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ABSTRACT. Pulsed laser beam welds of
6061-T6 aluminum alloy hermetic pack-
ages for encapsulation of sensitive elec-
tronic and optoelectronic components
typically exhibit severe solidification
cracking when a conventional rectangular
or on/off laser pulse is employed. In this
study, the effects of temporal pulse shap-
ing on the solidification cracking suscepti-
bility of Nd:YAG pulsed laser welds made
in 6061-T6 aluminum were investigated.
The results showed that it was possible to
eliminate solidification cracking in 6061-
T6 pulsed Nd:YAG laser seam welds by
decreasing the ramp-down gradient of the
laser pulse power after the main welding
pulse sector. Crack-free welds were pro-
duced over a limited range of trailing
ramp-down gradients; however, intermit-
tent solidification cracking recurred when
the gradient was further decreased. The
solidification cracking susceptibility was
also found to increase with increasing
peak power density of the main welding
sector. Use of a trailing ramp-down pulse
shape was found to affect the solidifica-
tion morphology of the welds. The width
of the initial planar grain growth layer at
the fusion boundaries and the dendrite
and cell spacing increased with decreasing
ramp-down gradient. EDS measurements
of the overall chemical composition of the
solidification crack surfaces of welds
showed that microsegregation of Mg, Si,
Fe, and Cu to the grain boundaries in-
creased with decreasing ramp-down gra-

dients. This was thought to be the reason
for the return of intermittent cracking
when low ramp-down gradients were used.

Introduction

Encapsulation of electronic and opto-
electronic components or assemblies in
hermetic enclosures or packages is per-
formed to improve the reliability of these
components by providing mechanical sup-
port, shielding from electromagnetic inter-
ference, better thermal management, and
environmental protection of the environ-
mentally sensitive components (Refs. 1, 2).
Hermetically sealed electronic packages
are widely used in the electronics, commu-
nications, automotive, computer, and med-
ical industries. Figure 1 shows an example
of an electronic package consisting of a box
machined from 6061-T6 aluminum and a
4047 aluminum alloy sheet lid. Once the
electronic circuits are assembled into the
box, the package is placed in a glove-box
environment with the desired enclosure gas
and the lid is welded to the box. Wrought
aluminum alloys such as 6061-T6 are widely
used for microwave amplifier and opto-
electronic packages because they are light-
weight,  and have high corrosion resistance,

good workability and machinability, and
high thermal and electrical conductivity
(Ref. 3). 

The quality and durability of the her-
metic seal in these packages must be high
as failure of the seal can lead to corrosion
of the package contents and premature
failure of the device (Ref. 4). Pulsed
Nd:YAG laser welding has become the
method of choice for hermetic sealing of
the most critical devices, because it has
low and precise heat input that produces a
small heat-affected zone, low distortion
and residual stresses, is a noncontact
process with an ability to weld a wide
range of materials, has good process flex-
ibility for automation, and is capable of
making reproducible, high-quality welds
(Refs. 4–7).

Many wrought aluminum alloys, espe-
cially 6xxx series aluminum alloys, are
known to be susceptible to hot cracking dur-
ing fusion welding due to their relatively
high thermal expansion coefficient, large
solidification shrinkage, and wide solidifica-
tion temperature range (Refs. 8–16). There
are generally two main categories of cracks
generated during welding of such aluminum
alloys; either solidification cracking within
the weld fusion zone or liquation cracking
in the partially melted zone (PMZ) adjacent
to the fusion boundary (Refs. 8–19). Figure
2 shows an example of a pulsed Nd:YAG
laser seam weld made in 6061-T6 aluminum
using a series of overlapping on/off or rec-
tangularly shaped laser pulses. This weld
has severe solidification cracking (Fig. 2A,
B) and also liquation cracking in the PMZ
(Fig. 2B) and would, therefore, be unac-
ceptable for electronic packaging or any
other applications.

For solidification cracking to occur,
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two conditions must exist at the solid-
liquid interface of the solidifying alloy:
one is related to the thermomechanical
conditions present and the other is the so-
lidification morphology. Solidification
cracking will occur when tensile thermo-
mechanical strains in the material due to
thermal contraction of the recently solidi-
fied metal causes adjacent dendrites or
cellular-dendrites to pull away from each
other near the base of the dendrites (Refs.
9, 20, 21). If the distance between the tip
and base of the dendrite is large and there
is significant restriction to fluid flow down
the relatively long narrow passage be-
tween the dendrites, then a void will form
at the base of the dendrites. Continued so-
lidification will cause growth of this void in
the direction of solidification and the cre-
ation of a solidification crack similar to
those shown in Fig. 2. 

The susceptibility of alloys to solidifi-
cation cracking is influenced by the weld
metal composition, the welding process
and weld process parameters used, and
the restraint to thermal contraction due to
weldment and joint design or clamping.
For example, solidification cracking sus-
ceptibility is known to increase with alloy
freezing range, which in turn is influenced
directly by the alloy composition, the pres-
ence of impurities, and microsegregation
due to nonequilibrium solidification ef-
fects (Refs. 8, 9, 18–21). A longer freezing
range will promote the formation of long,
thin dendritic morphology with poor fluid

flow between the den-
drites. Cracking sus-
ceptibility is also influ-
enced by the
solidification mi-
crostructure, the
amount and distribu-
tion of liquid at the
final stage of solidifi-
cation, the primary so-
lidification phase, the
surface tension of the
grain boundary liquid,
the grain structure,
and the ductility of the
solidifying weld metal
(Refs. 17–21). For a
given alloy composi-
tion, the dendrite
spacing, nonequilib-
rium freezing range,
and the distance from
start to finish of solid-
ification are all af-
fected by the local
growth velocity and
temperature gradient
(Refs. 20, 21). All of
these factors affect the resistance to fluid
flow between the dendrites and, therefore,
influence cracking susceptibility.

Several techniques have been reported
to be effective in reducing or eliminating
solidification cracking in laser welded alu-
minum alloys. The first approach involves
use of a filler metal with a different com-

position and shorter freezing range. Nor-
mally, 4xxx and 5xxx series welding wires
or Al-Si alloy foil can be used to move the
weld metal composition and freezing
range away from the crack-sensitive range
(Refs. 8, 9, 14, 15, 22, 23). When fabricat-
ing hermetic packages by laser welding,
this can be also be done by making the lid

Fig. 2 — Cracks in 6061-T6 aluminum pulsed Nd:YAG laser seam weld. A
— Top weld bead showing overlapping spot welds and solidification cracks;
B — transverse section solidification and liquation cracks.

