
Effects of Pulse Shaping on NchYAG 
Spot Welds in Austenitic Stainless Steel 

Temporal pulse shaping can greatly affect weld size 
and quality of laser spot welds 

BY H. N. BRANSCH, D. C. W E C K M A N A N D H. W. KERR 

ABSTRACT. The effects of temporal pulse 
shape on weld dimensions and weld 
quality of Nd:YAG laser spot welds pro
duced in AISI 304 stainless steel have 
been examined over a range of power 
densities and pulse times. Four different 
temporal pulse types were used: normal 
"rectangular" pulses with a characteristic 
leading-edge power spike, rectangular 
pulses with no spike, ramped-up pulses 
and ramped-down pulses. 

For all pulse types, three laser weld
ing modes were observed: conduction-
mode welds at power densities less than 
3 GW/m2 , keyhole-mode welds at power 
densities between 3 and 9 GW/m2 and 
drill ing at power densities greater than 9 
GW/m2 . The transition from conduction 
to keyhole-mode welds at 3 GW/m2 was 
clearly evident, due to a sudden rise in 
the rate of increases in penetration, melt 
area, and porosity area while the onset of 
dr i l l ing was characterized by a maxi
mum in weld diameter and a sharp in
crease in crater area. 

Pulse shaping had no significant effect 
on the weld dimensions or weld quality 
of the conduction-mode welds. Removal 
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of the leading-edge power spike from 
"rectangular" pulse shapes tended to re
duce the weld diameter and crater area 
of keyhole-mode welds, but had little ef
fect on other measures of size or quality. 
However, the diameter, penetration and 
melt area of keyhole-mode welds made 
with ramped-up or ramped-down pulse 
shapes were consistently greater than 
those made with the rectangular pulse 
shape. Also, the penetration and melt 
area of keyhole-mode welds made with 
the ramped-up pulse shape were greater 
than those made with the ramped-down 
pulse shape. Keyhole-mode welds made 
with ramped-up pulse shapes had the 
greatest occluded gas porosity, but the 
smallest crater areas. Alternatively, welds 
made with the ramped-down pulse 
shape exhibited the least porosity, but the 
greatest crater areas. 
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Introduction 

The weld pool dimensions and weld 
quality of spot welds produced using a 
pulsed Nd:YAG laser welding machine 
depend on various process parameters 
including the spatial intensity distribu
tion of the incident laser beam, the peak 
power of the pulse, the pulse energy, the 
pulse time, and the temporal shape of the 
beam power during the pulse. When de
veloping a welding procedure for a spe
cific application, each of these parame
ters must be characterized and ful ly 
specified. This is usually done using em
pirical techniques, since most analytical 
and numerical models for laser weld 
pool development ignore various aspects 
of the laser-material interactions (Ref. 1), 
thus making it difficult to accurately pre
dict weld pool shapes. 

Limited experimental studies of the ef
fects on laser spot weld dimensions and 
weld quality of Nd:YAG laser process pa
rameters have been reported (Refs. 2-5). 
In all of these studies, rectangular pulse 
shapes were used in which the power 
density was nominally constant during 
each pulse. However, some laser power 
supplies now allow temporal shaping of 
the laser power during each pulse, such 
that relatively high power densities can 
be introduced early or late in the pulse. 
Such pulse shaping has been reported to 
be beneficial for certain applications. For 
example, pulse shaping can be used to 
control solidification and cooling rates in 
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Fig. 1 — Schematic of several pulse inputs showing the peak laser power, P„ mean laser power, 
Pm, pulse time, tp, and pulse-to-pulse time, t,-. 

order to reduce solidification cracking in 
crack-sensitive materials (Refs. 6, 7). It 
has also been argued that the power 
spike, which is characteristically present 
at the leading edge of all rectangular 
pulses produced by these solid-state 
lasers, can improve energy coupling be
tween the laser beam and difficult mate
rials to weld such as aluminum and cop
per alloys (Refs. 2, 7). Petrov, et al. (Ref. 
8), has stated also that pulse shaping can 
be used to reduce or eliminate the oc
currence of weld defects such as crater-
ing caused by the ejection of molten 
metal during each pulse. Badawi, ef al. 
(Ref. 9), has examined the effects on weld 
dimensions of using different pulse 
shapes. He divided the pulse from a CO, 
laser into two lower power sectors and 
one higher power sector and found that 
the penetration and melt area in stainless 

steel or aluminum alloy welds increased 
as the period of maximum power density 
was shifted from the beginning to the end 
of the pulse. 

The present work was undertaken to 
examine several aspects of the effects of 
pulse shaping on weld dimensions and 
quality of laser spot welds produced in 
austenitic stainless steel using a Nd:YAG 
laser welding machine (Ref. 10). The ef
fects of the leading-edge power spike on 
welds made in AISI 304 stainless steel 
were studied by producing spot welds 
using laser pulses with and without the 
power spike over a wide range of 
process conditions. As wel l , the effects 
on weld dimensions and weld quality 
were studied using rectangular, ramped-
up and ramped-down temporal pulse 
shapes, again over a wide range of pro
cessing conditions. In each case, the ef-
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Fig. 2 — Spatial intensity distribution at the focus of the pulsed Nd:YAG laser beam for a mean 
laser power of 100 W. 

fects of the different laser temporal pulse 
shapes on the resultant weld penetra
tions, diameters, melt areas, porosity, 
and cratering (material loss from the sur
face) were examined. 

