
Introduction

Porosity in laser welds has largely been
attributed to laser keyhole instabilities in
the weld pool. Collapsing of the keyhole is
thought to trap a gas pocket creating a
void (pore) in the weldment — Fig. 1. The
mechanisms that lead to instability are not
fully understood as many factors are be-
lieved to contribute to the general condi-
tion of the keyhole. Factors including weld
size, laser output modes (e.g. pulsed, con-
tinuous wave [CW], and modulated), ma-
terial type, and weld joint geometry, all

impact laser keyhole formation and evolu-
tion. Given that many variables affect key-
hole stability, it is not surprising that many
researchers consider porosity formation
to be random (Refs. 1–3). Prescribed
methods for avoiding this defect are scarce
in the literature and tend to focus pre-
dominately on large-scale welds, com-
monly much greater than a 2-mm pene-
tration (Refs. 2, 4). Very little information

on mitigation tactics for smaller milliscale
(<2 mm) laser welds common to dense,
miniaturized packaging exists (Refs. 5, 6).

Risk related to weld porosity is not eas-
ily quantified as it can result in a loss of
weld strength, premature fatigue failure,
increased in-service creep, and depending
upon the gases trapped inside the pores,
reduced corrosion resistance (Ref. 7).
Each of these can be detrimental to the
component’s functionality. The extent to
which these weld failures occur depends
largely upon application — magnitude
and type of loading forces, service envi-
ronment, expected life, etc. — and the
severity of the porosity. Applications that
suffer the most as a result of porosity are
high-reliability applications such as med-
ical and satellite hardware. Reduced reli-
ability and increased risk imposed by weld
porosity cannot be accommodated in
these applications. Because these compo-
nent types are often temperature sensitive
due to their dense miniaturized packag-
ing, they require a low-heat input joining
process, specifically laser keyhole mode
welding. As component designs are driven
toward smaller and denser packages,
porosity in milliscale welds must be better
understood.

The objective of this study is to analyze
porosity formation in milliscale continu-
ous seam Nd:YAG laser keyhole mode
welds and provide guidance for manufac-
turing such welds. Efforts focused on clo-
sure type welds in 304L austenitic stainless
steel and the effect of operating parame-
ters, specifically laser output power, weld
speed, and lens focal length (or spot size).

Experimental Setup

A Rofin-Sinar Nd:YAG laser, Model
CW 015 HQ, and a GSI Lumonics
Nd:YAG laser, Model JK802, were used
to produce sharp-focus, standing-edge
welds on hot rolled 304L stainless steel
sheets 1.27 mm thick — Fig. 2. Both lasers
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ABSTRACT

Porosity formation in milliscale partial penetration Nd:YAG laser keyhole mode
welds is not well understood. Prior investigations of weld porosity examining the re-
lationship between process parameters and laser keyhole stability have largely been
qualitative and mostly focused on welds outside the milliscale regime with a penetra-
tion in excess of 2 mm. Little characterization of milliscale keyhole regime welds, ubiq-
uitous in dense miniature packaging, has been performed and as a result, very limited
design guidance is available for manufacturing of such components. The present study
utilizes a systematic evaluation of the role with continuous wave (CW) laser process
parameters on pore formation in milliscale keyhole mode welds. Parameters investi-
gated include laser output power, weld speed, and beam size. Porosity characteristics
were obtained through X-ray radiography and contrasted to metallographic weld
analysis and laser process parameters. Results showed distinct trends in pore forma-
tion. For CW laser welds, the average pore size was found to increase linearly with the
weld cross-sectional area and parabolically as a function of heat input. Three poros-
ity types were identified that exhibit unique size, location preference, and frequency.
Deeper penetration pore-free welds were achieved by using longer lens focal lengths
(larger focused beam size). As a result, a simplified geometric weld model is proposed
that correlates laser beam spot size as a function of lens focal length and penetration
to the onset of porosity. Process parameter maps have been developed to assist in suc-
cessful weld development. It is shown that through the use of appropriate process pa-
rameters, weld porosity can be greatly reduced, if not fully suppressed, in milliscale
Nd:YAG laser keyhole mode welds.