Fig. 1 — Example of an electronic package consisting of a 6061-T6 alu-
minum machined box and 4047 aluminum sheet lid.

Table 1 — The Nominal Composition (wt-%) of AA6061-T6 Aluminum (Ref. 32)

Mg Si Cr Fe Cu Mn Zn Ti Al
0.8–1.2 0.4–0.8 0.04–0.35 0.7 0.15–0.40 0.15 0.25 0.15 balance

Fig. 3 — Schematic diagram of the welding jig and Nd:YAG laser beam de-
livery head.

A

B
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out of the filler metal alloy as shown in 
Fig. 1 or by making a special insert for the
joint out of the filler metal alloy. However,
filler metal alloys are not always available

in the desired shapes
and the extra parts
and manufacturing
steps required are
time consuming and
costly. Laser welded
aluminum alloy her-
metic packages have
also been made suc-
cessfully by Ni plating
one or both aluminum
parts prior to welding
(Refs. 24, 25). The
weld metal can be
changed to a zero
freezing range Al-Ni
eutectic and solidifi-
cation cracking
avoided by plating an
optimized thickness
of Ni on the alu-
minum part prior to
laser welding; how-
ever, this also requires
an additional manu-

facturing step that can introduce other
problems such as hydrogen porosity from
the plating operation. 

Temporal pulse shaping has also been
used to reduce or eliminate defects in welds
made in various alloys using the pulsed
Nd:YAG laser spot welding process (Refs.
26–30). A conventional pulsed laser welding
beam pulse is simply on/off, i.e., it has a sim-
ple rectangular shape on a plot of laser
beam power vs. time. However, temporal
pulse shaping involves varying the laser
beam power with time during the pulse in a
predetermined manner. Temporal pulse
shaping has been reported to be an effective
method of modifying weld fusion area and
penetration (Ref. 26) and reducing or elim-
inating a number of commonly observed de-
fects in pulsed laser welds, such as porosity
(Ref. 26) and solidification cracks (Refs.

28–30).
Matsunawa et al. (Refs. 28, 29) devel-

oped a laser pulse shape composed of two
distinct pulses, the initial welding pulse
followed by a second pulse a short time
later. They found that using this pulse
shape with a controlled decrease in beam
power at the end of each pulse was bene-
ficial in reducing cracking in A5083 alu-
minum and A7N01 stainless steel alloy
welds. More recently, Michaud et al. (Ref.
27) developed an optimized ramp-down
pulse shape that significantly reduced so-
lidification cracking in individual spot
welds in a pure binary Al-3.75 wt-% Cu
alloy and produced crack-free seam welds.
A thermal analysis of the optimized pulse
shape on the pulsed laser welding condi-
tions showed that solidification times and
interface velocities were lower, and tem-
perature gradients were higher during the
solidification process (Ref. 31). Such con-
ditions are known to have beneficial ef-
fects on the solidification microstructure
and solidification cracking susceptibility
(Refs. 9, 20, 21). 

Temporal pulse shaping has the advan-
tage over other methods of preventing
various weld defects because it does not
require the addition of a filler metal or use
of extra manufacturing process steps such
as plating. This simplifies the manufactur-
ing process and makes it possible to fabri-
cate the hermetic package using one sin-
gle material, thereby improving the
corrosion resistance of the package. How-
ever, most previous studies of the use of
temporal pulse shaping during laser spot
welding of aluminum alloys have been
done using 2xxx and 5xxx series of alu-
minum alloys (Ref. 27). These alloys have
lower solidification cracking indexes com-
pared to 6061-T6 aluminum alloy (Refs.
8–13). The objective of the present study,
therefore, was to study the effects of tem-

Fig. 4 — Ramp-down pulse shapes used the following: A — Schematic of waveform design; B — measured waveforms.

Fig. 5 — Schematic diagram showing the cross-sectioning positions used for
metallographic examinations of the laser seam welds.

Table 2 — Laser Welding Process Parameters
Used in This Study

Pulse frequency 5 Hz
Pulse width of main welding 4 ms

sector
Peak power of main welding 1.26–2.21 kW

sector
1/(ramp-down gradient) 0–19.7 ms/kW
Welding speed 0.3 mm/s
Focal position 0.0 mm
1/e2 beam diameter 437 μm
Overlap rate ~87%
Argon shielding gas flow rate 0.24 L/s

A B
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poral pulse shaping on solidification
cracking susceptibility of pulsed laser
seam welds on 6061-T6 aluminum. In this
work, the influences of both ramp-down
gradients and the peak power density of
the main welding sector on characteristics
such as total solidification crack length,
solidification morphologies, and severity
of microsegregation were examined.

Experimental Materials
Apparatus and Methodology

The base metal used for this study was
6061-T6 aluminum with a nominal chemi-
cal composition as shown in Table 1 (Ref.
32). All samples were cut from 3.175-mm

(0.125-in.) sheet into 50- × 50-mm
coupons. Before welding, the as-received
surface of each specimen was cleaned with
acetone in an ultrasonic bath followed by
a methanol rinse and air drying. The spec-

imens were then clamped on the welding
jig and laser seam welded.

All laser seam welds were made using
a Lumonics JK702H pulsed Nd:YAG laser
welding machine with a fiber-optic beam

Fig. 6 — Severe solidification cracking in a weld made with a rectan-
gular pulse shape with a peak power density of 11.5 GW/m2: A — Weld
bead during steady welding; B — end of weld bead with crater crack-
ing; and C — transverse section.

Fig. 7 — Intermittent solidification cracking in a weld made with a ramp-
down pulse shape with main welding sector peak power density of 
11.5 GW/m2 and ramp-down gradient of 420 kW/s: A — Weld bead during
steady welding; B — end of weld bead with crater cracking; and C — trans-
verse section.