Experimental Methods 

A Lumonics |K702 Nd:YAG pulsed 
laser welding machine was used for all 
experiments. Changes of the mean laser 
power output by a Nd:YAG laser wi l l 
cause changes of the transverse electro
magnetic (TEM) mode of the beam and 
the focused beam diameter due to ther
mal lensing effects in the laser crystal 
(Refs. 2, 11). The mean laser power is de
termined by the laser pulse parameters. A 
schematic of the laser power output for a 
series of constant power density pulses is 
shown in Fig. 1. Each pulse is defined by 
the fixed pulse time, tp, and the constant 
peak power, Pp. The pulse energy, E,„ is 
the area under the power-time curve of a 
pulse, i.e., Ep = Pp x tp . The time between 
the start of successive pulses, t,, is the in
verse of the pulse frequency, fp.The mean 
laser power, Pm, is the product of Ep and 
fp. Therefore, Pm = E/t, = P,, x tp] x fp. From 
this relationship, a constant beam diam
eter and mode can be obtained over a 
range of peak powers, pulse times and 
pulse energies provided the laser pulse 
frequency is adjusted such that P„, is held 
constant. 

The mean laser power was kept con
stant at 100 W during all of the present 
experiments. Hence, the laser beam spot 
size and intensity distribution did not 
change. The spatial distribution of the 
beam intensity was measured at the focus 
of the pulsed laser beam using a rotating-
wire-type laser beam analyzer (Refs. 10, 
11). As shown in Fig. 2, the focused beam 
was multimode and close to conical in 
shape. From this profile, the beam diam
eter, d, was determined to be 0.48 mm 
(0.02 in.) by projection of the two sides 
of the profile to the baseline. This mea
surement was confirmed using a Kapton 
f i lm burn-pattern technique (Refs. 10, 
12). Thus, the nominal power density 
was defined as the average peak power 
divided by the beam area, i.e., P. / Kd2. 
Considering the intensity profile in Fig. 2, 
this represents an average power density. 

When using the JK702 laser welding 
machine, temporal pulse shaping is ac
complished by dividing the current pulse 
used to excite the laser flash-lamps into 
as many as 20 individual sectors and 
specifying the duration and constant 
peak power of each sector. Examples of 
the four pulse types used in this study are 
given in Fig. 3. These power vs. time 
traces were obtained from a pyroelectric 
detector within the JK702 laser using a 

142-s I JUNE 1994 



LeCroy digital storage oscilloscope. 
Pulse shape A was programmed with a 
single rectangular input signal to the laser 
flash-lamps. I his resulted in a leading-
edge spike in the laser pulse that overshot 
the peak pulse power by 75 to 100% dur
ing the first 0.7 to 1.1 ms of the pulse. 
This leading-edge spike is observed 
when using most solid-state lasers and 
typically comprises 2 to 5% of the pulse 
energy. 

To examine the effect on weld dimen
sions and weld quality of the leading-
edge spike of a rectangular pulse, a sec
ond series of welds was made in which 
this spike was removed. In this B series, 
the pulse shape was programmed with a 
two-sector pulse in which the leading 
sector was reduced to make the output 
pulse as rectangular as possible. This was 
done with a 0.7 to 1.1 ms sector length, 
programmed to be 50 to 60% of the main 
sector height. In this initial part of the 
work, the effects of pulse shapes A and B 
were compared using an orthogonal ma
trix of experimental condit ions with 
seven nominal power densities ranging 
from 1.5 to 10.5 GW/m2 and four pulse 
times ranging from 2.5 to 10 ms. This 
gave a matrix of 28 different process con
ditions. 

A third series of experiments was 
made to examine the effects on weld di
mensions and weld quality of ramping 
the pulse power up or down, compared 
to a normal rectangular pulse (pulse 
shape A). For this, each pulse was di
vided into five equal length sectors and 
these were increased or decreased by 
20% increments of the sector peak 
power. Examples of the ramped-down C 
pulse shape and the ramped-up D pulse 
shape are shown in Fig. 3. In this series 
of experiments, the peak power varied 
within each C and D shaped pulse and 
the average peak power was equal to the 
peak power of the middle sector of each 
ramped pulse. To permit direct compari
son between welds made using the A, C 
and D pulse shapes, the same matrix of 
values of total pulse time and pulse en
ergy was used for each pulse shape. Con
sidering the pulse shapes used, this 
meant that the average peak power of 
each C and D pulse shape was set to the 
peak power of the corresponding rectan-
gular A pulse shape. Hence, each 
ramped pulse had the same average peak 
power as the corresponding type A pulse, 
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Fig. 3 — Output pulse shapes: type A 
with leading spike removed; type C — 

— normal "rectangular" pulse; type B — rectangular pulse 
ramped-down pulse; and type D — ramped-up pulse. 

but their maximum and minimum peak 
powers were 140% and 60% of the av
erage peak pulse power, respectively. 

Subsequent to the initial experiments 
with pulse shapes A and B, part of the 
beam expanding telescope (BET) in the 
JK702 laser malfunctioned and was re
placed. This changed the spatial intensity 
distribution of the focused laser beam, 
making it impossible to replicate prior 
experiments. In the second part of the 
work, therefore, welds were made with 
pulse shape A as well as C and D pulse 
shapes using a smaller matrix of four 
power densities and three pulse times 
giving a total of 1 2 experimental condi
tions. For each welding condition, four 
welds were made in sets of two blocks to 
reduce random error and the results were 
averaged. Also, the order of the pulse 
shape used was randomized to avoid sys
tematic errors. 