Norris et al Supplement October 2011_Layout 1  9/9/11  5:33 PM  Page 198



were flash lamp driven and fiber deliv-
ered. Weld sample composition (in wt-%)
was 0.03% C, 18.09% Cr, 0.2% Cu, 1.73%
Mn, 0.16% Mo, 0.06% N, 8.57% Ni,
0.36% Si, 0.024% P, and 0.001% S. Weld
samples were dimensioned to 100 × 25.4 ×
1.27 mm with a weld length of 89 mm. In
order to minimize deformation for opti-
mum part fitup and maintain square joint
corners, weld samples were electric dis-
charge machined (EDM) and lightly ma-
chine finished along the long edge to re-
move any EDM wire deposit. Prior to
welding, all samples were ultrasonically
cleaned in isopropyl alcohol.

The average laser power was measured
prior to each test set using either an Ophir
Nova II meter with a 1000-W thermal head
detector or Macken Instruments P2000
laser power probe. The average power
ranged from 300 to 1200 W at travel
speeds from 13 to 51 mm/s with a spot size
of 200 to 500 μm. Spot size was measured
with a Prometec Laser Scope UFF100. All
welds were made at a sharp focus using 80-
, 120-, 160-, and 200-mm lens focal
lengths. Ultrahigh purity (UHP) argon
shielding gas was delivered with a side
shield nozzle trailing the weld pool
(Rofin-Sinar welds) or coaxially (GSI Lu-
monics welds) at flow rates of ~33 stan-
dard L/min. Weld porosity was quantified
by postweld X-ray radiography using an
AXI Viscom Micro Focus X-ray at 120 kV
and 100 μA.

X-ray radiography was used to charac-
terize porosity throughout the fusion
zone. The standing edge joint geometry al-
lowed for a “side-to-side” X-ray of the
sample resulting in images that reduce
pore volume to a two-dimensional projec-
tion relative to the weld penetration —
Fig. 3. Top-down X-rays revealing pore lo-
cations along the weld width were not
taken because small pores would not ap-
pear due to the height of the samples.
Therefore, differentiating individual

pores within the
same plane rela-
tive to the weld
width was not
possible. As a re-
sult, some pores
may appear ir-
regular in shape
or oversized,
and thus limits
the pore analysis
to the approxi-
mation of pore
diameter, loca-
tion, and fre-
quency (relative to the weld penetration). 

While some inference of pore location
relative to width may be obtained from
metallographic transverse cross sections,
this information is not believed to be crit-
ical to the pore analysis. Due to the re-
stricted contrast between the pores and
surrounding material, pore diameter reso-
lution was limited to 0.13 mm. Pores meas-
uring less than 0.13 mm diameter and
comparatively rare in occurrence were de-
fined as micro pores, pore free, or having
a diameter of 0.075 mm (one-half the pore
diameter resolution) for the purpose of
graphical analysis. For each weld sample,
the average pore diameter was deter-
mined by superimposing multiple line seg-
ments (25 mm in length) over a region of
porosity, measuring the width of each pore
intersecting the line, and then calculating
an average diameter. This ensured that all
pore sizes were accounted for despite con-
siderable differences in contrast. 

By multiplying the number of pores
within a line segment with the weld speed,
the frequency of pore formation could be
determined. Attempts were made to use
automated image analysis software to de-
termine the pore characteristics, but it was
unsuccessful due to large contrast varia-
tions between pores. The result was unde-
tected or undersized pores, the extent of

which varied between samples.
Longitudinal and transverse metallo-

graphic cross sections were made to allow
the assessment of weld penetration, width,
and cross-sectional area. Three to four
transverse sections, chosen randomly
along the length of the weld, were made
per weld sample.

