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ABSTRACT. A theoretical limit of pene
tration for laser beam welding (LBW) is 
established to determine if further gains 
in joint penetration depth over existing 
process capability are theoretically pos
sible. The penetration limit is calculated 
based on an analysis proposed by Swift-
Hook and Gick with the assumption that 
the minimum bead width possible is 
equal to the diffraction limited focused 
spot size. 

The current jo int penetration capa
bility of LBW is about 20% of the theo
retical penetration limit when slow flow
ing helium is used as shielding gas. Pen
etration is improved to about 40% of the 
limit when plume suppression condi
tions are used, and about 50% in vac
uum environments. 

Hard vacuum electron beam welding 
achieves about 60% of the theoretical 
penetration l imit, whi le nonvacuum 
electron beam welding ranges from 20% 
at low travel speeds to 60% at high travel 
speeds. 

Introduction 

Laser beam welding (LBW) and elec
tron beam welding (EBW) are classified 
as high energy density welding pro
cesses. One of the characteristics of these 
two processes is the high aspect ratio 
(joint penetration depth to the weld 
width) of the weld metal compared to 
conventional arc welding processes. It 
is well known that the joint penetration 
depth of LBW is lower than that of elec
tron beam welding at the same power 
level. The lower penetration in LBW is 
believed to be due to the formation of a 
laser-induced plume during welding 
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(Refs. 1-3). This plume causes severe at
tenuation of the incident laser power. In 
recent years, various deep penetration 
techniques for laser beam welding have 
been developed through the control of 
the laser-induced plume (Refs. 2, 4, 5). 

The maximum possible penetration 
depth or penetration l imit of the laser 
beam welding process has, however, 
never been estimated. It is important to 
establish this l imit to determine if any 
further gains in penetration over exist
ing process capability are theoretically 
possible. 

This paper is an attempt to establish 
a joint penetration l imit based on the 
ability of a material to conduct heat away 
from the molten pool. In the case where 
heat is removed from the molten pool 
by conduction as fast as it can be sup
plied to the pool by the power beam, no 
further melting or penetration can occur. 
If the attenuation barrier and other bar
riers to joint penetration were com
pletely removed, penetration would still 
be limited by this heat f low process. 
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Basis of Analysis 

The volume of metal melted per unit 
time (VM) in LB welding is dependent on 
a variety of process variables including 
laser power, power density, material 
properties, welding speed and focusing 
conditions. The analytical relationship 
between V M and the power input, pen
etration depth and fusion zone width has 
been established by Hablanian and 
modified by Swift-Hook and Gick (Refs. 
6, 7). By considering the heat conduc
tion in a deep penetration welding pro
cess (Fig. 1), Swift-Hook and Gick de
veloped an analytical solution as fo l 
lows: 

Y = 4Ur|1-K0
2(Ur)/K,2(Ur) j"2 (1) 

X = 
2 Jt exp{UrK0 ( U r l / ^ (Ur))/K0(Ur) (2) 

where Y = dimensionless travel speed; 
X = dimensionless input power; K0 = 
modified Bessel function of the 0 order; 
K] = modified Bessel function of the 1st 
order 

The term "Ur," defined as the prod
uct of the travel speed divided by the 
thermal diffusivity times the radius of the 
melting point isotherm, was introduced 
as a dummy variable. In this study, a 
range of Ur values covering all charac
teristic values was introduced for calcu
lations of X and Y. For each value of Ur 
produced, a corresponding set of values 
for a welding travel speed, v, and pene
tration, a, were calculated by: 

v = YD/b 

a = W/XS 

(3) 

(4) 

Where S = k (Tm - To), the heat func
t ion; k = average thermal conductivity; 

W E L D I N G RESEARCH SUPPLEMENT I 117-s 



INCIDENT 
LASER 
BEAM 

B TEMPERATURE • 
Tm 

T 
g 

s± u DISTANCE 

F/g. / — Schematic illustration of penetration limit model. 
A — Weld cross-section area; B — temperature distribution. 

DIFFRACTION LIMIT 

Tm = melting temperature; To = ambi
ent temperature; and W = input power 
to the weld. 

The weld wid th , b, was taken to be 
the min imum value possible to maxi
mize penetration and establish a theo
retical penetration limit. This value was 
taken to be the diffraction limited fo
cused spot diameter for laser welds, and 
the reported focused spot diameter for 
electron beam welds. 

In calculating the penetration l imit 
for the LBW process, all the laser power 
absorbed by the workpiece is removed 
by thermal conduction into the base 
metal. Other types of power loss through 
reflection, radiation, convection, or 
beam attenuation are not considered for 
this ideal maximum penetration condi
t ion. Additional necessary assumptions 
include: 

1) The weld has a constant width — 
Fig. 1. 

