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Fig. 6 X-ray transmission observation results astiematic representation of keyhole during
laser welding of A5052 with inclined am of 10 degree at various laser powers.
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Fig. 7 Surfaces and cross sections of fiber lasét beads of A5083 alloy produced by inclined
laser beam (left) and in nitrogen shielding gas (right).
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was absent at 240 A. Bubble formation, melt flows, keyhole behavior and molten pool geometry
were observed with the X-ray transmission in-situ observation method. These observation results are
schematically illustrated in Fig. 9. Many bubbles were formed from the bottom of the keyhole during
laser welding and hybrid welding at 120 A. At 120A, the majority of them were trapped at the
solidifying front of the weld fusion zone resulting in the formation of porosity. This tendency was the
same with the single YAG laser welding. On the other hand, at 240 A the molten pool was strongly
pushed down by MIG arc pressure to produce a concave surface. All the bubbles generated from the
keyhole might disappear into the atmosphere through the concave molten pool surface depressed by
MIG arc pressure. The suppressed concave surface of a molten pool may be the reason for porosity
reduction due to the disappearance of bubbles at high MIG currents.
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(a) Laser welding  (b) Hybrid welding at 120A (c) Hybrid welding at 240 A

Fig. 9 Schematic representation of YAG laser and YAG-MIG hybrid welding phenomena,
showing keyhole and bubble generation resulting in porosity during laser and hybrid
welding at 120 A, and concave surface of molten pool leading to no porosity at 240 A.

Deeper penetration was obtained at MIG-Y AG hybrid welding, but porosity was formed when the
laser was irradiated vertically. Thus an inclined laser beam was used in MIG-YAG hybrid welding.
The formation of sound deep-penetration welds was possible, as shown as a function of laser-wire
target distance in Fig. 10. The penetration depth was slightly shallower, but porosity was apparently
prevented. The formation of bubbles was considered to be suppressed by the inclined laser beam.

In laser or hybrid welding of a thick plate, burn-through weld beads with underfilling on the top
surface are easily formed, as shown in Fig. 11. To overcome these underfilling and burn-through,
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Fig. 10 Cross sections and X-ray inspection results of MIG-YAG
hybrid weld beads made at about 3 kW laser power and ) .
240 A arc current, showing effect of laser beam Fig. 11 Example of hybrid weld

inclination and laser-wire target distance on porosity in A5052 with 1 mm gap,
formation showing underfilling.
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hybrid welding with a filler wire (named as FLA welding) was developed. An example of FLA
welding results is shown in Fig. 12. Underfilling was prevented in FLA welding (hybrid welding
with an additional filler wire). It was applicable to weld the butt-joint plates with 1.5 mm gap.
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Fig. 12 Example of hybrid welding with filler wire (FLA welding), showing top and
bottom surfaces and cross section.

3. Conclusions

Laser welding was performed with high power YAG, fiber or disk laser. Interaction between a laser
beam and a plume was visualized. The laser absorption of aluminium alloy was measured and
compared with Type 304 stainless steel. The laser absorption was high at high power and low
welding speed. Hybrid welding of A5052 alloy with YAG laser and MIG arc was performed to
understand welding phenomena, the mechanisms of weld penetration, porosity formation and
prevention, etc. The conditions for the production of sound deep welds were clarified. Furthermore,
the addition of the other filler wire during hybrid butt-joint welding was beneficial to prevent
underfilling and burn-through, and the effect of the additional filler wire on the increase in gap
tolerance was confirmed.

Acknowledgments

The authors would like to acknowledge Mr. N. Matsumoto, Mr. H. Nagayama, Mr. K. Kinoshita and
S. Uchiumi, Graduate Students of Mechanical Engineering Course of Osaka University, and J.B.
Wang, Panasonic Welding System, Co. Ltd. for their experimental work.

References

[1] S. Katayama, N. Seto, J.D. Kim and A. Matsunawa: Proc. of Int. Sym. Environment-Conscious Innovative
Material Processing with Advanced Energy Sources (ECOMAP-98), High Temperature Society of Japan,
(1998), pp. 492-497.

[2] S. Katayama, N. Seto, J.D. Kim and A. Matsunawa: Proc. of ICALEO '98, L.I.A., Orlando, USA, (1998),
Section C, pp. 24-33.

[3] S. Katayama and A. Matsunawa: Proc. of CISFFEL, IS, CEA & TWI, Toulon, France, Vol. 1 (1998), pp.
215-222.



914

[4] A. Matsunawa, S. Katayama and Y. Fujita: Proc. INALCO ’98 (7th Int. Conf. on Joints in Aluminium),
Vol.1, Cambridge, UK, (1998), pp. 67-78.

[5] N. Seto, S. Katayama and A. Matsunawa: Proc. of ICALEO ‘99 —Laser Materials Processing-, LIA, San
Diego, (1999), Vol.87-Section E (1999), pp. 19-27.