Table 3 — EDS Measured Compositions (wt-%) at Locations ① to ⑥ in Fig. 15

Location Mg Si Cr Fe Cu Al
1 1.7 11.2 0.3 5.9 3.1 77.7
2 2.2 12.0 0.0 4.0 2.3 79.5
3 0.4 4.2 0.8 4.9 2.2 87.5
4 1.4 10.3 0.7 6.8 2.6 78.2
5 1.3 9.9 0.5 4.2 2.5 81.6
6 1.2 7.5 0.6 3.8 4.4 82.7

Base Metal 0.5 0.6 0.5 0.8 0.3 97.4

A

B

C
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C
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delivery system. A schematic diagram of
the laser welding head and specimen
clamping fixture is shown in Fig. 3. As in-
dicated, the laser beam delivery head was
tilted 15 deg from the normal to avoid
backreflection of the laser beam. The
Nd:YAG pulsed laser welding machine
was capable of up to 350 W mean power,
0.5 to 20 ms pulse widths, maximum peak
pulse power of up to 5000 W, and energy
up to 55 J/pulse. The laser beam delivery
system consisted of a 600-μm fiber-optic
cable feeding into a beam delivery head
with a 200-mm focal length collimator lens
and a 120-mm final process lens. The in-
tensity distribution of the laser beam at
the focal plane was measured using a ro-
tating-wire-type laser beam analyzer (Ref.
33) and a LeCroy 9410 digital oscillo-
scope. The beam profile was found to be
well described by a Gaussian distribution
with the 1/e2 beam diameter of 437 μm.
The spot size of the pulsed laser beam was
verified by the measurements of burn pat-
terns produced in 25-μm-thick Kapton
films using the technique developed by
Wang et al. (Ref. 34). The internal laser
energy meter was calibrated indepen-
dently with an Ophir Optronics laser
power/energy meter. Thus, the
energy/pulse and peak power actually de-
livered to the surface of the material was
well characterized. The nominal peak
power density was calculated using the 
relation

where PD is the peak power density
(GW/m2), PP is the peak power (W), and
w0 is the 1/e2 beam diameter (μm). 

The laser welding process parameters
used in this study are listed in Table 2. All
bead-on-plate seam welds were made with
the laser beam focused on the surface of
the specimen. The welding speed was kept

at 0.3 mm/s and a pulse
frequency of 5 Hz was
used. This combination
of welding speed and
pulse frequency re-
sulted in about 87%
spot weld overlap rate,
which is consistent with
the normal require-
ment of 85–90% over-
lap to ensure the her-
meticity of electronic
packages (Ref. 35). A
coaxial flow of argon
shielding gas was sup-
plied to the workpiece
at a flow rate of 0.24 L/s
through an 8-mm-diameter ceramic
shielding gas nozzle set about 6 mm above
the workpiece.

The temporal pulse shape technique
used by Bransch et al. (Ref. 26) to change
the pulse shape on the JK702H pulsed
Nd:YAG laser welding machine when
welding 304 stainless steel was used, i.e.,
each laser pulse was divided into sectors
where the peak power and width of each
sector were adjusted to obtain the desired
temporal variation of power during a
pulse. In the present study, an initial series
of welds was produced using no pulse
shaping, i.e., a normal rectangular or
on/off shape laser pulse was used. How-
ever, following the arguments of Bransch
et al. (Ref. 26), Michaud (Ref. 27), and
Matsunawa and Katayama et al. (Refs. 28,
29), pulse shapes were then developed
that involved a controlled rate of decrease
of beam power after the initial rectangu-
larly shaped welding pulse. Figure 4A
shows a schematic of the idealized wave-
form design used in the present study for
the ramp-down temporal shaping experi-
ments. The initial rectangular portion of
the pulse can be considered the “welding
portion” of the pulse while the trailing
ramp-down portion was considered the
“solidification control portion” of the

pulse. Both the peak power of the main
welding sector and the ramp-down rate of
the solidification portion of the pulse were
adjusted to evaluate the effect of ramp-
down gradient, Rg, and peak power density,
Pd, on solidification cracking susceptibility.
Weckman et al. (Ref. 36) found that pulsed
laser weld dimensions in 1100 aluminum
increased rapidly for the first 2 ms of laser
pulse and changed little thereafter; there-
fore, a 4-ms main welding sector pulse
width was used in the present study. 

Figure 4B is an example of a series of
measured ramp-down pulse shapes. The
spike in power at the leading edge of the
welding sector is characteristic of many
solid-state pulsed laser welding machines
and has been shown by Weckman et al. (Ref.
36), Bransch et al. (Ref. 26), and Michaud
et al. (Ref. 27) to have no measurable effect
on the final weld dimension or weld quality.
Note that the actual ramp-down portion of
the pulse is not linear, rather it consists of a
series of individual pulse sectors of stepwise
decreasing peak powers. As indicated in
Table 2, laser seam welds were made using
peak powers for the main welding sector
ranging from 1.26 to 2.21 kW and 1/Rg val-
ues of 0 ms/kW (rectangular pulses) to 19.7
ms/kW (Rg = 50.8 kW/s).

Laser seam welds produced using a
range of peak power densities of the main

P
P

w
D

P= ×
4

1000 (1)

0
2π

Fig. 8 — A sound weld made using a ramp-down pulse shape with main
welding sector peak power density of 11.5 GW/m2 and ramp-down gradi-
ent of 100 kW/s: A — Weld bead during steady welding; B — end of weld
bead with crater area; and C — transverse section.
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C
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welding sector and ramp-down gradients
were transversely sectioned, as shown in
Fig. 5. All sectioned samples were
mounted, ground, and polished to a 
0.06- μm colloidal silica finish. An optical
metallographic microscope with image
analysis system was employed to charac-
terize the severity of cracking through
measurements such as total crack length,
number of cracks, and cracking area on
polished, unetched specimens. The total
crack length on transverse sections was
found to have the least experimental scat-
ter in data and most sensitivity to the ef-
fects of the various weld process parame-
ters on cracking. Therefore, the total
crack length on transverse sections was
used to characterize the solidification
cracking susceptibility of the laser welded
6061-T6 aluminum. Following crack
length measurements, the specimens were
etched using both Keller’s reagent (Ref.
37) (5 mL HNO3, 3 mL HCl, 2 mL HF, and
190 mL H2O) and Graff and Sargent
reagent (Ref. 37) (31 mL HNO3, 1 mL HF,
6 g CrO3, and 168 mL H2O) in a two-step
etching process to reveal the weld mi-
crostructure. Finally, surfaces of solidifi-
cation cracks in welds were examined
using a JEOL JSM-6460 scanning electron
microscope (SEM) and composition mea-
surements were made using energy dis-
persive spectroscopy (EDS). All SEM im-
ages were taken at 20 keV and a 13-mm
working distance. The EDS measure-
ments were conducted at 20 keV and a 20-
mm working distance.