2) Fluid f low is neglected (as in the 
Swift-Hook and Gick model). 

Swift-Hook and Gick classified the 
heat f low characteristics of both LBW 
and EBW into two dimensionless re
gions, i.e., a low travel speed region and 
a high travel speed region. In the low-
speed region, the conduction loss 
through the unmelted base metal is very 
large and the melting efficiency falls dra
matically with decreasing travel speed. 
The relationship between penetration 
depth and the process variables in this 
region can be expressed as: 

relationship of two dimensionless fac
tors is linear: 

(vb/D) = 
exp [1.502 - 6.28 (aS/W)] (5) 

(vb/D) = 0.483 (W/aS) (6) 

In the high-speed region, the melting 
efficiency is improved to a limit of 48% 
according to Swift-Hook and Gick. The 

Note that from Equations 5 and 6 the 
range of either the low- or high-speed 
regions is determined by the thermal 
properties of the base metal and the ef
ficiency of power transfer, as well as the 
travel speed. If the input power, mate
rial, and welding speed are given, the 
penetration depth is not known until the 
bead width is measured through experi
ment. Swift-Hook and Gick's analysis 
cannot be applied to directly predict 
joint penetration depth without assum
ing a weld bead width. 

The penetration capabil i ty of laser 
beam welding is also a function of the 
laser light source and the beam delivery 
system. The laser beam transverse elec
tromagnetic mode (TEM), beam size and 
the focusing conditions have strong in
fluences on the penetration depth of 
laser beam welding (Ref. 8). Relation
ships are available to calculate the d i 
mensions of a focused beam if the TEM 
conditions are known (Ref. 8). Sasnett 
(Ref. 9) proposed a beam mode factor, 
M 2 , to determine the deviation of a 
higher order mode laser beam from a 
Gaussian (TEM0n) mode beam. For a 
TEMQQ, M 2 has the lowest possible value 
of 1. This factor can be used directly to 
simplify optical calculations by compar
ing any given beam to the ideal Gaus
sian beam. The diffraction limited mini
mum focused spot size, D0 , can be ob
tained from the following equation (Ref. 
9): 

D0 = 4 M 2 L f/jt d (7) 

where d = beam diameter at focusing 
lens; f = focal length of the lens; M 2 = 
beam mode factor, 1 for Gaussian mode; 
L = wavelength, 1 0.6 |im for C 0 2 laser. 

The focused spot size can be reduced 
by decreasing M 2 (by approaching a 
Gaussian beam condition). Reducing the 
focal spot size increases the power den
sity (power/unit area) and increases joint 
penetration (Ref. 5). 

A calculation of the penetration limit 
for LBW can be made based on the Swift-
Hook and Gick model if the assumption 
is made that the smallest possible bead 
width is the min imum diameter of the 
focused beam. It is noted that the mini
mum bead width wil l produce the max
imum penetration in this mode. 

The results of a calculation of the 
penetration l imit for a 2-kW Gaussian 
laser beam focused with a 12.7-cm focal 
length lens are illustrated in Fig. 2. Re
ferring to Fig. 2, the low-speed l imit 
function forms the thin line at low 
speeds, and the high-speed l imit func
tion (;'.e. 48% melting efficiency) forms 
the thin line at high speeds. The thick 
line that diverges from the low-speed 
function and joins with the high-speed 
function with increasing travel speed is 
the curve formed by the complete theo
retical model. Note that the penetration 
l imit curve in Fig. 2 is only applicable 
to laser welds on steel made with a 2-
kW Gaussian beam (M 2 = 1) at focus 
using a 1 2.7-cm focal length lens. Vari
ation in power level affects both the low-
speed and high-speed regions. 

This analysis is not appropriate at ei
ther very slow travel or very rapid travel 
speeds. At very slow travel speeds, the 
molten pool is very large and the pene
tration cavity is unstable. At very rapid 
travel speeds, the penetration cavity be-
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Fig. 2 — Penetration depth limit curve for a Gaussian laser beam at 
2-kW power. 
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Fig. 3 — Effects of shielding gases on penetration depth for a 2-kW 
laser beam, M2 value of 3.5. 

comes d im in i sh ing l y smal l . 

Discussion 

Penetration Limit and Current 
Penetration Status 

Penet ra t ion in L B W is h i n d e r e d at 
b o t h very l o w speeds and very h igh 
speeds. At e x t r e m e l y l o w w e l d i n g 
speeds, the s tab i l i ty of the vapor cav i t y 

w i l l de termine the penetrat ion depth for 
b o t h LB and EB w e l d i n g (Refs. 2 , 10). 
The co l lapse o f l i q u i d meta l in the side 
w a l l s of t he v a p o r cav i t y w i l l seal t he 
v a p o r c a v i t y and b l o c k the i n c i d e n t 
beam, prevent ing further penet ra t ion. 