[6] S. Katayama, K. Tanaka, M. Mizutani and A. Matsunawa: Proc. of ICALEO ‘99 —Laser Materials
Processing-, LIA, San Diego, (1999, Nov.), Vol.87 -Section D (1999), pp. 157-166.

[7] S. Katayama, N. Seto, J.D. Kim and A. Matsunawa: International Institute of Welding (IIW), Lisbon,
(1999), 1X-1949-99, pp. 1-10.

[8] S. Katayama, N. Seto, M. Mizutani and A. Matsunawa: International Institute of Welding (IIW), Lisbon,
(1999, 1V-753-99, pp. 1-6.

[9] S. Katayama, D. Yoshida and A. Matsunawa: Proc. of Laser Materials Processing Conference ICALEO
2000, LIA, 89 (2000) Section C, pp. 42-51.

[10] S. Katayama, N. Seto, M. Mizutani and A. Matsunawa: Proc. of Laser Materials Processing Conference
ICALEO 2000, LIA, USA, 89-Section C (2000), pp. 16-25.

[11] S. Katayama, D. Yoshida, S. Yokoya and A. Matsunawa: [IW Annual Assembly, Florence, 2000, [ITW
Doc. IV-767-2000, pp. 1-7.

[12] N. Seto, S. Katayama and A. Matsunawa: J. of Laser Applications, 12-6(2000), pp.245-250.

[13] S. Katayama and A. Matsunawa: Proc. of 7 International Aachen Welding Conference —High Productivity
Joining Processes, Fundamentals, Applications, Equipment-, ed. by U. Dilthey, Aachen, Germany, Vol. 1
(2001,5), pp. 133-143.

[14] S. Katayama, N. Seto, M. Mizutani and A. Matsunawa: Proc. of the 7th Int. Welding Symposium, JWS,
Kobe, 2001, pp. 555-560.

[15] S. Katayama, D. Yoshida, S Yokoya and A. Matsunwa: Congress Proc. of ICALEO 2001 (Laser Materials
Processing Conference), Jacksonville, FL, (2001), Session C: Welding, 1701.

[16] S. Katayama, N. Seto, M. Mizutani and A. Matsunawa: Congress Proc. of I[CALEO 2001 (Laser Materials
Processing Conference), Jacksonville, FL, (2001), Session C: Welding, 804.

[17] S. Katayama, Y. Kobayashi, M. Mizutani and A. Matsunawa: J. of Laser Applications, 13-5 (2001),
pp.187-192.

[18] S. Katayama, M. Mizutani and A. Matsunawa: Proc. of SPIE, High Power Laser Macroprocessing, Vol.
4831 (LAMP 2002), (2002), pp.281-288.

[19] M. Mizutani, S. Katayama and A. Matsunawa: Proc. of SPIE, High Power Laser Macroprocessing, Vol.
4831 (LAMP 2002), (2002), pp.208-213.

[20] S. Katayama and M. Mizutani: Trans. JWRI, 31-2(2002), pp.147-155.

[21] S. Katayama and M. Mizutani: Proc. 30th Anniversary International Symposium 'Joining & Welding
Solution to Industrial Innovation', JWRI, Osaka, 2003, pp.167-170.

[22] S. Uchiumi, J.B. Wang, S. Katayama, M. Muzutani, T. Hongu, K. Fujii: Congress Proc. of ICALEO
2004(CD), USA, (2004), Oct.4-7, 530

[23] Y. Kawahito, S. Katayama: Journal of Laser Applications, Vol. 17, No. 1 (2005), pp. 30-37.

[24] Y. Kawabhito and S. Katayama: The Online Proceedings of LPM2005-The 6th International Symposium
on Laser Precision Microfabrication, Paper #27.

[25] Y. Kawahito, K. Kinoshita, S. Katayama, S. Tsubota, T. Ishide: ICALEO 2005 Congress Proceedings,
LIA (Laser Institute of America), (CD), (2005), pp. 920-928.

[26] Y. Kawabhito and S. Katayama: ICALEO 2005 Congress Proceedings, LIA (Laser Institute of America),
(CD), (2005), pp. 905-914.

[27] S. Katayama, S. Uchiumi and F. Briand: Congress Proceedings of ICALEO 2006, LIA Pub#599, 99,
Paper #1903, pp. 953-959.

[28] S. Katayama, Y. Kawahito and M. Mizutani: Proc. of the Fourth Int. WLT-Conference on Lasers in
Manufacturing 2007, (2007), 265-271.

[29] Y. Kawabhito and S. Katayama: Journal of Laser Applications, 18, 2 (2006), 93-100.

[30] Y. Kawahito and S. Katayama: JLMN-Journal of Laser Micro/Nanoengineering, 1, 1 (2006), pp. 5-28.

[31] T. Shida, T. Wakasa, S. Tsukamoto and K. Hiraoka: Q. J. Jpn. Weld. Soc. 17(1999) pp.493-50.