One of the major reasons for the lack 
of experimental work in this area is the 
difficulty in measuring the weld dimen
sions or determining the quality of these 
very small welds. For bead-on-plate 
welds, the time required to make re
peated sections to determine the weld 
shape and penetration becomes exorbi
tant for any meaningful matrix of experi
ments. However, a split-specimen tech
nique recently has been shown to permit 
fast measurements of diameter, penetra
tion, melt area, porosity and crater area, 
as long as the sample surfaces are ade
quately prepared (Refs. 13, 14). This 
technique allows relatively quick inves

tigation of the effects of welding process 
parameters (such as power density, pulse 
time and pulse shape) on weld dimen
sions and quality. It also provides better 
accuracy than the traditional metallurgi
cal sectioning technique. 

Using the split-specimen technique, a 
butt joint was formed using two 15 x 5 x 
5-mm (0.6 x 0.2 x 0.2-in.) AISI 304 stain
less steel specimens with joint and inci
dent surfaces prepared using #600 grit 
SiC grinding paper. The composition of 
the steel is given in Table 1. During weld
ing, the two pieces were held in a vise 
with their incident surfaces at the focal 
plane of the laser (Fig. 4) and single spot 
welds were made along the joint. Argon 
shielding gas was delivered coaxially at 
a rate of 10 L/min (21.3 ftVh)through a 9-
mm (0.35-in.) diameter gas cup posi
tioned 9 mm above the specimen sur
face. The welded joints were then chilled 
to-196°C (-321 °F) using liquid nitrogen, 
one end was held in a vise and the welds 
were fractured down their centerlines 
with a sharp blow of a mallet on the in
cident surface of the other piece. 

The fractured weld surfaces were ex
amined using an optical microscope in
terfaced with an image analysis system to 
determine the features shown in Fig. 5: 
diameter, penetration, melted area, 
porosity and crater area. The melt area 
boundary was defined by the fracture in
terface and the original top surface of the 
specimens, and the crater area boundary 
was def i ned by the top su rface of the f rac-
tured weld metal and the original top sur-

Table 1: Chemical Composition of AISI 304 Stainless Steel (balance: Fe) 

Element 

(wt- %) 

C 

0.07 

P 

0.023 

S 

0.010 

Si 

0.45 

Mn 

1.78 

Cr 

18.24 

Ni 

8.25 

O 

0.0041 

Al 

0.004 
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1-SHIELDING GAS CUP 
2-FINAL FOCAL LENS 
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Fig. 4 — Schematic of the experimental arrangement used for split-specimen laser spot welding. 

DIAMETER 

l/pENETR/ 

MELT AREA 

RATER AREA 

POROSITY AREA 

JOINT SURFACE 

Fig. 5 — Schematic of a typical weld cross-section showing the features that were measured. 

face of the specimens. In the case of weld 
pool surfaces that were above the origi
nal joint line, the crater area was consid
ered to be negative. 

Results 

General Effects of the Welding Parameters 
and the Leading-Edge Power Spike 

Using the range of power densities 
and pulse times described above, both 
conduction-mode and keyhole-mode 
laser spot welds were produced. At the 
lower power densities and shorter pulse 
times, conduction-mode welds with low 
aspect ratios (penetration/diameter) were 
generated, such as shown in Fig. 6A. At 
the higher power densities, keyhole-
mode welds with increased depth of pen
etration and aspect ratios were observed, 
as shown, for example, in Fig. 6B. This 
weld also has a large occluded gas pore 
and significant cratering. These weld de
fects were observed more frequently in 
keyhole-mode welds. 

The effects of average power density 
and pulse time on the diameter of spot 
welds produced using pulse shape A are 
shown in Fig. 7A. Only the average val-

Fig. 6 — Typical cross-sections of pulsed laser 
spot welds. A — A conduction-mode spot 
weld with a low aspect ratio; B — a keyhole-
mode weld with a high aspect ratio, some cra
tering and an occluded gas pore. 

ues are reported here. The standard de
viations for all weld dimension measure
ments were typically less than 5 to 7% of 
the average value of the dimension. In 
Fig. 7A, the weld diameters increased 
with power density up to approximately 
7.5 GW/m2 . Above this, the diameters 
decreased with increased power density. 
In all cases, weld diameter increased 
with increased pulse time. The results for 
type B pulses were very similar, espe
cially at the lower power densities — Fig. 
7B. At the intermediate power densities 
of 4.5 to 7.5 GW/m2, however, the diam
eters of the type B welds produced using 
7.5 and 10 ms pulse times were up to 
20% smaller than the corresponding type 
A welds. 

Weld penetration measurements for 
pulse type A are shown in Fig. 8. For 
power densities up to 3 GW/m2 , in
creases in either power density or pulse 
time showed only a small effect on the 
penetration. Using these condit ions, 
conduction-mode welds were produced 
in which the final weld penetration is de
termined by a combination of thermal 
conduction and liquid convection within 
the weld pool (Refs. 15, 16). Above 3 
GW/m2 , increased power density or 
pulse time led to significant increases in 
the penetration. At these power densities, 
increased vaporization and metal ejec
tion occurred, which resulted in "key
holes" (Refs. 1, 2) of various depths and 
the production of keyhole-mode welds. 
Weld penetrations for the type B pulse 
welds are not shown, because they were 
very similar to those produced by the 
type A pulses. 