The vapor cav i t y w i l l g radua l l y d is
appear due to the decreased p o w e r per 
un i t length of w e l d at very high w e l d i n g 
speeds. In the resu l t i ng s h a l l o w pene 
t rat ion c o n d i t i o n , the th ree-d imens iona l 

heat t ransfer c o n d i t i o n s a p p l y for b o t h 
the LB and EB w e l d i n g processes. Thus, 
t w o - d i m e n s i o n a l t he rma l analysis is no 
longer v a l i d . The vapor cav i t y tends to 
t rap l ight , w h i c h increases beam power 
input ef f ic iency. As the vapor cavi ty dis
appears w i t h increasing travel speed, the 
p o w e r i n p u t e f f i c i e n c y is r e d u c e d d u e 
to decreased l igh t t r a p p i n g . The effects 
c o m b i n e to fu r the r reduce pene t ra t i on 
in the h igh-speed region. 

EFFECTS OF BEAM MODE NUMBER, M 
E L E C T R O N BEAM P O W E R : 25 KW 
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Fig. 4 — Effects of laser beam mode on joint penetration depth 
limit. 
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Fig. 5 — Joint penetration capabilities of vacuum and nonvacuum elec
tron beam welding processes. 
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Table 1 — LBW Parameters 

Laser system 
Lens 
Beam size 
Focus location 
Beam mode 
Diffraction limit 
Shielding gas 
Power level 
Material 
Weld style 

Coherent General M53 3-kW CO2 laser 
ZnSe, 12.7 cm focal length 
1.8 cm at lens surface 
on specimen surface 
near Gaussian mode, M2 = 3.5 
0.00952 cm in diameter 
He, C02, Ar 
2 kW on power meter 
1018 carbon steel 
bead on plate 

Comparison of Theory 
and Experiment 

In Fig. 3, the penetration limit is com
pared wi th the measured penetration 
depth for LB welds at 2 kW C 0 2 laser 
power on AISI 1018 carbon steel. A 
12.7-cm zinc selenide lens was used for 
focusing. The M 2 value of the beam was 
estimated to be 3.5 based on beam mode 
measurements made at Coherent Gen
eral Corp. Each penetration data point 
is averaged from at least three tests. Tests 
were performed in slow flowing shield
ing gas without any plume-suppression 
nozzle. Details of the welding condi
tions are listed in Table 1. The lines in
dicated as 5, 10 and 20% on Figs. 3, 4 
and 10, 20 and 60% on Fig. 5, represent 
the percent of maximum theoretical pen
etration calculated by this model. 

The penetration depth data for he
lium shielded LB welds are grouped 
about a curve at 20% of the calculated 
penetration limit. Welds made in helium 
under similar conditions but at 1.5 and 
2.5 kW also yielded penetrations of 20% 
of the calculated penetration limit at the 
respective power levels. These observed 
penetration values are quite compara
ble to other published penetration val
ues (Ref. 11). 

A number of investigators have de
veloped deep penetration techniques for 
LBW in the past few years (Refs. 2, 4, 5). 
These penetration data cannot be d i 
rectly applied to the calculated penetra
tion limit due to lack of experiment de
tails. However, the enhanced penetra
tion is generally about twice the pene
tration obtained using slow flow shield
ing gas. Thus, the penetration capabil
ity is improved to about 40% of the pen
etration limit using these plume suppres
sion techniques, and slightly higher 
(about 50%) for vacuum environment 
LBW. 

The penetration in LBW is low com
pared to either the proposed penetration 
limit or the penetration depth of EB 
welding (shown to be 60% or more of 
the calculated penetration limit later in 
this discussion). Thus, there is signifi
cant potential for improved penetration 
in the LBW process. 

Effects of Shielding Gas 
It is known that the type of shielding 

gas wi l l affect the penetration depth of 
laser beam welding (Refs. 1-5, 1 2-1 5). 
In this investigation, helium shielded 
welds gave the best penetration results 
while argon shielded welds yielded very 
poor penetration (4 to 8% of the pene
tration limit — Fig. 3). The mechanisms 
causing differences in penetration depth 
for various shielding gases are still being 
debated (Refs. 1-5, 14, 15). However, 
this phenomenon can be viewed in 
terms of attenuation effects of incident 
laser beam. 

