + Py + Py
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Py + Py + Py = Py + Py + Ppy
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Al 3 A AAE &3 9

1 AR galNe) &%

AR g
Asy] o] B

10.1 +0.331ogT — 0.265x107°
2. 5)

E4 % (), dte SAIH(=R), PE &
R_-r°: 7] 4 34=(82.06m> atm/mol K)o] i1,
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Logarithmic vapor pressure at melting point , mmHg)

+Cr

0 +Ca
i .—.m.t- .M.mU
. Fg Mos
+V' +Re
2 Se + ~ Ba+ On..n_.un o
. >@+Z:.... Tyt
-3 vos
i Kb
+ +
-4 CU" si +py
~r +Zr
i Au + +
. ¢ Th
°T *K +Ge
r + Na
|m L ..-.._N 1 L .-..._+WC A S T B SE IR
10 10 At 4o 0
Melting Point, °C
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7t4E 28 Zr-Nb g AEe] dig 1xhd =9
FZE &9 A &t F2Ad diF 7xdT 2
o1 gE/lete]l B3 400gd buttond YIRE] {A|Zo] g A3
He 18 Ve stk B AR EHFXAA 3. DE ]85t
8 Zr-Nb & J1E AXATY 4802 Zr-25Nb £49 A% 50mm
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1. EB button £ 3]%3X]

Aol AME®E 100kWHY t8%= Axy &A= (EMO-100, =¥
Von Ardene Anlagentechik GmBH)2] /MR EE a9 2. 59, 48& AR
3. 2] ¥ AR FAL 371] ARE, A&4FZ23 A (erystallizers o
TE puller), 92 T3 A X (bar feeder®t granule feeder), FAFTFZXH,
beam guidance system & FAHo] o}, FHOZ Al AAHE o]

£33 W9 deflection® 2 X2 BAS aHHoz 2EE & 7]
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Zr-10wt%0

Mother Alloy
Zr—-60wt%Cr

Sponge Zr
Mother alloy
Alloying
element

Weighing

Charging
in Button mold

|

Evacutation

EB Button

melting

|

Analysis Next step
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HEo] A dux Z4E7 21 T JIEES IS F e B
obug} 3x10°~5Pad] vlmd Y& WA WFEA §a%go] Hat
o 95 FF WHoEEN T Z4Y A FEE bar feeder FX S FEAS
Al2E granule feeder@ X7} & 5o ¢} & Sl FFH Y crystallizer
doz EAFEHES fstd AH Hol=FH AU cold hearth® T3 AF
o2 Hoj=d F £§ poold FATHHEA

puller& 3IAAA ddte 279 du

7hssttt. o] Wil -4°P°°1 Az7bs

Alfe] &FHEZ o]o] Hgte 1
Az & =S 5AHoz 44,
A ZHe button melting FX7F £&F=o] gtk 9 FEI/YE o]4F
button moldll& FAF-¢l getter& hole(Z°] 11 mm, A% 44 mm) 17}
3 F89el Ad 500gZrEw 1) MEZYREE A2T + e M
¢] hole(z°] 24 mm, 7 60 mm)o] o™ AL 324 AFE L AFA}

S Bt oJ]FLR2REH Zr FEE EEF ¥ 400 g9 buttond Zr ¥
YAEE AXsHTG

2. Y8R

EB button 8slHo2 &% JuEE A de + doy &8
AN E AAZE #dstA A et A7le BYE AAS] At §
4 33 ol (R ATelME 53¢ A4sE P L olE® A
A AR ndE st FHHYU HHEES FH&Y &
Ax A" £ gtk ol 53] ¢ &

429 S wet Arhiwe 2Esith
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(a)
$60 044 $60
h24 " hi1 h24

A}A 3. 2. Button mold®} @ E(a)e}t 21 (b)




A23F §3 ol 182°CE ¥ EB button §3A] nWF3 Az o

2 op|He UL &4E HY9 FS594 HIE BYFgoEN

EXE2AY JIEE AXsAor 3t o]E SN WA 1AAEY dF
2

RE A8t §3R49 E4L olgde] Tge A A

L)1 F7i¢te] ¥& F£ : Nb, Sn, V, Mo, W, Fe
(dud 8L E3lo 71528 nedld AFH7D

28EE AFdy) g5 V1Y & F$ 0 Bi, Te

A=A FHTEEE, IHEA

2.1 N=2=32§
Lo AHEH A2IEFL 99% o4 £=9 15~10 mmY YEE
Zr= reactor grade 2¥EX| FEHow dEF &4 ¥ HgSH EFEEY

ZAE E 3 19, 485 A 3. 39 B2Yd A FEELAES 99.9%
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2. 2. AA2HME Zr-105w%0 2EF A=z
Zrol AAE I 87l fsiAe AE2IYHZrOy) BeElE Hrbstmar
St ey duldyd dato] ostd A2 3ol §Ho] 2550CE Zr