Results and Discussion

Identification of CW Porosity Types

Analysis of the CW welds revealed three
types of porosity that can be qualitatively
described as uniform, transitional, and root.
Uniform porosity appears to have an even
distribution throughout the fusion zone of
small-diameter pores generally less than
0.25 mm — Fig. 4A. This type of porosity
was only observed at high-weld velocities
(i.e., 34 mm/s). Root porosity, often re-
ferred to as linear porosity (Ref. 8), pre-
dominately forms at the root of the weld,
appears relatively consistent in size (for a
fixed weld parameter), forms at a perceived
frequency, and coincides with lower travel
speeds — Fig. 4C. This episodic formation
implies that keyhole collapse likely occurs at
a regular frequency. Transitional porosity
exhibited characteristics of both root and
uniform porosity containing periodic

199-sWELDING JOURNAL

W
E

L
D

IN
G

 R
E

S
E

A
R

C
H

Fig. 1 — Common Nd:YAG laser beam weld porosity. A transverse met-
allographic cross section exposing an irregularly shaped pore (~0.5-mm-
diameter dark region) formed at the base (root) of the weld.

Fig. 2 — Weld setup schematic. Weld joint consists of two side-butted flat plates. The
laser is focused at the top of the sample and centered on the weld joint. Welds made
with the Rofin laser used trailing side nozzle gas shielding (as shown above). Welds
made with the Lumonics laser used coaxial shielding along the beam path (not
shown).

Fig. 3 — X-ray radiography schematic. X-ray image taken through the weld joint.
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medium size pores at the root and smaller
pores distributed throughout the fusion
zone — Fig. 4B. This porosity type ap-
peared at intermediate weld speeds. The
corresponding micrographs for each poros-
ity type show the effect process parameters
have on weld shape and likely the type of
porosity formed. All porosity types meas-
ured considerable variation around the av-
erage pore diameter value but generally had
a standard error of 0.03 mm or less. These
trends in CW weld porosity suggest that
porosity is not as random as was expected
for milliscale welds (Refs. 3, 9, 10).

Effects of CW Power and Travel Speed

A broad range of welding parameters
for the 120-mm focal length lens was eval-
uated in this study. This range produced
welds of various sizes, shapes, and pene-
trations all meeting the constraint of a mil-
liscale weld. An analysis of these welds re-
vealed that increasing travel speed
decreases the nominal pore size for a given
penetration, and that welds having com-
parable depths can be produced with con-
siderably different pore and weld attrib-
utes. Examination of the 120-mm lens
data set welded with UHP argon yielded a
penetration-porosity map, Fig. 5, where
weld depth and average pore size were ex-
amined as a function of CW power and
travel speed. Well-behaved trends in pen-
etration and average pore size are seen for
the milliscale keyhole mode welds in the
range examined.

Figure 5 shows solid and dashed lines
corresponding to penetration and average
pore size, respectively, as a function of
CW power. Each line is color coded with
respect to travel speed. It is apparent in
the diagram that as weld speed increases,

moving from upper left to lower right, av-
erage pore diameter decreases. 

For example, weld A of Fig. 5 shows a
keyhole mode weld with a 1.1 aspect ratio
(depth to width) made at 13 mm/s and 575
W (44 J/mm heat input). These parame-
ters yielded root porosity with a nominal
pore diameter of 0.25 mm. In contrast,
weld B, also a keyhole mode weld but hav-
ing a greater aspect ratio (1.7) and made
at 34 mm/s and 935 W (27 J/mm heat
input), resulted in uniform porosity with a
nominal pore size of 0.14 mm. The result-
ing size and shape of these welds is indica-
tive of the unique heat flow patterns oc-
curring in each part and as it is suggested
by these data, exhibit distinct pore forma-
tion susceptibilities. The combination of
power and speed that produced weld A re-
sulted in more severe, larger-diameter
pores. Both weld A and B have similar
penetration (1.7 and 1.9 mm, respectively)
but have considerably different heat in-
puts (44 vs. 27 J/mm, respectively). [Note,
weld penetration is measured from the
root of the weld to the original weld sam-
ple surface.

To understand the mechanisms driving
porosity formation and for developing
methods to avoid its occurrence, charac-
terization of process parameter effects on
the direction of heat flow in the part (i.e.,
2D, 2.5D, 3D) resulting in welds of various
sizes and shapes is necessary. As shown in
Fig. 5, weld A and B have comparable pen-
etration depths but differ in weld size and
shape, and show different susceptibilities
to weld porosity formation. As will be es-
tablished, these differences relate to the
heat input associated with each set of
welding parameters; in this case, 44 and 27
J/mm, respectively. The combination of
power and speed producing weld A

yielded increased lateral melting (increas-
ing weld cross-sectional area) without the
benefit of increased penetration.