Another important conclusion drawn 
from Fig. 3 is that the attenuation factor 
is a constant for a given shielding gas in 
the tested welding speed range. In Equa
tion 1, one may notice that for a given 
welding speed and bead width, the ratio 
between power level and the penetra
tion remains constant. The observation 
that the fraction of ideal penetration re
mains constant with variation in travel 
speed indicates that there is a constant 
fraction of beam power being blocked 
from entry to the weld pool. The value 
of attenuation factor for each type of 
shielding gas is being investigated. How
ever, the relative attenuation effects are 
clearly shown in Fig. 3. The shallow pen
etration in an argon atmosphere is thus 
the result of severe beam attenuation. 
The attenuation effect is not as severe 
when helium or C 0 2 gas is used. 

This apparent constant attenuation 
effect seemed to hold for the laser weld
ing conditions presented in this investi
gation, but care must be taken in con
sidering this effect to be "universal." At 
higher power levels, complete attenua
tion can occur in large argon plumes. 

Effects of Beam Mode 

The laser beam mode is another fac
tor affecting the penetration limit for a 
given power. As presented in Fig. 4, the 
penetration limit curve wi l l shift down 
for higher laser beam TEM numbers 
(when M 2 increases). This decrease in 
penetration limit is the result of increas
ing diffraction limited focused spot size, 
and thus, a wider minimum bead width. 

The loss of penetration capabil ity is 
clearly a disadvantage for a high TEM 
number laser beam. 

As predicted by the theory (Fig. 4), 
the high-speed region is obtained at 
lower welding travel speeds when using 
a high TEM mode beam (large M 2 num
ber). This is mainly due to the conduc
tion losses, which increase for high TEM 
mode laser beams at low travel speeds. 

Vacuum and Nonvacuum EB Welding 

The calculation of the penetration limit 
for EB welding at 25 kW was performed 
in a similar way as the calculation for LB 
welding. The only difference in the cal
culation is that the minimum weld bead 
width (or focused spot size) is taken from 
empirically measured spot size data. For 
a 25-kW electron beam, the spot size was 
assumed to be 0.127 cm (0.05 in.) in di
ameter (Ref. 16). The penetration data of 
EB welding was converted from the Weld
ing Handbook data (Ref. 1 7). 

As shown in Fig. 5, hard vacuum EB 
welding penetration depth data are lo
cated along a line representing 60% of 
the penetration l imit. Compared to LB 
welding data (20% in He, about 40% 
with plume suppression jets, and about 
50% in vacuum), electron beams have 
a clear edge in approaching the theoret
ical penetration limit. 

For nonvacuum EB welding, the pen
etration depth is reduced from 60 to 20% 
as the travel speed is reduced from the 
high-speed to the low-speed region — 
Fig. 5. This implies that there is an at
tenuation phenomenon similar in mag
nitude to the attenuation observed in 
LBW in helium. 

Conclusions 

The fo l lowing conclusions can be 
drawn from this investigation: 

1) A theoretical l imit of joint pene
tration for laser beam welding can be 
calculated based on an analysis pro
posed by Swift-Hook and Gick if the as
sumption is made that the min imum 
bead width possible is equal to the 
diffraction limited focused spot size. 

2) The penetration capability of the 
LBW experiments presented here (1.7 
kW, M 2 = 3.5, 5-in. focal length lens, 
slow flowing helium shielding) are about 
20% of the theoretical limit developed 
using the Swift-Hook and Gick analysis. 
This fraction of the penetration limit was 
relatively constant over a broad range 
of travel speeds, suggesting a constant 
factor of beam attenuation. 
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The recommended practices for elevated temperature design of Liquid Metal Fast Breeder Reactors (LMFBR) has 
been consolidated into four volumes and is published in four individual WRC Bulletins. 

Volume I — Current Status and Future Directions, in WRC Bulletin 362, April 1991 
Volume II — Preliminary Design and Simplified Methods, in WRC Bulletin 363, May 1991 
Volume III — Inelastic Analysis, in WRC Bulletin 365, July 1991 
Volume IV — Special Topics, in WRC Bulletin 366, August 1991 

In Volume IV, WRC Bulletin 366, special topics such as, fracture mechanics, nonlinear collapse stress classification of 
structural discontinuity stresses, and high-temperature design as practiced in Germany are discussed. Flaw evaluation 
(fracture mechanics) procedures are recommended to supplement the design codes which assume perfect, defect-free 
structures. The fracture mechanics methods have been extended into the plastic and creep regimes. 

Publication of this Bulletin was sponsored by the Committee on Elevated Temperature of the Pressure Vessel Re
search Council. The price of WRC Bulletin 366 is $40.00 per copy, plus $5.00 for U.S. and $10.00 for overseas, postage 
and handling. Orders should be sent with payment to the Welding Research Council, Room 1301, 345 E. 47th St., New 
York, NY 10017. 
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