B} 60T HE o} £314] F2929 B o] Ut ojg F

=
ok
o
BN
o,
tlo
P
bl
g:g
2
',
2
o
a2
io)
=
=2

317] 98 §4-o] 2066CE

o o4 Hemz FASAC.

- Wzo2 : weight of ZrOs

(known-balanceel &3] SHHE &)
- Wz . weight of sponge Zr

Wz ST F7HH = éponge Zr %)
- Wn  : total weight(Wzo02+Wz2)

(8%% ¢l master alloy %)
- X : wt2% of oxygen

(Master alloy 29 4F& wt%, 9714 = 10.5%)

32
X Wz
e = A * 100 3.1

m

R Ao 2RYH 44 ZrOp ol W} F7FEoFE sponge Zr ¥

—99




VVZr = Wm - I}VZ?'OZ
3200 X Wa,0p W
123.22%xx% 4%

P00
= (e 1) e

300
= (mxns ~ L)X Mo

= 1.47332 VVZrOZ (3.2)

o] a1, w}#}A] total master alloy ¥

Wm = VVZrOz + 'WZr
= (1.47332 + DWsp
= 2.47322 Wy (3.3

o2 A F o
EB button §31& £ 3. 29 BQl w} Zo] FFdt AEX ANE23AF

A23UoHZr0z) B2e £33l AUz 02Pag njnad ¥ A

ol

) e
A Hd 20kWel powerZ AFFKAT. 142 4749 ARE 23] 4
% Alloy ID ZrO-13% ZrO-2%, Alloy ID ZrO-3¢} ZrO-4& &3t9 Z+z}

&

712 23 4318ty FZF master alloy$ YIEE AxddHz FF A&
M= ¥ 3. 20] YEHA vl o] 74zt 96 D 82wt% ATk ol A
7 5mmel3tE Haste] FFHI EFFLE AHESH T
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E 3 2. AAFEIHE Zr-105w%0 EEE Al 27

Alloy &34 233 54
iz A]
D (—Z'i‘;oj Wzoz | Wz va):l (zi}:im Total wt
7rO-1 105 6485 | 9555 | 1604 |
ZrO-2 " 6110 | 9001 | 1511
7rO-3 " 6464 | 9526 | 1599
7r0-4 " 7538 | 111.05 | 1864

2. 3. Cr 78 Cr-40wt% Zr 2= A X
At oz Cre F71¢ol Eol CrEse AFLsirt 23sigdn ¢
o} wEld Az Lo FEIHR7] A= &2 Cry S

€ qAT F A=EF Zrd - I 249 BIF(Cr-40wHZn) 2

2,
s

2 A7snA 9 2EES AZsy) 984 A 2oz Fd
Z g3 Crd ES i, 48 Ay st o Ar 171g8e A
Plasma Arc button melting 2.2 33] £33}t &3] AFd 1% o]3}<
FAZ ] FESH AT

3. EB button £3j

1AdEe] Ao dudde ngoZ 400ge HEY JUE AXA
AL HA7 dF94Y JIEAE F 3. 39 EYth o]EF Cr € O &
A FHE HUT 9o Bidl AL AFL&F M5 AdE Fotry] ¢l

Ex x4 10d= H7tetsdth




¥ 3.3 Zr-Nb §2AZA #HA7l 929 715X

R T AoF A %)
B+Z A 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-0.85n-0.5X

Zr-0.4Nb-0.85n-0.3X

Zr-1.0Nb-0.8Sn-0.3X

Zr-2.0Nb-0.85n-0.3X

Zr-25Nb

Zircalloy—4
(Zr-1.45n-0.2Fe-0.1Cr)

100 | 115 130 {200 | 120 | 280 | 550 | 400 {1000| 100

« BXzA4H S FrhE A% AFHTE 100%)

AR Aoz AFY 400 AEY Zr £ FFLAY Rus FH
button moldle] FYT & AT ©|F FHE 50 mm¥ moldo] ¥x
1000 kg/errd] dH oz HEGsIAt. old UL HAEA FFA H
A& dAstmA sk