Results

Effect of Ramp-Down Gradients on 
Solidification Cracking Susceptibility

Figures 6–9 show bead-on-plate pulsed
laser seam welds made on 6061-T6 alloy
with a peak power density of the main
welding sector of 11.5 GW/m2 and various
ramp-down gradients. Figure 6 shows a
seam weld produced with a conventional

rectangular pulse
where welding was
performed from left to
right. In Fig. 6A, B, the
original oxide layer
was vaporized from
the middle of the weld
bead where the power
density of the Gauss-
ian distributed laser
beam was greatest.
However, the original
surface oxide was not
removed but remained
floating on the weld
pool surface toward
the outside edges of
the weld pool where the power density was
much lower. The actual fusion zone width
was greater than the width of ripples
shown due to the much lower melting
point of the aluminum base metal (925 K)
relative to that of the aluminum oxide,
Al2O3 (2373 K) on the specimen surface. 

In Fig. 6A, B, severe solidification
cracking initiated in one pulse and contin-
ued into subsequent spot welds following
the local direction of solidification. Cies-
lak and Fuerschbach (Ref. 12) observed
the same pattern of solidification cracking
in pulsed Nd:YAG laser welds made in
this same alloy. Significant crater cracking
was evident in the crater at the end of the
welds — Fig. 6B. Examination of the
transverse sections such as shown in 
Fig. 6C revealed that severe solidification
cracking had occurred in the weld metal
and liquation cracking had occurred in the
HAZ. The semicircular bands evident
from the bottom to the top of the weld
zone in Fig. 6C are the fusion boundaries
of the sequential overlapping spot welds
that form the seam weld.

As shown in Fig. 7, there was a reduc-
tion in severity of cracking observed when
ramp-down pulse sectors were added to
the initial rectangular pulse sector. In 
Fig. 7A, the solidification cracking was re-
duced to a single centerline crack that oc-

curred intermittently along the seam weld.
Notable crater cracking still existed in the
crater at the end of the weld — Fig. 7B.
The transverse section shown in Fig. 7C
exhibited both solidification cracking in
the weld metal and liquation cracking in
the HAZ, but only down the centerline of
the weld. In addition, some evidence of
grain boundary liquation toward the sides
away from the centerline was observed in
both the weld metal and the HAZ.

As shown in Fig. 8, crack-free seam
welds were achieved with further decrease
of the ramp-down gradient to 100 kW/s.
As may be seen in Fig. 8A, B, there was no
evidence of solidification cracking on the
surface of the weld bead during steady
welding or in the crater area. The crack-
like patterns in the crater in Fig. 8B were
breaks in the oxide layer only. As shown in
Fig. 8C, there were no cracks in the trans-
verse sections, but there was some evi-
dence of grain boundary liquation. This
was confirmed by examination of the as-
polished, unetched specimens as well as
examination of the specimens using the
SEM. A higher magnification photomi-
crograph of the interface region of one of
these welds is shown in Fig. 13C.

Figure 9 shows a weld made with fur-
ther reduction of the ramp-down gradient
to 36 kW/s. As may be seen, intermittent

Fig. 9 — Intermittent solidification cracking in a weld made using a ramp-
down pulse shape with main welding sector peak power density of 
11.5 GW/m2 and ramp-down gradient of 36 kW/s: A — weld bead during
steady welding; B — end of weld bead with crater cracking; and C — trans-
verse section.

A B

C
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solidification cracking was evident again.
The intermittent solidification cracking
occurred along the centerline of the weld
bead (Fig. 9A) and there was crater crack-
ing in the weld crater (Fig. 9B). Mean-
while, there was both solidification and li-
quation cracking located close to the
centerline of the seam weld. As shown in
Fig. 9C, some evidence of grain boundary
liquation existed in both the weld metal
and the HAZ.

Effects of Ramp-Down Gradient and Peak
Power Density of Main Welding Sector on
Solidification Cracking Susceptibility

Figure 10 shows a plot of total crack
length as a function of 1/Rg for welds made
with a peak power density of the main
welding sector of 8.1 GW/m2. Note that
1/Rg is used in these plots because the

value of Rg for a rectan-
gular pulse approaches
infinity whereas 1/Rg is
0. There are three iden-
tifiable regimes for so-
lidification cracking
susceptibility evident in
this plot. In Regime I,
severe solidification
cracking to intermittent
cracking was observed
in welds produced
using rectangular
pulses and relatively
high ramp-down gradi-
ents such as those
shown in Figs. 6 and 7.
In Regime II, crack-
free welds were pro-
duced using intermedi-
ate Rg values such as the
weld shown in Fig. 8. Fi-
nally, in Regime III, in-
termittent cracking was

exhibited again in welds produced using low
Rg values such as the weld shown in Fig. 9.
Note that the first two data points in this
regime are zero only because, by chance, the
three transverse sections were made in un-
cracked or sound portions of the welds with
intermittent cracking evident on the weld
bead surfaces.

The results in the first regime in Fig. 10,
which showed decreasing cracking ten-
dency with decreasing Rg (increasing 1/Rg),
is in good agreement with the results of the
study by Michaud et al. (Ref. 27) on the use
of temporal pulse shaping in laser welding
of Al-Cu alloys and Matsunawa et al. (Refs.
28, 29) when working with 5083-O alu-
minum alloy and SUS 310S stainless steel.
However, in Regime III, there was increas-
ing solidification cracking susceptibility
when Rg was further decreased. This behav-

ior has not been previously reported. 
As shown in Fig. 11, when the peak

power density of the main welding sector
was increased from 8.1 to 11.5 GW/m2, the
same trends in cracking behavior shown in
Fig. 10 were observed; however, there was
a noticeable decrease in the range of
Rgvalues for the crack-free Regime II. Fi-
nally, crack-free welds could not be pro-
duced when the peak power density was
further increased to 14.7 GW/m2 and 1/Rg
values from 0 to 18.0 ms/kW were used. 

