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Introduction

Our previous calorimetric studies! of weld melting efficiency and arc efficiency in the GTAW
and PAW processes have naturally led us to speculate as to the magnitude of the efficiencies in
the LBW process which to date have also not been adequately investigated. Most welding
engineers that have had experience with the LBW process are acutely aware that the metals'
absorptivity, the surface finish, and the laser wavelength, all play an important role in affecting
the energy transfer efficiency, but the extent of their influence and our understanding of the
influence of other process variables is not well understood. In addition, it is widely thought
that only the LBW or EBW processes can be selected for applications where thermal damage
and distortion from the welding process must be kept to a minimum. For these reasons, we
have looked forward to performing these calorimetric experiments since they potentially can
answer such important questions as: whether or not the melting efficiency of the LBW process
is superior to that obtainable with conventional GTAW and PAW welding processes? This
study was prompted by poor production yields on a switching device due to cracking of the
ceramic header after final closure welding with the CO2 LBW process. This calorimetric study
was begun in hopes of determining if allowed variations in production process control
variables were responsible for increases in heat input and the resulting thermal stresses. By
measuring the net heat input to the workpiece with the calorimeter and by measuring the laser
output energy and the weld fusion zone size it was possible to determine the magnitudes of
both the energy transfer efficiency and the melting efficiency as well as observe their
dependence on the process variables.

Experimental

The production weld schedule in question is given in the appended figures, the weld schedule
is not unusual since the laser power was quite low and the travel speed was relatively high; we
would expect from our past GTAW and PAW studies that these conditions would produce a
weld with a high melting efficiency. Of a much greater concern however was the inexact
method of determining the focused spot size, and the fact that the spot size had to be increased
in order to bridge joint gaps necessitated by part mismatch due to generous fabrication
tolerances and deburred edges. Since spot size strongly affects the power density the
experimental variables were chosen in order to vary the power density and yet produce welds
with penetration depths similar to the production parts. This was accomplished by defocusing
and selecting different focal length focusing lenses to vary power density; since the depth of
melting was found to increase with power density, a reduction in power and/or an increase in
travel speed were required in order to compensate.

Welds were made directly into an open Seebeck envelope calorimeter2 mounted on a CNC table

in the workstation of a slow flow 1200 watt CO; laser. The welds were bead-on-plate type
located in the center of an 0.050 in wide 304L stainless steel machined sample. The calorimeter
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output trace was recorded with a digital oscilloscope and subsequently integrated to determine
the energy absorbed by the sample. Fusion zone geometrical
parameters(volume,penetration,width) were determined from the average of four
metallographi¢ cross-sections for each weld.

LBW Melting Efficiency ‘

It was found that the practice of defocusing the laser beam could significantly reduce the
melting efficiency. Sharp focus welds with penetration depths equivalent to defocused welds
were made with net heat inputs to the part up to 50% less. It was also found that welds with
equivalent net heat inputs were produced with differences of over 300% in penetration as a
result of changes in the focusing optics. These observations indicated that the melting
efficiency was increasing with power density, although the actual dependence could not be
determined since it was not feasible to measure the spot size in the experiment. However, the
suspected dependence was corrcborated by the additional finding that melting efficiency was
proportional to depth-to-width ratio, which is consistent since weld depth-to-width ratio is
usually a good indicator of laser power density. ‘

For most conditions melting efficiency showed a roughly linear dependence on fusion zone
aspect ratio from a low value of about 5% to a high value of about 32%. These top values
were surprisingly low when compared to the best values we have measured in the past for arc
welding processes. There was however a small group of welds that had unusually high melting
efficiencies(a peak of ~45% ) when compared with the rest of the data. Upon further
examination it was discovered that these welds had melted all the way to the edge of the sample
producing a two dimensional heat flow geometry that was more like the heat flow in the arc
welds we had studied previously. A literature search on the subject of melting efficiency
revealed that the maximum melting efficiency obtainable for any welding process is dependent
on the heat flow geometry in the workpiece. Based on analytical solutions using Rosenthals'
moving heat source equations it has been reported3 that joint geometries that establish a two
dimensional heat flow condition can produce a higher melting efficiency than three dimensional
heat flow geometries. The predicted maximum value for two dimensional heat flow is 48% and
the maximum value for three dimensional heat flow is 37%. These values are very close to the
maximum values reported above for the two distinctly different groups.

It appears that the three dimensional heat flow geometry that is typical of most of the welds in
this study is responsible for the lower peak melting efficiencies when compared to previous
values obtained for arc welding where two dimensional heat flow occurred and when compared
to the small group of welds in this study that melted to the edge and therefore also had two
dimensional heat flow. It is important to note that the maximum melting efficiency obtained in
this study for the CO» LBW process is not any higher than the maximum obtained in our
eartlier studies of the PAW and GTAW processes. It was also observed that when the melting
efficiencies we have measured for these welding processes are compared on the basis of weld
size, it does appear that the LBW process may have an advantage in achieving a high melting
efficiency for very small welds. More arc welding calorimetry needs to be done for very small
welds however to verify this observation. :



LBW Cnergy Transfer Efficiency

Just as melting efficiency was found to correlate well with the fusion zone aspect ratio the
energy transfer efficiency also correlated well with the aspect ratio. Unlike the arc welding
processes the LBW energy transfer efficiency is not a constant and was found to vary from
about 20% to 73%. It is thought that the increasing fusion zone depth to width ratio helps to
trap the laser light in the workpiece due to the Mendenhall wedge effect(multiple internal
reflections). The inability to accurately estimate the energy transferred to the workpiece is a
serious shortcoming with the LBW process at least for the partial penetration conditions
represented here. Noting that the energy transfer efficiency was found to approach its
maximum value for the high aspect ratio welds, it is reasonable to expect that when the process
is used in the deep penetration keyhole mode the energy transfer efficiency will be more stable
at a high percentage for most conditions and likely easier to estimate. For welds like the partial
penetration welds represented here it may prove beneficial to measure the depth to width ratio
of a weld in order to estimate the energy transfer efficiency since there is a good correlation
between the two dependent variables.