In Fig. 6, the effect of lateral melting
(weld size) to pore size is more closely ex-
amined. In agreement with what might in-
tuitively be expected, pore size increases
with increasing weld size. Perhaps less in-
tuitive, however, is the observation that
average pore diameter increases linearly
with weld cross-sectional area (propor-
tional to weld volume per unit length).
The implication is that for a given weld
penetration (for this weld type and laser
mode), increased lateral melting directly
increases pore formation susceptibility.
These data also illustrate the importance
of molten weld pool inertial forces on key-
hole stability. In a keyhole mode weld,
vapor pressure recoil displaces the molten
material, and in this way increases the pen-
etration depth (Refs. 3, 11–13). Once pen-
etration and the vapor recoil force are
maximized, continued melting of the sur-
rounding metal increases the molten layer
surrounding the keyhole. In turn, a higher
vapor force is then needed to counter the
increased molten volume, but because
beam irradiance is relatively constant, the
vapor recoil force of the fully developed
keyhole is fixed (exhibits an upper thresh-
old specific to the process parameters
used). The molten material eventually
overcomes the vapor force and collapses
the keyhole.

A similar argument has been proposed
for keyhole collapse in deep penetration
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Fig. 4 — X-ray radiographs and micrographs illustrating uniform (A), transitional (B), and root porosity (C)
in argon shielded sharp focus CW laser beam welds. A — 34 J/mm, 2.3-mm penetration, 0.18 mm average
pore diameter; B — 42 J/mm, 2.2-mm penetration, 0.25 mm average pore diameter; C — 55 J/mm, 2.2-mm
penetration, 0.43 mm average pore diameter.

Fig. 5 — Penetration and pore size vs. CW power for
Ar-shielded focus CW laser beam welds with 120-
mm lens, power of 250–1200 W, speeds of 13–34
mm/s. Transverse micrographs of two welds with sim-
ilar penetration are as follows: A — 13 mm/s 575 W
with 1.7-mm penetration and 0.25 mm nominal di-
ameter root type pores; and B — 34 mm/s 935 W with
1.9-mm penetration and 0.14 mm nominal diameter
uniform type pores. Average pore diameter generally
had a standard error of 0.03 mm or less.

A

B

C A B

B
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CO2 laser welds (Ref. 14). The increased
melting that occurs near the surface in a
CO2 weld due to the high-temperature
plasma, which gives the CO2 weld its nail-
head appearance, results in a condition
where the vapor pressure is inadequate to
maintain a stable keyhole. In turn, the key-
hole is collapsed by the localized surface
melting and a root type pore is formed. Ex-
cessive (lateral) melting appears to result
in keyhole instabilities in both milliscale
and deep penetration nail-head shaped
welds, and these instabilities, in turn, re-
sult in the formation of porosity.

The results of Figs. 5 and 6 demon-
strate the effect lateral melting has on
pore formation and minimized porosity
size (for a given penetration) requires
process parameters that yield small area
high aspect ratio welds. In a CW mode
weld, this is largely achieved by increased
travel speed.

Quantitatively illustrated in Figs. 5
and 6 is the advantage of small area high
aspect ratio welds where minimum heat
input is used to achieve the desired weld
penetration. From an engineering stand-
point then, a reasonable way to quantify
effective melting along the joint is by the
weld penetration efficiency (ηp) or the
depth of penetration per unit of linear
heat input. By reducing weld volume
through decreases in heat input, pore size
is minimized as well as weld temperature
and distortion in the part. These obser-
vations hold particular significance for
heat-sensitive parts where the pursuit of
a high penetration efficiency operating
space is crucial for optimal weld develop-
ment. This figure of merit, weld penetra-
tion efficiency, allows for welds of varying
power and speeds to be characterized and
compared, and for the welding process to
be optimized in a quantifiable sense rela-
tive to design requirements (i.e., pene-
tration). Weld A of Fig. 5 has a weld pen-
etration efficiency of 0.04 mm/J/mm
while that of weld B is 0.07 mm/J/mm.