Figure 12 is a plot of the range of Rg val-
ues that could be used to produce crack-free
welds vs. peak power density of the main
welding sector. There was a clear trend that
the range of Rg values that could be used to
produce crack-free welds decreases with in-
creasing peak power density of the main
welding sector. These results indicated that
the solidification cracking susceptibility was
not only affected by Rg, but was also influ-
enced by the peak power density of the main
welding sector. 

Metallographic
Examination Results

Solidification cracking is known to be
affected by alloy composition, solidifica-
tion rate, and thermal gradient at the
solid-liquid interface during weld metal
solidification (Refs. 9, 20, 21). To help bet-
ter understand the effect of Rg on solidifi-
cation cracking susceptibility, it is useful to
examine the effects of Rg on the solidifica-
tion morphologies and microsegregation
of alloy elements within the weld metal.
For example, Fig. 13A shows the mi-
crostructure at the fusion boundary of a
weld produced with the conventional rec-
tangular pulse shape. There are fusion
boundaries from three subsequent spot
welds also evident in this photomicro-

Fig. 10 — Total crack length vs. 1/(ramp-down gradient) for welds made
with a welding sector peak power density of 8.1 GW/m2.

Fig. 11 — Total crack length vs. 1/(ramp-down gradient) for welds made
with a welding sector peak power density of 11.5 GW/m2.

Fig. 12 — Range of ramp-down gradient for crack-free region vs. peak
power density of the main welding sector.
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graph. The solidification was initially pla-
nar over a narrow band at the fusion
boundary adjacent to the base metal. This
band was about 1.5 μm wide. Beyond this
band of planar solidification, the interface
broke down to a cellular-dendritic solidifi-
cation structure that extended in a band
that was about 5–8 μm wide — Fig. 13A.
This transition of weld solidification mi-
crostructure can be explained in terms of
the G/V ratio, where G is the temperature
gradient in the liquid at the solid-liquid in-
terface and V is the local growth rate
(Refs. 9, 20, 21). Since V is expected to be
initially small at the fusion boundary, G/V
is large and planar growth takes place.
However, as the laser spot welds begin to
cool, V increases, G decreases (Ref. 31),
and the growth morphology changes from
planar to cellular-dendritic (Refs. 9, 20,
21). Planar growth was evident only when
the weld bordered unmelted base metal.
At fusion boundaries of subsequent spot
welds in previously solidified weld metal,
a planar growth region was less evident, al-

though a band was often present — Fig.
13A. The dendritic structure was not visi-
ble beyond this point, suggesting a transi-
tion to a very fine solidification mi-
crostructure that was beyond the
resolution of the optical microscope.
There was severe solidification cracking in
the weld metal and intergranular liquation
cracking in the HAZ adjacent to the fu-
sion boundary. There was also evidence of
grain boundary liquation in the HAZ.

Welds produced with ramp-down pulse
shapes exhibited very different mi-
crostructures. Figure 13B shows the mi-
crostructure of a weld produced with a
peak power density of the main welding
sector of 11.5 GW/m2 and Rg of 420 kW/s
(1/Rg = 2.4 ms/kW). The microstructure at
the very beginning of weld metal solidifi-
cation was similar to that in the weld made
with a rectangular pulse. However, the
band of planar solidification adjacent to
the fusion boundary was wider at about
3.5 μm. Beyond this band, the solidifica-

tion morphology was cellular-dendritic — 

Fig. 13B. As solidification proceeded, the
primary dendrite arm spacing (DAS) be-
came finer until the cellular-dendrites
reached the boundary of a subsequent
spot weld. The solidification microstruc-
ture was coarser with larger primary DAS
in this weld compared with that in the
welds made with a rectangular pulse shape
—Fig. 13A, B. The solidification cracking
exhibited was less severe and was reduced
to a single centerline crack that propa-
gated along the grain boundary in the di-
rection of solidification. The observed re-
duction of solidification cracking may be
the result of improved ability of liquid
metal to flow back to cellular-dendrites or
dendrite roots at the final stage of weld
metal solidification with larger DAS. Fi-
nally, as shown in Fig. 13B, there was some
evidence of grain boundary liquation in the
HAZ and continued solute segregation
along the grain boundaries in the weld
metal.

As shown in Fig. 13C, when the ramp-
down gradient was further decreased to

Fig. 13 — Effect of ramp-down gradient on solidification morphologies of welds made using a main welding sector peak power density of 11.4 GW/m2 and the
following: A — A rectangular pulse shape and pulses with ramp-down gradients of — B — 420 kW/s; C — 100 kW/s; and D — 36 kW/s.

A B

C D
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100 kW/s (1/Rg = 10 ms/kW), there was a
notable increase of the width of the initial
planar solidification band adjacent to the
fusion boundary and the primary DAS in
the weld metal. The width of the initial
planar solidification band increased to
about 5.5 μm. There was no solidification
cracking or liquation cracking evident in
this weld; however, there was noticeable
evidence of grain boundary liquation in
the HAZ and solute segregation along the
weld metal grain boundaries.

As expected, the width of the initial pla-
nar solidification band increased when the
ramp-down gradient was further decreased
to 36 kW/s (1/Rg = 28 ms/kW) — Fig. 13D.
The width of the band of planar solidifica-
tion in this weld is about 8.0 μm. Both so-
lidification cracking and liquation were evi-
dent again. In the photomicrographs shown
in Fig. 13A–D, the width of the initial pla-
nar growth band at the fusion boundary in-

creased and the primary dendrite arm spac-
ing in the remaining weld metal increased
with decreased ramp-down gradient. This is
indicative that lower solidification rates and
higher thermal gradients exist during solid-
ification of laser spot welds produced using
decreasing ramp-down gradients in the
laser pulse (Refs. 9, 20, 21).

SEM/EDS Investigation of Fracture
Surface Compositions and 
Microsegregation

SEM/EDS analysis of the fracture sur-
faces of cracked welds made using a peak
power density of the main welding sector
at 11.5 GW/m2 and a series of ramp-down
gradients was performed to evaluate the
morphology of the fracture surfaces, to
obtain a measure of the element segrega-
tion that had taken place near the cracks,
and to identify the chemical composition

of second-phase particles observed on
these crack surfaces. In order to provide a
basis for comparison for the EDS results,
freshly polished and cleaned samples of
base metal were also analyzed. 