Measured weld pool aspect ratios 
(penetration/diameter) of the type A 
pulse welds are given in Fig. 9. For power 
densities up to 3.0 GW/m2 , the aspect 
ratio of the conduction-mode welds was 
approximately constant at 0.2. At higher 
power densities, the rapid increase in 
penetration caused by the transition to 
keyhole-mode welding produced a sharp 
increase in the aspect ratio with both 
power density and pulse t ime. At the 
highest power density, the aspect ratio 
first increased and then decreased with 
increased pulse time. This decrease was 
due to the transition from keyhole mode 
welding to dri l l ing that occurred after 
about 5 ms pulse time. Aspect ratios for 
the welds made with the type B pulses 
generally were comparable with those of 
the type A welds. 

The measured melt areas of welds 
made with type A pulses are shown in 
Fig. 10. These plots are similar in shape 
to the penetration results, with a sudden 
change of slope at 3.0 GW/m2 due to the 
transition from conduction to keyhole-
mode welding. Above this transition, the 
melt area of the keyhole-mode welds in-
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creased wi th both power density and 
pulse time. The melt areas of the welds 
made with type B pulses were very simi
lar to those for the type A pulses shown 
in Fig. 10. 

Crater area measurements are pre
sented in Fig. 11A for the type A pulse 
welds. Crater area was small in the con
duction-mode welds produced at power 
densities up to 3 GW/m2 and increased 
only a small amount up to power densi
ties of about 6 GW/m2. At power densi
ties between 6.0 and 9.0 GW/m2 , the 
crater area increased rapidly with both 
increased pulse time and power density. 
At the highest power density (10 
GW/m2), large craters were produced for 
all pulse times due to the onset of drill ing. 
Crater area measurements for welds 
made with type B pulses are shown in 
Fig. 11B. As for the type A pulses, the 
crater area was small at low power den
sities, but with type B pulses, there was 
less cratering at power densities of 7.5 
and 9 GW/m2 . Above 9 GW/m2 , how
ever, cratering increased markedly due to 
drilling. 

Porosity area measurements for welds 
made with type A pulses are shown in 
Fig. 1 2A. There was no porosity observed 
in the conduction-mode welds produced 
using power densities up to 3.0 GW/m2. 
Above this, keyhole-mode welds were 
produced and occluded gas porosity 
gradually increased with pulse time and 
power density up to 7.5 GW/m 2 . At 
power densities greater than 7.5 GW/m2 , 
the observed porosity increased sharply 
with increased power density and pulse 
time. In contrast to the dimensional mea
surements of the welds, there was con
siderable scatter in the measured poros
ity at the high power densities, since 
some welds displayed porosity whi le 
others did not. Consequently, the average 
effects at a given power density were not 
necessarily monotonic with pulse time. 
Similar variations in porosity were noted 
previously in both sectioned welds (Ref. 
7) and split weld specimens (Ref. 14). The 
porosity results for welds made with type 
B pulses were similar to the type A re
sults, except at intermediate power den
sities (up to 9 GW/m2) where there was 
less porosity at the shortest pulse time of 
2.5 ms —F ig . 12B. 

Effects of Ramped Pulse Shapes 

The effects on weld dimensions and 
weld quality of the ramped-down and 
ramped-up pulse shapes were examined 
by comparing welds made with pulse 
type A with those made using pulse types 
C and D. Composite photos of typical 
fractured weld cross-sections for pulse 
shapes A, C and D are presented in Figs. 
1 3 to 1 5. There are no welds in Figs. 14 
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and 15 at the 1 0 . 5 - G W / m 2 and 12.5-ms 
c o n d i t i o n , because the laser c o u l d not 
p roduce the h igh peak powers requi red 
to p roduce the pulse shapes C and D at 
this c o n d i t i o n . In Figs. 13 to 15, we lds 
p roduced using the lowest p o w e r densi ty 
have c o n d u c t i o n - m o d e geometr ies, w i t h 
sha l low penetrat ions relat ive to the d i 
ameters and sma l l aspect ra t ios. As 
p o w e r dens i t y i nc reased , the re w a s a 
t ransi t ion to keyho le -mode w e l d i n g , and 
the w e l d size, porosi ty and crater area in 
creased w i t h b o t h p o w e r dens i t y a n d 
pulse t ime. The boundar ies for these fea
tures have been m a r k e d o n the p h o 
tographs w i t h dashed l ines for c lar i ty. 

As can be seen in the photographs in 
Figs. 13 to 15, the penet ra t ions of the 
c o n d u c t i o n - m o d e we lds we re s imi lar for 
all pulse shapes. However , the w e l d poo l 
shape and w e l d qua l i t y o f the keyho le -
m o d e w e l d s w e r e i n f l u e n c e d by t h e 
pulse shape as we l l as by the power den 
sity and pulse t ime . For a g iven c o m b i 
n a t i o n o f average p o w e r dens i t y a n d 
pulse t ime, w e l d penetrat ion increased in 
go ing f rom type A to type C to type D 
pulse shapes. However , the we lds made 
using pulse types C and D were often nar
rower, especia l ly in the bo t tom halves of 
the we lds . 

The w e l d d iameter measurements for 
we lds p roduced w i t h pulse shapes C, A 
and D, respectively, are presented in Fig. 
1 6. As w i t h the A and B shapes, w e l d d i 
ameters g e n e r a l l y inc reased w i t h i n 
creased n o m i n a l p o w e r densi ty , pu lse 
t ime , and therefore pulse energy. For a 
g iven average p o w e r densi ty and pulse 
t ime c o m b i n a t i o n , the d iameters w e r e 
s imi lar for all three pulse shapes, except 
that we lds p roduced using pulse shape C 
at 12.5 ms and 7.5 G W / m 2 had sl ight ly 
smal ler d iameters. 

