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A Study on Effects of Parameters on Beads
by Plasma Arc Welding for Zircaloy-4
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Abstract

A study was undertaken to determine the influence of welding variables such as shielding and
plasma gases, torch standoff, travel speed and heat input, etc. on the quality of plasma arc
welds in Zircaloy-4 sheet, 2mm thick. Effect of shielding gases and their flow rates on the
mechanical properties of Zircaloy-4 welds by plasma arc welding were determined in terms of
tensile, hardness and bend tests. The microstructure and fracture surface of Zircaloy-4 welds
were investigated by optical and scanning electron microscopies. In addition, the causes of
porosity and undercut in plasma arc welds of Zircaloy-4 were also investigated.

Zircaloy-4 weld bead width and depth by helium shielding gas showed a wider and deeper
than those by argon. It was found that Zircaloy-4 welds with shielding gas of helium did exhibit
a little smoother and uniform weld beads than those with shielding gas of argon. It was also
found that the optimum gas flow rates for Zircaloy-4 welding were 0.45 ! /min for plasma gas
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with Ar and 4. 5-6 ! /min for shielding gas with He. In addition, there was no big difference in
the microstructure and fracture surface of the weld metals made by either Ar shielding gas or

He shielding gas.
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Fig. 2 Tensile specimens (a) longitudinal bead-on-
plate weld, (b) transverse bead-on-plate
and (c) base metal.
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Fig. 3 Weld beads made with different flow rates of
plasma gas{l/min). (a) 0.15, (b) 0.45, (¢
0.6 and (d) L

Table 1. Welding parameters to investigate the
effect of plasma gas flow for Zircaloy-4
sheets with plasma arc welding

Travel speed (mm/min) : 320,

Welding current (A) : 45

Shielding gas, He(! /min) : 10,

Welding voltage (V) : 20

Plasma gas, Ar({ /min) : 0.15, 0.3, 0.45
0.6, 1, 1.5

Table 2. Welding parameters to investigate the
effect of shielding gas flow rates for
Zircaloy-4 with plasma arc welding

Shielding gas flow rate ( [ /min) : Ar 2-20*
He 2-20*

Plasma gas flow rate ( { /min) : Ar 0.45

Torch standoff (mm) : 3 (3-8)*

Electrode setback (mm) @ 3.2

Thoriated tungsten electrode (mm) : #2.5

Welding current (A) : 45-60*

Welding voltage (V) : 19-26*

Travel speed (mm/min) : 320

changeable in accordance with the experimental
purposes.
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Fig. 4 Weld bead width as a function of shielding
gas flow rate of Ar and He.
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Fig. 5 Effect of shielding gas on the HAZ width of
welds made with Ar and He shielding
welding.

(a

b

Fig. 6 Comparison of welded joints made with
different shielding gases of (a) He, and (b)
Ar,
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Fig. 7 Voltage change in Zircaloy-4 welds with
plasma arc welding as a function of
electrode standoff distance.
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Fig. 8 A typical hardness profile of plasma arc
welded Zircaloy-4 specimen with different
shielding gases.
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Fig. 9 Microstructure of weld metal and heat
affected zone with different shielding gases
of (a) He, and (b) Ar
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Table 3. Tensile properties of base metal and plasma arc welds of Zircaloy-4
. yield Tensile Elongation Reduction Shielding
Specimen strength strength of area

(kgf/mm?) (ket/mm?) (%) (%) gas
Base metal 27.2 33.7 21.8 25 -
Transverse weld 3.5 37.2 7.2 17 Ar
Transverse weld 32.8 40 7 16 He
Longitudinal weld 35 41 13.5 18.8 Ar
Longitudinal weld 38 46 10.0 18 He

Fig. 11 Fractographs of Zircaloy-4 plasma arc welds
made by shielding gases of (a) He and (b)
Ar.

Ard} He§ B35 7122 AMR-3te] Aztd 874
H 25 Fig. 12(a) ¢ o] FUFIAHAME <
I 28y Ar B3t 93 S H A He
JEFHANEAME EF #35Ao(Fig.
12(b)). B37}2 Hedl AF B FHA oM B
F7k2 % 3451 /min AN SHE o|HF
FAE A HoAME 7EEA R ohel vax 2
AR gt a#y o) Bty BEsA H
FoMe Azt T uepA E8=
opol3 oz HAR I EAQA Zircaloy-48 &
A7) A ddA 284S 1 5 e &4
710l gysojof Fo] S-HgAY Aoz 4G
"t ol HARTE A2 HAA A7) 2T
AeiHe] Q=f2 &R 27 Y (jodine induced
stress corrosion cracking) & XA F A& F4

7t 2 5 7 WEeldh

550

4.5 0JMZEZ G ot ZHAL

Fig. 132 Zircaloy-4¢] ZtZv} o}z £ A
B3 720 g S 5-9F AR vHz3F ]
o F BIvizoA £FKE R A¥HY F
44 (columnar) 23 & BAF 1 gla F4AAY
A uA] dHEtolEZe] S P oA EY Hlg
o|E7} A KO a-HYEol HE dAHE vl
29 B (basketweave) TZAo® AL 3
EFFF = WE YGE =93 AR edEof
M2 33§ 314l Widmanstatten eZ 3 o] A 5
I UG7. F REIIA Aold mE £ L &
FERAAY Az E & Aole glou B
3712 He A9 8479 44 2ol Ard &
oA ®o} o A

Fig. 145 B &7~ & Zircaloy-4 £H B &
SUAE g8 mag AHe mdde] FALA
ZH@n 7 ALl o2 Fig. 14(a) &= Hetl A$2 &
H Sadd 83 oAz Q A E 23
A e-TAHE wE gt A Ao2 Yuiny
9} F2 JE (dimples) 53} 2H2 Fo|x| gt 2)A13]
A} 7} (quasi-cleavage facets) = 2.¢lth,  Fig.
14(b) B357F2 Ardl A9 F8HF0A 73
H AHY Hdwioz He AF9 o] o-RA4ES
o2 Y7t EH ol Fig. 14() 9 2ol o
Z3 A% qAAAEHET BRHAT dA 3
(ductile fracture) 2} & % Ut}

5. 2 &

g A RQ Zircaloy-4 B 2] PAWAIA =2}
Zul 7k~ 2 Ard} Heoll 93§ B3E712~9) 9 F

Journal of KWS, Vol. 15, No. 6, December, 1997



Zircaloy-42] ZE g}z vlolA & HoN N W EFI v =g oAl & 65

o] Aol vX = FE AL A L gL
AE2E 4.