43l= W4 AFAE button mold®) 4719 holed] ZtZ FAstch
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H : 0.2Pa)] Egstd HAWE A §3ME AFSFRL olu A=A
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ANHezA AE R S8iA] FFE4Y
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powers TkWE Z1zhe] Almo] qalA 737 SaSQh o 2%, 3%

42+ 9 5ake] oA e ZtZh 10KW, 12KW, 15K 2 20kWe] power® 3%
#4839tk ol buttond YITES HA

Hoz A% 63 mm, F7 17mmel

EB button &3Jo2 A%
AR AR} 2L SHHA
4 38 ojde] AgdAE Walk
FAET 9o B4 FIPi9 &

" Nbel &30l &1 F7I¢e] &
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L. Sponge Zr
Weighing Nb chip
Compaction dia.= 50 mm
pl pre.= 100kg/cm’
EB button melting w C 350g
3 times
EB casting W = 300g
. Ar welding
Fabrication Feed Stock in partial
vacuum
Charging
3 times Evacuation
EB Drip melting 0.15 Pa
Characterization of

a3 3, 2. AR L] 93 Zr-25Nb &F¢ ATE AR FIAE




& feed stock

5Nb &
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AzH Zr

(a)s}

A

&ota &4
(b)
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L3 ALY XNEIFL x5 1 3 FY3g 2 Nbe chipe &

BlZ 99.9% olAte] ¢ 7IX 1 ot

2. YIE AZ

Zr-25Nb &9 93 AzoE EB drip €381 e] A&
dxH o2 £ 59 A7 50 mm I7]E o]&3tarh.
Drip £3]A] 3831+ granule feeder =& bar feederE ©o]&3of Hr}
AEA Zre] AE7F A: Nbe HUskol 25%2 #F 7] w&o] granule

feeder® oY A%l FEH7 WP WAl AZIY o1& IR

A 350g W9 buttone AFSI3L o]E FHLE FERIAG. o] FE
o=

& AFola &FHL 3t HFHoR Zo] 946mm, FA 6.6kge] ¥

HEo] drip £ & feed stockoE AHESIR o™ AT W& a3 2

2. 1. EB button &3

WAl EB button &3fF= st &fE2S 2 R 3}
Rolth, A4 o2 AFH 350g A= Zr 2 Nbe| 84
A2 button mold®) 471¢] holedl 2z &8t ch

A NEzagoeZRy FAI 12YER A= spittingd A4S A8
213l beam powert TkWZE ZtzZte] Ao didjA 6% &3, o
% 239} 33 gl E ZHZF 10KW, 15kW powerZ 3% Ui9e] & Azt
¢t g3E 958yt old buttond YLES WAL WAF]
i3 Hygon HFHow AzxH JuEY AVE A7 63 mm, FA

16mm, TAE 330~340g ARG o2 AA 4. 1@l BT




2. 2. EB % 2 feed stockd A=

AzH 350g9 button® Zr-25Nb YLEE 0|83l 1xdxo] Mg

52338 olgsd] FaAAT. FzL JLES F27] de AXAZ
% WE So9 59 ¢ 242 APL By SolA 30kwe)
powerZ F&3] &3, FF2E JYIAZHD. &

deflection mode: spirald AFESIT. Ax

A7]9] 300 g AEE °]F AR 4. 2(b)ell BT}

Zzzd J1E 2671F ANl o8 99 olRE FPaA H2E FL
olg &4 AFE IFota §H7E |83 feed stockeZ AFXJHL
™ o]l& &7 A ARA 3. 4] EHrh Feed stock® ZolE 946mm,

A¢ 38mm, FAE 6600gol Ak, 3] LA Zrd] mEeAHL mas
o 277 WEe AFE 01Pa o3t &% 05 7142 Ar AL A A
s4e 29 AR

2. 3. EB drip &3

EB drip €3, Q&F2A d1ES A7 747 crystallizer WH-9 &
W = 79 AR pullerd] stroked] YE3dtE vl E dFgAE A
50 mm¢] crystallizerg A}83te] JTE AZE AEdPgoed FUF =
7hd el oEd S AR 3. ()Xl = A7 100mme! ¢l B A




A}A 3. 5. Crystallizer W52 3% =7h(a) R pullerel 332
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ER Zre] BAFAY 14 &3 B, &
$E3 ZwHql slre B2 $AE Hue spitting @44 oz 213l
x99 e $§ Zr 2 ¥F949 €4 183 o] £F button &

d5Hn Yok 23 ol 14899 button 3
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