W e l d penet ra t ion measurements for 
the three pulse types are shown in Fig. 
1 7. A l l we lds p roduced using 1.5 G W / m 2 

w e r e c o n d u c t i o n - m o d e w e l d s w i t h 
about the same penet ra t ion. The transi
t i on f r o m c o n d u c t i o n to keyho le -mode 
we lds was less marked in these plots than 
in Fig. 8, because there we re on l y 4 in 
crements of power densi ty used in this se
ries o f exper iments ; however , keyho le -
m o d e w e l d s w e r e p r o d u c e d at p o w e r 
densit ies of 4.5 G W / m 2 and greater. At 
these h igher p o w e r densit ies, w e l d p e n 
etrat ion increased rapid ly w i t h increased 
nomina l powe r density, pulse t ime and 
pulse energy. A lso, it is c lear f r om Fig. 1 7 
that the w e l d penet ra t ion increased o n 
go ing f rom pulse shape A to type C to 
type D. 

The measu red m e l t areas are p re 
sented in Fig. 18. A l l w e l d s p r o d u c e d 
us ing a n o m i n a l p o w e r dens i ty of 1.5 
G W / m 2 w e r e c o n d u c t i o n - m o d e w e l d s 
w i t h s im i la r w e l d areas o f abou t 0 .07 
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Fig. 13 — Cross-sections of typical welds pro
duced using type A pulses as a function of 
power density and pulse time. 
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ij£ 0 . POWER DENSITY (GW/m") Fig. 14 — Cross-sections ot typical welds pro- I \ / / 
duced using type C pulses as a function of Fig. 15 — Cross-sections of typical welds pro-
power density and pulse time. duced using type D pulses as a function of 

power density and pulse time. 

mm2. As before, the melt areas of all key
hole-mode welds produced using power 
densities of 4.5 GW/m2 and greater in
creased rapidly wi th increased power 
density and pulse t ime. However, the 
weld areas of the keyhole-mode welds 
increased in going from type A to type C 
to type D welds. 

Crater area measurements are pre
sented in Fig. 19. The trends of crater 
area vs. welding conditions differed for 
each pulse shape. Craters were the 
largest in welds made using type C 
(ramped-down) pulses, and generally in
creased with power density and pulse 
time, similar to the results shown in Fig. 
11 for the earlier pulse type A welds. 
Conversely, in welds made with type D 
pulses, crater areas were low at low 
power densities, but deviated from these 
low values at power densities greater 
than 4.5 GW/m2 . At the condition of 7.5 
GW/m2 and 12.5 ms, the crater areas be
came negative. Here, the weld top sur
face was above the original joint line, as 
may be seen in two of the welds in Fig. 
15. The average crater areas for most 
pulse type A welds were relatively small. 

Porosity area measurements are pre
sented in Fig. 20. Comparison with the 
crater area plots in Fig. 19 shows that at the 
high power densities, these two types of 
defects were generally inversely related. 
Hence, welds produced using ramped-
down (pulse shape C) pulses exhibited the 
largest crater areas, but they had the low
est porosity areas. On the other hand, the 
ramped-up pulses (pulse shape D) pro
duced the greatest porosity and this in
creased with increasing pulse time. This is 
opposite to the trend observed for crater 
area with this pulse shape. The rectangular 
pulses (pulse shape A) produced small 
porosity areas except for a single condition 
at the highest power density and interme
diate pulse time. 
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Fig. 16 — Diameter vs. power density and pulse time of welds made using type A, C and D pulse 
shapes. 
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Fig. 17 — Penetration vs. power density and pulse time of welds made using type A, C and D 
pulse shapes. 
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Fig. 18 — Melt area vs. power density and pulse time of welds made using type A, C and D pulse 
shapes. 
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0 2 4 6 8 10 12 0 2 4 6 8 10 12 0 2 

POWER DENSITY (GW/m2) 

Fig. 20 — Porosity area vs. power density and pulse time of welds made using type A, C and D 
pulse shapes. 

Discussion 

Effects of the Welding Process Conditions 
When Using Pulse Shapes A and B 

In the series of experiments in which 
the effects on weld dimensions and weld 
quality of using pulse shape A vs. B were 
studied, welds were produced using a 
matrix of seven power densities and four 
different pulse times. The range of con
ditions used was sufficient to result in 
conduction-mode welds, keyhole-mode 
welds and drill ing in the AISI 304 stain
less steel. Whi le similar qualitative re
sults for the effects of welding conditions 
on width and penetration have been re
ported for pulsed Nd:YAG welding of 
AA1100 and AISI 409 ferritic stainless 
steel (Refs. 3-5) as well as for CO\ laser 
spot welds in carbon steel (Ref. 1 7), it is 
instructive to examine more closely the 
present results shown in Figs. 6 to 12, 
since very few such measurements have 
been previously reported for pulsed 
Nd:YAG laser welds in austenitic stain
less steels. 