Typical crack surfaces in the weld metal
and the HAZ are shown in Fig. 14. 
Figure 14A shows well-developed cellular
dendrites of the primary α phase. As may
be seen at ①, some second-phase particles
formed on the primary dendrite surfaces.
The dendritic morphology of the crack
surfaces further suggests that these cracks
are solidification cracks. Figure 14B shows
a liquation crack surface in the partially
melted zone (PMZ) in the HAZ adjacent
to the fusion boundary. There is evidence
of solidification of the liquated thin film in
the lower half of the image. The second-
phase particle at ② is on the intergranular
solidification crack in the weld metal ad-
jacent to the fusion boundary.

Fig. 14 — SEM photographs of crack surfaces in welds made using a rectangular pulse shape with peak power density of 11.5 GW/m2: A — Solidification crack
in the weld metal; B — liquation crack in the HAZ adjacent to the fusion boundary.

Fig. 15 — SEM photographs of crack surfaces in welds made using a ramp-down pulse shape with peak power density of the main welding sector of 11.5 GW/m2

and ramp-down gradient of 3 kW/s: A — Overall crack surface; B — higher magnification for area of interest in ① in A.

A B

A B
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SEM images of a solidification crack
surface in a weld made using a ramp-down
pulse shape with a peak power density of
the main welding sector of 11.5 GW/m2 and
the slowest ramp-down gradient of 36 kW/s
is shown in Fig. 15. Liquid that was drawn
out into spikes or thin sheets by thermal
strains during the last stages of weld metal
solidification was also observed on crack
surfaces — Fig. 15A. In addition, there
were significantly more second-phase par-
ticles on the crack surface — Fig. 15A, B.
As shown in Table 3, EDS analysis of these
second-phase particles at locations ①–⑥ in
Fig. 15A showed that they were Mg, Si, Fe,
and/or Cu-rich phases. 

EDS measurements of the overall chem-
ical composition of the crack surfaces of
welds with hot cracking were done at 500×
magnification. This lower magnification
was chosen as it provided higher accuracy
and less scatter of the EDS results. It must
be recognized that these EDS measure-
ments cannot be expected to be quantita-
tively accurate as their resolution is poor
when element concentrations are less than
1% because the energy peak associated with
that element is very small and close to the
normal background noise of the detector.
Also, the electron beam excites not only the
surface elements but a small volume of
metal below the surface. Thus, the EDS
measurement is an average measure of the
composition in the excitation volume. If the
surface film on the surface of the crack is
thinner than the excitation volume, then
EDS measurement of composition will not
be quantitatively accurate. These measure-
ments should, however, be qualitatively 
accurate.

As shown in Fig. 16, the average Fe, Mg,
and Si concentrations on the crack surfaces
increase slightly with increasing 1/Rg (de-
creasing ramp-down gradient) below the
1/Rg values that produce crack-free welds,
i.e., in Regimes I and II. However, in
Regime III, there is a dramatic increase in
these solute concentrations on the crack

surface when 1/Rg exceeds
about 15 ms/kW. Most no-
tably, the Fe concentra-
tion increased by about
4.5 times the nominal base
metal composition, the
Mg concentration in-
creased by about 3 times
the nominal base metal
concentration, and the Si
concentration increased
by about 10 times the
nominal base metal Si
concentration when a
pulse shape with a 1/Rg
value of 28 kW/s was used
compared with a rectan-
gular pulse with the same
peak power density.
These increased solute
concentrations can be ex-
pected to significantly
lower the melting temperature and increase
the freezing range of the liquid in the inter-
granular regions during solidification,
thereby dramatically increasing the propen-
sity for solidification cracking.

Discussion

Changes of laser welding process para-
meters can significantly influence the
cooling rate, solid/liquid interface veloc-
ity, V, temperature gradient in the liquid,
G, and microsegregation during weld
metal solidification. These changes will in
turn result in different solidification times,
dendrite arm spacing, mushy zone width,
dendrite growth rate, strain rate, cell or
cellular dendrite length, and solidification
temperature range. All of these factors ul-
timately affect the propensity for solidifi-
cation cracking in 6061-T6 aluminum dur-
ing solidification of laser spot welds.

Effects of Solidification Time

Solidification cracking is caused in part

by difficulties in feeding liquid from the
molten weld pool to the cellular-dendrite
or dendrite roots during the solidification
process and by tensile strains transverse to
the solidification direction due to thermal
contraction as the weld metal solidifies
and cools (Refs. 9, 20, 21). If liquid can
flow back freely between the dendrites as
they are pulled away from each other dur-
ing cooling, then voids created by the ac-
cumulation of thermomechanical strain
from thermal contraction can be healed,
thereby preventing solidification cracking.
The thermal conditions present during
rectangular and ramp-down pulse shapes
can have a significant influence on these
factors. Based on the work by Michaud et
al. (Ref. 27) on Al-3.75 wt-% Cu for both
a rectangular and an optimized ramp-
down pulse shape, the solidification time
for the ramp-down pulse shape was much
longer than that of the rectangular pulse.
Solidification cracking was not observed
in this alloy when using the ramp-down
pulse shape. Similar results were obtained
by Matsunawa et al. (Refs. 28, 29) for an

Fig. 16 — Weight-percent of alloy element detected on the solidification
crack surface of a weld made with a main welding sector peak power
density of 11.5 GW/m2 vs. 1/(ramp-down gradient): A — Fe; B — Mg;
C — Si.

A B

C
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A5083-0 aluminum alloy using a pulse with
a trailing pulse in comparison with a rec-
tangular pulse shape. The longer solidifica-
tion time experienced in welds produced
with the ramp-down pulse shapes would
allow more time for liquid to flow back to
the cellular-dendrites or dendrite roots
thereby reducing the solidification cracking
susceptibility as was observed in Regimes I
and II in Figs. 10 and 11; however, this does
not explain why intermittent cracking re-
turned with further decrease of the ramp-
down rate in Regime III.