Evaluation of Porosity Types Relative to
Process Parameters

Further analysis of the 120-mm lens
data set welded under UHP argon identi-
fied that linear heat input (laser output
power divided by the weld speed) can be
used to predict the nominal pore size ob-
served in this weld type. This combines the
individual effects of power and speed, and
allows for a more general evaluation of
weld parameters to nominal pore size and
penetration depth. Evaluating pore size as
a function of heat input also revealed that
porosity types readily segregated into dis-
tinct operating regimes.

In Fig. 7, penetration depth and nomi-
nal pore size for the 120-mm data set are
plotted as a function of heat input. Repre-
sentative lines are drawn to distinguish be-
tween regions of porosity type. The slope
of each line represents penetration effi-
ciency that increases with the increasing
slope of the line. In this plot, weld speed is
effectively decreasing from left to right. It
was observed that for constant weld
speeds, the tendency to form pores
changes from none or micro porosity to ei-
ther root, transitional, or uniform porosity

with increasing power (and therefore heat
input). As an example, welds made at high
weld speeds (e.g., 34 mm/s) yielded high
aspect ratio (high penetration efficiency)
keyhole mode welds that exhibited a shift
from micro porosity to uniform porosity as
power increased. Large root pores were
not observed in these welds and only min-
imal lateral melting occurred. 

In contrast, welds made at much slower
weld speeds (e.g., 13 mm/s) displayed
lower penetration efficiency with a lower
aspect ratio and increased lateral melting.
Porosity transitioned from micro porosity
to large root porosity with increasing
power. This is because weld volume in-
creases with the increased heat input of
the lower travel speed welds and, as has al-
ready been shown in Fig. 6, average pore
diameter increases with increased weld
cross-sectional area.

Further analysis of these data reveals a
strong correlation between linear heat
input and nominal pore size. Irrespective
of weld speed, the nominal pore size was
found to increase with heat input. The
green parabolic curve of Fig. 7 shows that
all discrete porosity types reduce to a sin-
gle curve. A single point on the curve rep-

Fig. 6 — Average pore diameter vs. weld area for
argon-shielded sharp focus CW laser beam welds
made with a 120-mm lens. Power and weld speed
varied from 250 to 1200 W and 13 to 34 mm/s, re-
spectively.

Fig. 7 — Porosity type characterized by weld depth
and heat input for focused argon-shielded CW laser
beam welds made with a 120-mm lens. Average
pore diameter is described as a parabolic function
of heat input irrespective of porosity type. Power and
weld speed varied from 250 to 1200 W and 13 to 34
mm/s, respectively.

Fig. 8 — Process map showing the effects of power
and speed on penetration and pore diameter for fo-
cused argon-shielded CW laser beam welds made
with a 120-mm lens. Power and weld speed varied
from 250 to 1200 W and 13 to 34 mm/s, respectively.

Fig. 9 — A — Linear fit of penetration as a function of heat input and travel speed; B — Comparison of
calculated and measured penetration values for focused argon-shielded CW laser beam welds made with
a 120-mm lens. Power and weld speed varied from 250 to 1200 W and 13 to 34 mm/s, respectively.

A B
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resenting a constant nominal pore size and
heat input corresponds to multiple pene-
tration depths of varying pore types.
Therefore, nominal pore diameter for this
weld type is a function of operator-defined
heat input, and by minimizing this quan-
tity, pore size is reduced. The parabolic
rise of the curve illustrates how rapidly
pore size increases with increasing heat
input. To minimize weld porosity, heat
input must be low and penetration effi-
ciency high.

Empirically Determined Process Map for
CW Milliscale Welds

Given the well-behaved nature of pene-
tration and average pore diameter relative
to CW power and speed, a process map spe-
cific to these data was developed and is pre-

sented in Fig. 8. It shows the
general trends in penetration
and pore size relative to CW
welding parameters for millis-
cale keyhole mode welds. Pen-
etration as a function of power
and speed is denoted by the
solid lines and pore diameter
is denoted by the dashed lines.
As shown in Fig. 5, increased
weld speed yields decreased
pore size and so it is in Fig. 8,
where only small-diameter
pores are noted near the top
of the graph. Also identified
was the role of heat input in
Fig. 7. High heat inputs were
shown to result in large-diam-
eter pores. As heat input in-
creases from upper-left to
lower-right, so does pore size.
These contours were deter-
mined using a parabolic curve
fit of data shown in Fig. 7. The
combined effects of power

and speed on penetration are noted by the
upward sloping contours of the solid curves.
Empirically, penetration can be described
as a function of heat input and power by the
following equation.