The weld diameter, penetration, as
pect ratio and melt area of all conduc
tion-mode welds were about the same — 
Figs. 7-10. Increases in pulse time by a 
factor of four produced only small 
changes in weld dimensions. This indi
cates that the welds had approached a 
steady-state condition within the first 2.5 
ms where the heat input to the top sur

face was balanced by the losses through 
the metal by conduction (Refs. 15, 16, 
18. 19). These steady-state conditions 
produce a constant aspect ratio of about 
0.2, which is determined by a combina
tion of thermal conduction and surface-
tension-driven fluid flow in the weld pool 
(Refs. 15,16, 20). The stainless steel used 
in these experiments contained only 
0.010 wt-% S. It is expected to show a 
small increase followed by a decrease in 
the surface tension with increased tem
perature (Ref. 21). Since the gradient of 
the surface tension with temperature is 
negative over much of the temperature 
range, fluid flow should be dominated by 
outward flow, as in the experiments by 
Zacharia, ef al. (Ref. 22), for C 0 2 laser 
spot welds in similar steels. The aspect 
ratio that they observed was 0.28, and 
this is reasonably close to the final values 
for the present conduction-mode welds 
(about 0.2). 

The transition from conduction mode 
to keyhole-mode laser welding was 
clearly evident in all plots (except for di
ameter and crater area) due to a sudden 
slope change at a power density of 3.0 
GW/m2 — Figs. 7-9. Qualitative descrip
tions of the keyhole welding phenomena 
have been presented by various authors 
(Refs. 1-5, 17, 18). In this regime, there 
is a rapid increase in penetration due to 
metal vaporization and the formation of 
a keyhole. This keyhole geometry acts as 
a beam trap which greatly increases the 

effective absorptivity of the metal com
pared to that of the flat liquid surface of 
the conduction-mode welds (Refs. 3-5, 
23). At the same time, the laser beam in
teracts with the vapor plume in a com
plex manner (Ref. 24). Within this key
hole-mode welding regime, both weld 
diameter and penetration increase 
rapidly with increased power density and 
pulse time, unlike the conduction-mode 
welds, which reach a steady-state condi
tion after an initial transient. At a given 
power density the rate of penetration de
creases with time in this keyhole regime, 
as shown by the more closely spaced 
lines at longer pulse times in Fig. 8. The 
rapid increases of crater and porosity 
areas in the keyhole-mode welds with in
creased power density (Figs. 11 and 12) 
have also been observed in laser spot 
welds in AISI 409 stainless steel (Refs. 
3-5). Here, the metal loss which ult i
mately causes cratering was observed to 
start at the very beginning of the laser 
pulse, while occluded gas pores would 
form much later in the pulse and only in 
well-developed keyhole-mode welds. 

The transition from keyhole-mode 
welding to drilling occurred at a power 
density of approximately 9.0 GW/m2 in 
the AISI 304 steel, producing a maximum 
in weld diameters, a slope change in the 
aspect ratio curves, and a sharp increase 
in the crater areas. However, this transi
tion was not seen clearly in the penetra
tion measurements (Fig. 8) as the pene
tration continued to increase wi th 
increased power density. 

The effects of power density and pulse 
time on weld dimensions in these single 
spot welds are expected to be similar to 
their effects in overlapping mult iple 
pulse welds. However, such overlapping 
welds may permit weld defects such as 
porosity or cratering to be filled in by 
subsequent pulses, depending on the de
fect and the amount of overlap. 

Effects of the Leading-Edge Power Spike 

Removal of the leading-edge spike 
from the rectangular pulse had little ef
fect on the weld dimensions, especially 
in the conduction-mode welds. This is 
consistent with the fact that there is only 
a small change in the absorptivity of AISI 
304 stainless steel over a considerable 
range of temperature (Ref. 2). However, 
other materials with lower room-temper
ature absorptivities, such as copper, 
show greater changes in the absorptivity 
with increased temperature (Refs. 2, 18, 
25) and may benefit from the effects of 
such spikes (Refs. 7, 8). At the intermedi
ate power densities, removal of the lead
ing-edge spike (type B welds) tended to 
reduce the weld diameter and crater area 
compared to the type A welds, but had 
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little effect on other measures of size or 
quality. Since liquid metal expulsion with 
the subsequent formation of a crater due 
to the metal loss has been shown to occur 
very early in the laser pulse (Refs. 3-5), 
removal of the leading-edge spike from 
the pulse can be expected to cause a de
crease in the amount of metal expulsion 
and consequently the crater area. This 
was observed in the present experiments 
- F i g . 11. 

Effects of Ramped Pulse Shapes 

The effects on weld dimensions and 
weld quality of using the different A, C, 
and D pulse shapes are shown in Figs. 13 
to 20. At the lowest power density, all 
pulse shapes resulted in conduct ion-
mode welds with low aspect ratios (~ 0.2) 
and no cratering or porosity. Also, the di
mensions of the welds produced using all 
three pulse types were very similar. Thus, 
the weld dimensions and weld quality of 
the conduction-mode welds were not af
fected by the differences in the pulse 
shapes used to produce them. 