Effects of Interface Velocities during 
Solidification

From solidification theory, it is known
that the interface velocity and tempera-
ture gradient at the solid-liquid interface
during solidification affect the resulting
solidification microstructure (Refs. 20,
21). A planar interface morphology will be
formed at extremely high solidification
rates where there is no time for diffusion
in the liquid ahead of the interface or
when the thermal gradient is high and the
solidification velocity is low. At intermedi-
ate solidification rates and temperature
gradients, a cellular-dendritic or dentric
solidification morphology will be pro-
duced where the primary dendrite arm
spacing, λ1, can be calculated based on the
equation proposed by Hunt (Ref. 38)

where C is a material constant whose value
is dependent on the alloy system, G is the
temperature gradient, and V is the solid-
liquid interface speed during solidifica-
tion. For the ramp-down pulse shape, the

interface velocities are
lower than that for a rec-
tangular pulse shape (Ref.
31), resulting in increased
primary dendrite arm
spacing and a coarser mi-
crostructure compared
with the welds produced
with a rectangular pulse
shape. This is in qualita-
tive agreement with the
observed differences in
weld metal microstructure
of the welds produced
using the rectangular and
ramp-down pulse shapes
shown in Fig. 13A–D. The
coarser microstructure
observed with the ramp-
down pulse shape would
lead to a larger cell or
dendrite interstices and,
thus, larger passages for
the flow of liquid back to
the cellular-dendrites or

dendrite roots thereby resulting in re-
duced solidification cracking susceptibil-
ity. This is consistent with the observed de-
crease in crack length with decreasing
ramp-down rates (increasing 1/Rg) in
Regimes I and II in Figs. 10 and 11; how-
ever, this also does not explain why inter-
mittent cracking returned with further de-
crease of the ramp-down rate in Regime
III.

Effects of Temperature Gradient on Cell
or Cellular Dendrite Length

Based on a numerical thermal analysis
by Michaud et al. (Ref. 31), the tempera-
ture gradients for ramped down pulse
shapes are higher than those made by a
rectangular pulse shape because heat is
constantly being introduced into the sur-
face of the weld pool during the ramp-
down phase of the laser pulse and a higher
thermal gradient is required to conduct
this heat into the surrounding base metal.
From solidification theory, the tempera-
ture gradient, G, directly influences the
cell or cellular dendrite length, lc, in the
mushy zone. This is given approximately
by (Refs. 20, 21)

where ΔT′ is the difference between the
cell tip temperature, T*, and the root tem-
perature T′s, and G is the temperature gra-
dient. According to Equation 3, the in-
creased thermal gradient at the interface
with decreasing laser pulse ramp-down
rate would result in shorter cells or cellu-
lar dendrites and therefore shorter feed-
ing distance for liquid to flow back to the
dendrite root. Consequently, cracks could

be more easily healed by the liquid flow-
ing back to the dendrite roots and the
propensity for solidification cracking
would be reduced. This reduced solidifi-
cation cracking susceptibility with de-
creasing ramp-down gradient and higher
thermal gradients during solidification is
consistent with the results observed by
Michaud et al. (Ref. 27) with a binary Al-
3.75 wt-% Cu alloy and by Matsunawa et
al. (Refs. 28, 29) with A5083-O aluminum
and SUS 310S stainless steel. The data
shown in Regions I and II in Figs. 10 and
11 are also consistent with these effects,
that is, solidification cracking susceptibil-
ity in the 6061-T6 aluminum alloy de-
creased with decreasing ramp-down rate
(increasing 1/Rg). However, the reason for
the increase in intermittent solidification
cracking observed with further decrease of
the ramp-down rate in Region III is not ex-
plained by Equation 3.

Effects of Cooling and Strain Rate during
Weld Metal Solidification

The solidification rates and cooling
rates of a spot weld produced using a rec-
tangular laser pulse is greater than that of
a ramp-down pulse shape (Ref. 31). This
leads to higher deformation rates (strain
rates) for welds produced using a rectan-
gular pulse shape. According to a combi-
nation of Borland’s generalized theory
(Ref. 39) and the critical strain rate theory
(Refs. 9, 11, 40, 41), an alloy at high tem-
perature and most notably within the so-
lidification temperature range is affected
by a low-ductility brittle temperature
range (BTR) near the solidus. In the BTR,
cracking can occur in the material in which
continuous liquid films separate grains or
in which some solid-solid bridges exist be-
tween grains when localized tensile strains
in the materials exceed its resistance to
cracking or when the material is subjected
to tensile strain at a rate faster than the
critical tensile strain rate. For a normal
rectangular pulse shape, the higher cool-
ing rate and higher interface velocity will
lead to higher strain rates as the metal
cools through the BTR. Alternatively, the
lower cooling and strain rates present
when using the ramp-down pulse shape
will decrease the tendency for cracking as
the material cools through the BTR. The
experimental results in Regimes I and II in
Figs. 10 and 11 are consistent with this the-
ory for solidification cracking susceptibil-
ity; however, the reason for the return of
intermittent cracking with further de-
crease of the ramp-down rate in Regime
III remains unexplained.

Microsegregation

Hot cracking of aluminum alloy welds is
influenced metallurgically by the freezing
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Fig. 17 — Schematic illustration of the factors that affect solidification
cracking in pulsed laser welds in AA 6061 aluminum and the resultant so-
lidification cracking susceptibility as a function of 1/(ramp-down 
gradient).
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temperature range of the dendrites during
nonequilibrium solidification and the type
and amount of liquid available at the root
of the dendrites during solidification.
These are affected mainly by the weld
metal composition and microsegregation
that occurs during solidification (Refs.
17–19, 22, 41). Microsegregation, in turn,
can be affected by the cooling rate during
solidification. The cooling rate during so-
lidification of a laser spot weld made using
a ramp-down pulse shape is lower than one
made with a rectangular pulse shape, so
there is more time available for microseg-
regation to take place in the interdentritic
and intergranular regions of the mi-
crostructure. In most cases, this will result
in a solute-rich liquid film in the interden-
dritic and intergranular regions that has a
much lower melting temperature and
greater freezing range than the base mate-
rial. This low-melting-point liquid film is
unable to resist the thermomechanical con-
traction strains that take place during cool-
ing, and voids and solidification cracking
will occur. Low ramp-down gradients may
also provide enough time for low-melting-
point eutectics to form at cell or grain
boundaries. Low-melting-point eutectics
can be formed in 6xxx series AΡ-Mg-Si alloy
systems such as Al-Mg2Si, Al-Si, 
Al-Mg2Si-Fe-Mg3Si6Al8-Si, Al-Mg2Si
(CrFe)4Si4Al13-Si, Al-CuAl2-Mg2Si, Al
Cu2Mg8Si6Al5-CuAl2-Si, etc. The melting
temperatures of these eutectics range from
787 to 868 K (Ref. 42), which are much
lower than the liquidus temperature of
6061-T6 (925 K) (Refs. 32, 42). Hatch (Ref.
43) has reported that coarse Mg2Si was pre-
sent in 6061 aluminum and a Al-Mg2Si eu-
tectic could be formed with a eutectic tem-
perature of 868 K in this alloy. Also, Huang
and Kou (Ref. 44) observed Si-, Fe-, and
Cr-rich particles in the base metal of 6061
aluminum and segregation of Si up to 20
wt-% and Mg up to 10 wt-% at the grain
boundaries in the partially melted zone
(PMZ) of gas tungsten arc welded 6061-T6
aluminum alloy in addition to Fe-, Si-, Cr-,
and Mn-rich particles in the PMZ. The for-
mation of such eutectics and solute-rich liq-
uid films will increase the freezing range of
the alloy and increase the susceptibility of
this alloy to solidification cracking. 