D) E2tznh 7b22 Arg AHESl f3o] 0.
451 /mind W G| £E§I& SuLE o
Foll 8901 34 € Zo] Y3}

2) He B3&7k2Q A 9§ Ard} vlarste] §3n)
=, 83 2 g9t 23 A ® RIS
7} ArQl 79 BHB =7 BE3tn o) ¢
3t ot HeQ) A9 742 8%0] 4.5-61 /min HY
oM B&a AF o] dde FHVEE I

3) He, ArR &2 RFoA AT AW X
A7t S7 g wet Adslo] Frhstd =l He?
7t Ard $-2.0}h AHgte] o wokoh

4) BE7t2o] o SHYEY mAzzL
basketweave Z2|-& ¥ §slE FAY A1 99
FH o A= Widmanstatten a3 g 7R o B
7h2:o whet 2A ] Av|ele 2 o7} YT

il

D& &

1. L. E. Mills: Zircaloy Welding Techniques
Developed for Plutonium Program UQ, Fuel
Elements Fabrication, Welding Journal, Vol.
40, No. 2, Feb. 1961, pp. 141-151.

2. J. J. Vagi, R. L. Koppenhofer and D. C.
Martin: Methods of End Capping Zirconium-
Clad Reactor Pins, Welding Journal, Vol. 38,
No. 2, Feb. 1959, pp. 78-84.

3. V. Ram, G. Kohn and A. Stern: CO, Laser
Beam Weldability of Zircaloy-2, Welding
Journal, July 1986, pp. 33-37.

4. J. H. Koh, J. W. Lee and S. H. Jung: The
Effect of Weld Line on the Mechnical
Strengths and its Elimination Process in the
Zr-4 Resistance Upset Welds, Journal of the
Korean Nuclear Society, Vol. 23 No. 1,
March 1991, pp. 1-11.

5. J. H. Koh and H. S. Kim: A Study on the
Zircaloy-4 Brazing with Beryllium Filler Me-
tal for the Nuclear Fuel, Journal of the Kore-
an Welding Society, 11(4), Dec. 1993, pp.
177-185.

6. C. W. Chang and J. Szekely: Plasma Ap-
plications in Metal Processing: Journal of
Metals, Feb. 1982, pp. 57-63.

KBIEBREEE P15% 6%, 19974 128

7. R. Hou, D. M. Evans, J. C. McClure, A.
C. Nunes and G. Garcia: Shielding Gas and
Heat Transfer Efficiency in Plasma Arc Weld-
ing, Welding Journal, Oct. 1996, pp. 305-
310.

8. W. R. Reichelt, J. W. Evancho and M. G.
Hoy: Effects of Shielding Gas on Gas Metal
Arc Welding Aluminum, Welding Journal,
May 1980, pp. 147s-155s.

9. J. P. Larue and M. Thomsen: Plasma Weld-
ing of Carbon Steels, Proceedings of the Int-
ernational Conference on Joining of Metals,
Helsinger, Denmark, Ingenior Hojskolen
Helsingor Teknikum, 1981, pp. 28-35.

10. K. E. Nielsen: Plasma Welding of Unal-
loyed Steel, Proceedings of the International
Conference on Joining of Metals, Helsingor,
Denmark, Ingenior Hojskolen Helsingor
Teknikum, Helsingor, 1984, pp. 107-113.

11. D. Lavigne, P. Van der Hawe and M. Mak-
symowicz: Automatic Plasma Arc Welding,
Joining and Materials, July 1988, pp. 19-25.

12. J. K. Martikainen and T. J. I. Moisio: In-
vestigation of the Effect of Welding Paramet-
er on Weld Quality of Plasma Arc Keyhole
Welding of Structural Steels, Welding Jour-
nal, July 1973, pp. 229s-340s.

13. D. G. Hardy and N. A. Graham: The Per-
formance, Strength and Corrosion Resis-
tance of Brazed Joints on CANDU Fuel Bun-
dles, Trans. ANS, 1974, p. 19

14. J. K. Dawson, U. C. Baugh and J. F.
White: Observation on the Early Stages of
Oxidation of Zirconium and Zircaloy-2, Elec-
trochem. Technol. 4, 1966, p. 137

15. K. Hiraoka, A. Okada and Inagaki: Effects
of Helium Gas on Arc Characteristic in Gas
Tungsten Arc Welding, Transactions of Na-
tional Research Institute for Metals, 20(2),
1986, pp. 37-43.

16. C. J. Allum, B. E. Pinfold and J. H. Nixon:
Some Effects of Shielding Gas Flow on Ar-
gon-tungsten Arcs Operating in High Pres-
sure ( 1 to 14 Bars abs.) Environments,
Welding Journal, July 1980, pp. 199-207.

17. R. A Holt: The Beta to Alpha Phase
Transformation in Zircaloy-4, Journal of Nu-
clear Material, 35(1970), pp. 322-334.

551