At the higher power densities where 
keyhole-mode welds were produced, the 
rectangular A pulse shape produced the 
least penetration and melt area for a given 
nominal power density and pulse time — 
Figs. 1 3-1 5, 1 7. These observations can 
be explained by examining the depen
dence of the penetration on power den
sity and pulse time as shown in Figs. 8 and 
1 7. The penetration of the welds made 
with pulse type A increase in a nonlinear 
manner with increased power density 
and pulse time. More importantly, how
ever, the penetration of the keyhole-mode 
welds increase two to four times faster 
with increased power density than with 
the same percentage increase in pulse 
time. For example, considering the data 
point at 7.5 GW/m2 and 0.97 mm in the 
A pulse shape plot in Fig. 1 7, the rate of 
increase of penetration is 1.45% per per
centage increase of power density and 
only 0.43% per percentage increase of 
pulse time. Thus, the penetration in
creases 3.4 times faster for a given per
centage increase of power density vs. the 
same percentage increase of pulse time. 
The type C and D pulses contain pulse 
sectors with power densities up to 140% 
of the nominal value. These high power 
densities are present for only a fraction of 
the total pulse time, but as discussed 
above, the rate of penetration at these 
high power densities greatly exceeds that 
at the nominal power density. This results 
in keyhole-mode welds with greater pen
etration when using the C and D pulse 
shapes compared to the A pulse shape, 
even though at a given condition all these 
pulse shapes have the same power den
sity averaged over the total pulse time. 

The ramped-down pulse shape (type 
C) produced smaller welds (diameter, 
penetration, melt area), with smaller as
pect ratios, larger craters, and less poros
ity than the ramped-up (type D) pulse 
shape — Figs. 14-20. The increase in 
penetration and melt area in going from 
type C to type D pulses is consistent with 
the pulse effects reported by Badawi, ef 
al. (Ref. 9), except that they found that 
welds made with type A pulses gave in
termediate results. 

To explain the differences between 
the effects on the weld pool dimensions 
and weld quality of using pulse shapes C 
and D, several aspects of the weld pool 
development and solidification must be 
considered. In the initial pulse sector of 
the ramped-down, type C pulse, the 
power density was at its maximum and 
the material would melt and then vapor
ize in a very short time. At high power 
densities, this vaporization is severe 
enough to cause depression of the liquid 
surface and even ejection of liquid metal 
droplets in the form of spatter as illus
trated in Fig. 21 . Patel and Brewster (Ref. 
24) have reported that at a Nd:YAG laser 
power density of 10 GW/m2, a plume de
velops above 304 stainless steel in 0.04 
ms. Also, Liu, ef al. (Refs. 3-5), has 
shown that much of the metal loss due to 
spatter occurs in AISI 409 stainless steel 
laser spot welds close to the beginning of 
a pulse, and that the amount of metal loss 
increases with pulse time or power den
sity in keyhole-mode welds. Hence, the 
loss of metal from the weld pool during 
the initial high power density sector in 
the C pulse shape, by either vaporization 
or the ejection of metal droplets, explains 
the higher incidence of the crater defect 
observed in the welds made with this 
pulse shape (Refs. 2-5, 17, 26). Since 
pulse shape A has lower maximum 
power densities than either of pulse 
shapes C or D, it results in only small 
metal losses and craters for any of the 
conditions examined — Fig. 19. 

Energy coupling between the beam 
and the metal wi l l be poor during the ini
tial high power density pulse sector of the 
C pulse shape, because the plume and 
spatter wi l l interact with the incident 
beam to defuse and reflect it (Ref. 24). 
Also, a keyhole has only just begun to 
form so the surface wil l be relatively flat 
and much of the energy would be re
flected due to the relatively low absorp
tivity of the solid or flat liquid surface. 
Hence, much of the incident energy dur
ing the first pulse sector wi l l be lost due 
to reflection. 

After the initial high power sector of 
the ramped-down (type C) pulse shape, 
the power density decreases with time. 
However, keyhole development is ex
pected to continue for as long as the 

INITIAL SECTOR FINAL SECTOR 

RAMP - DOWN 

MT1AL SECTOR FINAL SECTOR 
AND WELD (—) 

RAMP - UP 

Fig. 21 — Schematic illustration of events in 
the weld pool during the initial and final sec
tors of ramped-up and ramped-down pulses. 

power density is high enough to support 
a vapor cavity. As the power density 
drops, the rate of penetration wi l l de
crease and then stop. This is accompa
nied by a reasonably controlled collapse 
of the keyhole during which molten 
metal flows back into the cavity. 

In contrast to the ramped-down pulse 
shapes, the low power density sector at 
the beginning of the ramped-up pulse 
shape D may melt the metal, but might 
not create a vapor cavity, especially 
when the average power density is below 
or close to that causing the transition 
from conduction to keyhole-mode weld
ing. Also, at the lower power density, 
there wil l be little or no spatter and sub
sequently little cratering. As the ramped-
up pulse proceeds, the keyhole wil l de
velop and the energy coupling wi l l 
improve rapidly due to the increased ef
fective absorptivity associated with the 
keyhole geometry (Ref. 23). The highest 
power density occurs in the last sector of 
this pulse shape, exactly when the key
hole is deepest and the effective absorp
tivity is greatest. Consequently, most of 
the energy from the high power density 
sectors wil l be absorbed. This is in direct 
contrast to the ramped-down pulse 
where the energy coupling is poorest 
during the initial high power density 
pulse sector. This contrast explains why 
the depth of penetration and weld area of 
the welds produced with the ramped-up 
pulse shapes were greater than those 
made with the ramped-down pulses. Ex
amination of Fig. 17 indicates that the 
percentage differences between penetra
tions produced by type C and D pulses 
are least for the longest pulse times. This 
also is consistent with the contrasting 
transient effects occurring during the ini
tial sectors of type C and D pulses; the 

W E L D I N G RESEARCH SUPPLEMENT I 149-s 



transient has less effect for greater total 
pulse times. 