As shown in Fig. 16, the severity of Fe,
Mg, and Si microsegregation on the solid-
ification crack surface increased with a de-
crease of the ramp-down gradient espe-
cially in Regime III where the ramp-down
gradient used was lowest (highest 1/Rg). In
addition, solidification cracking suscepti-
bility increased in Regime III as the ramp-
down gradient was decreased (see Figs. 10
and 11). This suggests that reappearance
of solidification cracking in Regime III
may be caused by severe interdendritic
and intergranular microsegregation and

the formation of low-melting-point liquid
films that occurred when the ramp-down
gradients were reduced to low levels and
solidification times were increased. 

Summary of the Effects of Temporal
Pulse Shaping on Solidification Cracking
Susceptibility

Based on the previous results and dis-
cussions, it is clear that the effects of
longer solidification time, larger dendrite
arm spacing, narrower mushy zone, and
smaller strain rate during welding metal
solidification would benefit the reduction
and elimination of solidification cracking
when decreasing the ramp-down gradient.
However, longer cells and more severe mi-
crosegregation would cause feeding prob-
lems for the remaining liquid metal to flow
back to the dendrite roots and widen the
solidification temperature range, result-
ing in increased solidification cracking
tendency, when decreasing the ramp-
down rate further. Figure 17 illustrates the
combined effects of the above-mentioned
factors as a function of the ramp-down
gradient. The resultant solidification
cracking susceptibility would follow the
trends of decreasing to increasing crack-
ing tendency when decreasing the ramp-
down gradient (increasing 1/Rg) as was ob-
served in Figs. 10 and 11. As shown in 
Fig. 17, a crack-free or less severe crack-
ing region may be reached when the cu-
mulative influences of both effects are
minimized.

Conclusions

In the present study, the effects of tem-
poral pulse shaping, specifically the effects
of ramp-down gradient and peak power
density of the main welding sector, on so-
lidification cracking susceptibility of
pulsed Nd:YAG laser beam welds made in
6061-T6 aluminum alloy were examined.
The results showed that it was possible to
eliminate solidification cracking in 6061-
T6 pulsed Nd:YAG laser seam welds using
temporal pulse shaping. The solidification
cracking susceptibility was found to de-
crease with decreasing ramp-down gradi-
ent. A limited, intermediate range of
ramp-down gradients resulted in sound,
crack-free welds; however, intermittent
solidification cracking occurred again
when the gradient was further decreased. 

There were three identifiable regimes
of solidification cracking susceptibility
with decreasing ramp-down gradients for
welds made with the peak power densities
of the main welding sector less than 11.5
GW/m2. Regime I showed decreasing
cracking tendency with decreasing ramp-
down gradients. This is in good agreement
with previous studies of the use of tempo-

ral pulse shaping during pulsed laser weld-
ing of Al-Cu and Al-Mg alloys. It is
thought that cracking in the laser spot
welded 6061-T6 was reduced with de-
creasing ramp-down gradient in Regime I
because of the beneficial effects of longer
solidification time, larger dendrite arm
spacing, narrower mushy zone, and
smaller strain rate during weld metal so-
lidification. Regime II was the crack-free
region. However, intermittent solidifica-
tion cracking was exhibited again in
Regime III, in which the solidification
cracking susceptibility increased with a
further decrease of the ramp-down gradi-
ents. In this case, it was thought that
longer cells and more severe microsegre-
gation caused feeding problems for the re-
maining liquid metal to flow back to the
dendrite roots and widened the solidifica-
tion temperature range, thus resulting in
increased solidification cracking tendency
in Regime III when the ramp-down rate is
decreased further beyond that used in
Regime II. 

The crack-free range of ramp-down
gradients that produced welds decreased
when the peak power density of the main
welding sector was increased. Crack-free
welds could not be produced when the
peak welding power density was greater
than 11 GW/m2. Thus, the solidification
cracking susceptibility was not only af-
fected by the ramp-down gradient, but was
also influenced by the peak power density
of the main welding sector. 

The weld metal solidification structures
for welds made using a ramp-down pulse
shape were different from those made
using a rectangular pulse. The width of the
initial planar grain growth layer at the fu-
sion boundaries and cell spacing increased
with decreasing ramp-down gradient in the
laser pulses. Following the initial planar
solidification, there was a transition to cel-
lular and then cellular-dendritic solidifica-
tion. The typical solidification crack sur-
faces in the weld metal revealed
well-developed cellular dendrites of the
primary phase. Some Cu-, Fe-, Mg-, and/or
Si-rich second phases formed on the pri-
mary dendrite surfaces. EDS measure-
ments of the overall chemical composition
of the solidification crack surfaces of welds
showed a clear trend that Cu, Fe, Mg, and
Si microsegregation to the grain bound-
aries increased with decreasing ramp-
down gradients. This increased microseg-
regation was thought to be the cause of the
return of intermittent solidification crack-
ing in Regime III where low ramp-down
gradients were used.

In summary, temporal pulse shaping
can be used to affect the solidification
time, the dendrite arm spacing, the size of
the mushy zone, the strain rate, and the
severity of interdendritic and intergranu-
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lar microsegregation of alloying elements
during weld metal solidification. These in
turn influence the resultant solidification
cracking susceptibility. Crack-free pulsed
laser seam welds could be made in 6061-
T6 aluminum alloy by using a limited
range of intermediate ramp-down gradi-
ents where both the positive and the detri-
mental effects of laser pulse ramp-down
rate were at an optimum level.
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