In general, the relationship between
penetration and heat input is complex,
and can be affected by factors such as key-
hole mode, joint geometry, and the char-
acter of heat flow. Over the penetration
range investigated here, however, and for
constant travel speeds, penetration was
found to change linearly with heat input —
Fig. 9A. The size and shape of the weld,

for a given material type and joint geome-
try, are largely controlled by the power
transfer and melting efficiencies. These
are functions of the delivered laser power
and exposure time (Refs. 8, 15, 16), which
are represented in Equation 1 as the
process parameters power and speed. The
use of these parameters to identify weld
penetration, therefore, seems logical. A
comparison between the calculated and
measured penetration values, determined
by Equation 1, is presented in Fig. 9B. For
weld depths up to 3 mm, the penetration
equation (Equation 1) shows good agree-
ment to measured values.

Lens Focal Length Effects on Porosity

To identify the effect of lens focal
length on pore formation, additional tests
were conducted using 80- and 160-mm
lenses with power varying from 300 to
1200 W and a constant weld speed of 17
mm/s. Just as the 120-mm lens transi-
tioned from micro porosity to root poros-
ity with increasing penetration, the same
was found for the 80- and 160-mm lenses.
It was found that the onset of porosity oc-
curred at the shallowest penetration when
using the 80 mm, or shortest, focal length
lens and by increasing focal length, pene-
tration was increased before the onset of
porosity. This is shown in Fig. 10 where
penetration is plotted as a function of lens
focal length. Regions of porous and pore-
free welds are designated. The 80-mm lens
began forming pores between 0.75- and
1.20-mm penetration. Welds produced
using the 160-mm lens did not begin form-
ing pores until penetration reached 1.30–
1.80 mm. The porosity onset region is
marked by the cross-hatched area.

To better understand the observed ef-
fect of spot size (lens focal length) on
porosity formation, a schematic relating

Penetration Power

Speed
=

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟ +0.015 0.00016 ( ) (1)Power
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Fig. 10 — The effect of lens focal length on the onset of porosity rela-
tive to weld depth. The transition region from no porosity to root poros-
ity is denoted by the cross-hatched area. All welds were made at focus
with argon shielding. The CW power varied from 250 to 1000 W at a
weld speed of 17 mm/s, respectively.

Fig. 12 — Plot verifying the porosity onset model of Fig. 11. Line cor-
responds to a beam radius/penetration ratio of 0.15 or a θ1 angle of
8.5 deg. Both Rofin and Lumonics welds are presented with lens focal
lengths from 80 to 200 mm (spot radius from 120 to 240 μm). All welds
were made with argon shielding at focus. The CW power and weld
speed varied from 120 to 1200 W and 13 to 51 mm/s, respectively.

Fig. 11 — Schematic of the liquid-vapor surface produced during keyhole welding. The
relative angles formed between the beam radius and penetration (θ1), and keyhole hole
opening size and penetration (θ2) are denoted. The plot identifies porosity onset as a
function of beam radius and penetration depth. Both Rofin and Lumonics welds are
presented with lens focal lengths from 80 to 200 mm (spot radius from 120 to 240 μm).
All welds were made with argon shielding at focus. The CW power and weld speed var-
ied from 120 to 1200 W and 13 to 51 mm/s, respectively.
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keyhole opening (diameter), laser beam
diameter, and keyhole depth is presented
in Fig. 11. This depiction is adapted, and is
similar to those obtained from, high-speed
X-ray imaging studies (Ref. 1) and simpli-
fied numerical solutions of keyhole phe-
nomenon (Refs. 17–19). The drawing was
not generated to scale but is adequate for
the following discussion. As has been de-
scribed by a number of investigators (Refs.
3, 11, 16), as the keyhole depth increases,
surface tension and increasing weld pool
inertial forces act against the vapor pres-
sure recoil force until a point of instability
is reached and the keyhole collapses.
Based upon the trends observed in Fig. 10,
a relationship between keyhole diameter
and weld depth is thought to exist at the
point of instability (the onset of porosity).