At the peak of weld development dur
ing a type D pulse, the pulse stops 
abruptly and the vapor cavity collapses, 
as shown schematically in Fig. 2 1 . Dur
ing this collapse, the molten metal from 
the outer edge is drawn in by surface ten
sion forces faster than the metal can flow 
back into the cavity, thus generating an 
occluded gas pore. Formation of oc
cluded gas pores due to the fluid dynam
ics of the collapse of the keyhole or de
pressed liquid surface, as illustrated in 
Fig. 21 , has also been observed and sim
ulated with other welding processes such 
as high current GTA welding (Ref. 27). 
Thus, the net result of a ramped-up 
power density was more efficient cou
pling of energy, and hence greater pene
tration, but at the expense of greater oc
cluded gas porosity than was observed in 
welds made with the ramped-down (type 
C) pulse shape. 

Welds made with type A pulses, es
pecially at the highest power density, 
generally contained porosity intermedi
ate to that in welds made with pulse 
shapes C and D, as shown in Fig. 20. This 
is consistent with the type A pulses hav
ing an intermediate power density at 
power termination, thus producing a 
greater keyhole collapse than the type C 
pulses but smal ler than the type D pulses. 
At intermediate average power densities 
the type A pulses gave very little poros
ity; less than with ramped-up type D 
pulses and also generally less than with 
typeC pulses. This small porosity is partly 
explained by the lower maximum power 
densities in the type A pulses giving 
smaller metal losses. Also, the wider 
lower sections shown in Figs. 13 to 1 5 in 
the welds made with type A pulses may 
permit a longer time for metal collapse 
back into the keyhole prior to complete 
solidification. This is consistent with the 
small craters instead of pores at a power 
density of 4.5 GW/m2 for type A pulse 
welds, as shown in Figs. 19 and 20. 
Therefore, the total amount of weld de
fects (porosity plus cratering) is mainly 
dependent on maximum power density, 
but the relative amounts of porosity vs. 
cratering depend on both how rapidly 
the power density decays and the solidi
fication time of the weld. 

Summary 

The effects of temporal pulse shape on 
weld dimensions and weld quality in 
Nd:YAG laser spot welds produced in 
AISI 304 stainless steel have been exam
ined over a range of power densities and 
pulse times. Four different temporal 
pulse types were used: normal "rectan

gular" pulses with a characteristic lead
ing-edge power spike, rectangular pulses 
with no spike, ramped-up pulses and 
ramped-down pulses. 

For all pulse types, three laser weld
ing modes were observed: conduction-
mode welds at power densities less than 
3 GW/m2, keyhole-mode welds at power 
densities between 3 and 9 GW/m2 and 
drilling at power densities greater than 9 
GW/m2. The transition from conduction 
to keyhole-mode welds at 3 GW/m2 was 
clearly evident, due to sudden changes in 
the rate of increases in penetration, melt 
area and porosity area. The transition 
from keyhole-mode welding to drilling at 
9 GW/m2 was characterized by a maxi
mum in weld diameter and a sharp in
crease in crater area. 

There were no signif icant differ
ences observed between conduct ion-
mode welds made wi th normal "rec
tangular" pulse shapes wi th the 
characteristic leading-edge power 
spike and welds made with rectangular 
pulses from which the spike was re
moved. For keyhole-mode welds made 
using power densities between 3 and 9 
GW/m2 , removal of the spike tended to 
reduce the weld diameter and crater 
area, but had little effect on other mea
sures of size or quality. 

There were no significant differences 
between conduction-mode welds made 
wi th rectangular, ramped-up and 
ramped-down pulse shapes. However, 
the diameter, penetration and melt area 
were greater for keyhole-mode welds 
made with ramped-up or ramped-down 
pulse shapes than in welds made with 
the rectangular pulse shape. Also, the 
penetration and melt area of keyhole-
mode welds made with the ramped-up 
pulse shape were greater than those 
made wi th the ramped-down pulse 
shape. These differences can be ex
plained by considering the effects of 
weld pool and keyhole dynamics on en
ergy coupling efficiencies between the 
laser beam and the metal. 

Keyhole-mode welds made wi th 
ramped-up pulse shapes had the great
est occluded gas porosity, but the small
est crater areas. Alternatively, welds 
made wi th the ramped-down pulse 
shape exhibited the least porosity, but 
the greatest crater areas. The defects in 
welds made wi th rectangular pulses 
were generally intermediate to those 
made with ramped pulses. The creation 
of these defects can be explained with 
physical models for the generation of 
metal losses in laser welds, and the con
trolled (ramped-down pulse shape) or 
uncontrolled (ramped-up pulse shape) 
collapse of the keyhole vapor cavity 
during solidification at the end of the 
laser pulse. 
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NONDESTRUCTIVE MEASUREMENT AND ANALYSIS OF 
RESIDUAL STRESS IN AND AROUND WELDS — 

A STATE-OF-THE-ART SURVEY 

By 
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Quality assurance of welded structures needs tools for quantitative nondestructive analysis of 
stress states. 

In the last ten years, extensive research and development has been done to develop stress-
analyzing by techniques of a typical "nc/f-style," i.e., the use of a probe manipulated by hand or a 
manipulator, together with portable equipment. 

The present state of development of such an approach and the most important results obtained 
up to now are described in this report which covers Residual Stress at Weldments, Nondestructive 
Measurement and Analysis Techniques, including X-ray Diffraction, Neutron Diffraction, Ultrasonic 
Methods, Magnetic Methods, and Other Methods. A comprehensive bibliography is provided. 
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