As a consequence of the wide variation in energy transfer efficiency that occurred in this study
the traditional welding heat input parameter in j/in, which is found by dividing the heat source
output power by the travel speed, has been shown to be a poor indicator of the actual heat input
to the part and therefore has diminished value in LBW weld schedule development.

1. Knorovsky, G.A., Fuerschbach, P.W., "A Calorimetric-Based Comparison of Gas
- Tungsten and Plasma Arc Welding Processes", Proc. JOWOG 22D Joining Subgroup
Meeting, (Aldermasten, UK, Oct 4-6,1988).

2. W.H. Giedt, P.W. Fuerschbach, L.N. Tallerico, "GTA Welding Efficiency-Calorimetric
and Temperature Field Measurements," Welding Journal, 68(1), pp. 285s-325s (1989).

- 3. Okada, A. 1977. "Application of Mélting Efficiency and its Problems", Journal of the Japan
Welding Society, 46 (2) :56-61.
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DEFINITIONS

ENERGY TRANSFER EFFICIENCY =
~ NETINPUT ENERGY / LASER OUTPUT ENERGY

MELTING EFFICIENCY =
ENTHALPY OF WELD VOLUME / NET INPUT ENERGY

MpP

ENTHALPY = [ AHf + J cp (T) dT] - Volume
RT ‘
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O Fig. 3— Laser welds on 304SS illustrating different heat flow
patterns: (a) melt eff. = 0.04, (b) melt eff. = 0.39
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Fig. 5—Laser beam welds on 304SS illustrating postulated
heat flow patterns: (a) D/'W = 0.40, (b) D/W = 0.80



(ww bs) yIHV TVNOILDIS-SSOHO Q13M

S°2 02 St 0"t S0 0°0
. . . . . , . v ' 00
mg1z209 o
MVLD @3STind e )
- 4 L0
MVYd o o
 MVIS = ut LB
L . ) (14 . 4¢0
P I
“ -
-aoo o .
_ od g 41 €0
R
i 5%, ¢ @ 0
[ ] oo o 7
a °
o ]
i re 1 2 1 ‘ P [ | Y m.a

SS Y0E NO S3SSID0Hd MVLD
ANV MVd ‘M87 IHL HOd4 SIIONIIONL43
ONILTSIN 3HNSYIN 40 NOSIHYAWOD

AON3101443 ONILT3NW



v‘.o.

OiLvd HLAdIM Ol Hld3d

b 8°0 9°0 v 0 Z°0 0°0
- T L T T T T T ; 0
o ,
[ a ﬂ_n T
a
- g0 o ° 4 0§
pao O
a nm_ -
a
- =] , o <4 00L
al 4
a
a a
- 4 <4 0Si
. 1 N 1 " 1 . 1 s 002

OILVH 103dSV 3INOZ NOISNd NO NOILVHLIINId
G73M d3ZITVWHON 40 FON3IAN3Id3IA ONOHLS

([wwy/py] / wa)
LNdNI Lv3H HVaNIT /

‘N3d



Ollvd H1daim Ol Hld3d

1 8°0 9°0 - v'o c°0 0°0
' T v T ' — Y v 00

i 060 = ZvH 4 g0
(Mm/a)se9'0 + 80°C = 313

1 A 1 A I3 " 1 i - °.P
OlLVH 103dSV INOZ NOoIsnd
3HL NO AON3iJIdd2 H3I4SNVHL

ADH3INI 40 3ON3AN3Id3A ONOHIS

AON310id43 H3I4SNVHL ADH3NI

=)



0089

(ur) LNdLNO H3ASV1 TYNINON

00s oov 00¢ eo0c¢ oct

0

y's

5 a] n% nnn_“_nnu nn_u_H
o M

mgh

1 . 1 . 1 L 1 . 1

v

- 4001

- 3031dMHOM 3IHL NI @311S0d3a ADHINA
3HL GNV 1Nd1N0 H3ASV1 TVNINON
N33ML38 NOILVIIHHOD 40 MOV

(uy/r) LNdNI 1Lv3aH @3dNSvan



-olled 1oadse auoz uoisn} ayl uo
A|Buosis puadap O} pue %g.~ O} %02~ Woij AleA O} Ud3s sem
Mg 209 uonenauad jeided 1o} Aouaoiya Jajsueny ABiaua ayL

‘ -ainjesall] ayl ui peardipaid se Aauarolye Bunsw
M€ @suanpuj o} punoj sem Anjawoab moj} 1eay pjam aylL

. *$9883204d MVYd
pue VLD 8yl J0} painseaws aAey am sanjeA ueyy 1aybiy Aue
Jou aie ssadzosd pMET 2uUl 10} salduade Bunjew painseaw 8ylL

-indul

1eay saybiy Apueanyiubis ul synsal Buisnoojsp aguls pasndojap
Sua| 9y} YlIM spew aq 1ou pjnoys spjam uononpoid ayjp

SNOISNT1ONOD



L

RS s Snce sia 2 i et A RUabaalet

L