Theta 2 (θ2) in the drawing of Fig. 11
describes an angle relating penetration to
keyhole opening diameter. Under quasi-
stable keyhole conditions, this angle, θ2, is
assumed to be proportional to the angle
formed between the beam radius and
depth of penetration, or θ1; as keyhole
depth increases, the angle produced de-
creases. In the graph of Fig. 11, nominal
pore diameter is plotted against the quo-
tient of the beam radius and depth of pen-
etration. The arc tangent of the quotient is
the angle between the beam radius and
keyhole depth (θ1). Represented in the
plot are data for welds made with the
Rofin and Lumonics systems with a beam
radius ranging from 0.160 to 0.240 mm and
0.120 to 0.200 mm, respectively. It was
found that at a quotient (beam radius/pen-
etration) value of ~0.15, gross porosity is
initiated and becomes more prevalent
with decreasing quotient value. As the
angle between the beam diameter and
weld depth (θ1) decreases, keyhole insta-
bility in the form of porosity increases. A
value of 0.15 corresponds to a keyhole in-
stability angle of 8.5 deg (arc tangent of
the radius over the penetration).

In Fig. 12, the CW data for the Rofin
and Lumonics lasers are reconstructed in
a manner similar to that of Fig. 10, with
penetration as a function of spot size (spot
size instead of lens focal length) and with
a solid line corresponding to a θ1 angle of
8.5 deg; or an beam radius/penetration
ratio of 0.15. The predicted angle of 8.5
deg appears to accurately define the pen-
etration depth at which porosity begins to
form. Having incorporated all porosity
types produced at various travel speeds,
powers, and lens focal lengths for two in-
dependent laser welding systems (Rofin
and Lumonics lasers), this result supports
the geometric model as being reasonable
and predictive. It should be noted that the
determined shallow angle of 8.5 deg is in-
dicative of the small beam size and much
smaller than the actual keyhole opening.

From an application standpoint, the

observed trend in porosity as it relates to
focal length is favorable because longer
focal length lenses offer both a larger
depth of focus for process robustness and
a reduced beam angle, decreasing the like-
lihood of beam clipping in recessed weld
applications. The smaller beam angle also
allows for side shielding to be positioned
closer to the weld, thereby providing bet-
ter shield gas coverage.

Conclusions

A study of weld porosity specific to mil-
liscale partial penetration laser keyhole
welds in Type 304L stainless steel has been
conducted to provide design guidance for
manufacturing of pore-free laser welds,
quantify porosity characteristics, and to
obtain a better understanding of the ef-
fects of process parameters on keyhole
stability and porosity formation. The fol-
lowing conclusions have been drawn:

1. Radiographic analysis of CW mode
laser welds revealed three types of poros-
ity (root, transitional, and uniform) de-
pending upon laser process parameters.
Low travel speed, high-heat input sched-
ules resulted in root porosity that transi-
tioned to uniform porosity with increasing
speed and reduced heat input.

2. Average pore diameter in CW mode
welds increases linearly with weld cross-
sectional area; small area, high penetra-
tion efficiency welds exhibit minimum
porosity. This is primarily achieved
through higher travel speeds.

3. The average pore size was found to
increase parabolically with laser heat
input, irrespective of porosity type.

4. Process mapping was used to empiri-
cally relate weld depth and nominal pore di-
ameter to laser CW power and weld speed.

5. In CW milliscale welds, utilizing a
larger beam diameter by increased lens
focal length deferred the onset of porosity
allowing for greater penetration depths to
be reached without forming pores. For
many applications, this is an easily applied
method for porosity reduction.

6. An empirical geometric model was
proposed correlating porosity formation
to laser beam spot size and penetration
depth. The model was verified with millis-
cale welds produced by two independent
laser systems (Rofin and Lumonics). The
relationship between laser beam spot size
and weld depth is a significant factor af-
fecting weld porosity.
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