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Introduction

Weld heat-affected zone (HAZ) liqua-
tion cracking is one of the most significant
problems in manufacturing widely used pre-
cipitate-hardened, nickel-based superal-
loys. Liquation cracking results from  com-
petition between the mechanical driving
force for cracking, which generates
stress/strain during weld cooling, and a met-
allurgical factor, which is the intrinsic re-
sistance of material to fracture. The metal-
lurgical factors are usually affected by the
material’s intrinsic potential for intergranu-
lar constitutional liquation. Nickel-based
superalloys containing large amounts of Al
and Ti (Ti + Al > 6 wt-%), such as
IN738LC, are susceptible to constitutional
liquation because of their higher solidifica-
tion and brittle temperature ranges. The
amount of stress/strain generated depends
significantly on the thermal gradient and
heat transfer mode during the welding
processes. However, the parameters that af-
fect the thermal cycle and heating flow, such

as heat input and cooling rate, can influence
the generation of tensile stress at the li-
quated grain boundaries during weld cool-
ing (Refs. 1−9).

Conduction and keyhole welding are
two different modes of laser welding that
are routinely used in industrial applications.
The conduction mode is used with lower in-
tensities of laser power with shallower pen-
etration, whereas in deep penetration laser
welding using higher laser beam intensities,
a keyhole can form in the workpiece (Ref.
10). The geometry of a conduction mode
weld, which is generally known by its small
aspect ratios (depth/width), is hemispheri-
cal and similar to that of conventional arc
welds (Ref. 11).

In all types of laser welding, energy is
absorbed in a nanoscale thin layer at the
surface of the metal by a process known
as Fresnel absorption. The laser beam in-

tensity plays an important role in deter-
mining the welding mode. Irradiating
with a high intensity laser beam can cause
the target material to vaporize after melt-
ing, thereby freeing some of the metal
electrons (ionization). These free elec-
trons then absorb the beam’s energy,
which results in a higher temperature and
increased ionization and absorption,
leading to vaporization of the surface and
forming a small depression in the work-
piece. Repeated light scattering occurs
within the weld pool as it deepens, and
the vapor flux makes a recoil pressure on
the evaporating surface. Furthermore,
thermocapillary forces can develop due
to the high temperature gradient on the
liquid-vapor interface due to the spatial
distribution of the laser beam’s energy.
The recoil pressure and thermocapillary
force can generate a driving force for liq-
uid ejection, creating a keyhole mode
welding. As the keyhole deepens, the
multiple reflections of the laser beam in-
side the hole greatly increase the energy
absorption (Refs. 12, 13).

Continuous wave (CW) and pulsed
laser welding are two techniques used in
conduction or keyhole mode welding, de-
pending on the process parameters. In
pulsed laser welding, the workpieces are
heated and melted by short duration
pulses, which make a series of overlapped
welding spots (Refs. 14, 15). The pulsed
laser welding can be in the conduction
mode or keyhole mode in both high and
low applied powers because the operator
can select a broad range of pulse durations
to control the power intensity (Ref. 14).
Generally, the keyhole mode in laser
welding occurs at a higher level of applied
power and heat input, whereas the actual
keyhole is formed at higher heat intensi-
ties, which create deep welds. The peak
power is a key welding parameter in pulse
laser welding that controls the weld shape
and its penetration. Peak power is calcu-
lated using the following equation:

Peak Power = Pave/f.D (1)
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ABSTRACT

The effects of welding heat input on the heat-affected zone (HAZ) liquation
cracking behavior in low power pulsed, laser-welded, IN738LC nickel-based su-
peralloys were studied in both conduction and keyhole modes. The HAZ cracks
observed in this study were intergranular liquation cracks associated with the con-
stitutional liquation of grain boundary terminal solidification products, such as
γ−γ′ eutectics and MC carbides. The results showed that the cracking features for
the conduction and keyhole modes are different. The susceptibility to liquation
cracking decreased with increasing heat input and peak power in both conduction
and keyhole welding modes. However, for the same weld heat input, the conduc-
tion mode welding is more susceptible to HAZ cracking than is the keyhole weld-
ing. Additionally, the weld pool shape plays an important role in the alloy’s sus-
ceptibility to liquation cracking. The HAZ cracking was not significantly affected
by variations in the heat input in the fixed peak power of keyhole welding.
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Where the Pave is the average applied
power, f is the welding frequency, and D is
the pulse duration (Ref. 14). From this
equation, pulse duration and average
power affect the peak power, which usu-
ally determines the mode of pulse laser
welding. Conversely, the peak power can
increase with a decrease in the pulse du-
ration or an increase in the average power.
However, the type and mode of laser used,
process parameters, and material proper-
ties all need to be considered when pre-
dicting the liquation cracking behavior in
nickel-based superalloys during the laser
welding processes. Therefore, several
studies have evaluated the liquation crack-
ing problems of alloys during the laser
welding process. Heat input is one of the
most important factors in the weldability
of alloys that are susceptible to HAZ li-
quation cracking because it can control
the heat transfer, heating and cooling
rates, and thermal gradient behavior dur-
ing welding.

Idowu et al. have studied the CO2 CW
laser welding of ATI Allvac 718Plus® su-
peralloy in the deep penetration keyhole
mode and reported that the material’s sus-
ceptibility to liquation cracking decreased
with increased heat input (Ref. 6). The
weldability of the magnesium alloy AZ61
using a low-power Nd:YAG (neodymium-
doped yttrium aluminum garnet) pulsed
laser with the conduction mode was studied
by Min et al. They reported that liquation
and solidification cracking increased with
higher heat input (Ref. 11). Luo, Shinozaki
et al. studied the laser weldability of IN718
nickel-based superalloys with continuous
CO2 laser welding. They found that the ma-
terial’s susceptibility to liquation cracking
decreased with increasing weld heat input.
This behavior was thought to occur because
an increase in heat input and penetration

resulted in an increased
neck radius, which de-
creased the stress con-
centration (Refs. 17,
18). M. T. Rush et al. re-
cently reported that
there is an optimum
weld aspect ratio (pene-
tration divided by
width) for the weld li-
quation cracking of
Rene 80 Ni-based su-
peralloy during laser
welding (Ref. 19). The
optimum weld profile
in their results was the
conduction mode (low
penetration), which is completely different
from the results reported by Idowu et al.
for the deep weld penetration condition
(Ref. 6).

The weld aspect ratio is usually af-
fected by the weld heat input, but the
welding mode (keyhole or conduction
mode) in laser welding is an effective fac-
tor in determining the weld heat transfer
mode, thermal gradient, and subse-
quently generated stresses, which are the
main mechanical factors in HAZ liqua-
tion cracking. Conflicts among reports
arise because these parameters were not
considered by previous researchers.

The differences among several laser
processes and techniques, which have sig-
nificant effects on the material’s weld-
ability, were not considered in previous

studies. It is scientifically important to re-
veal the material’s responses to varia-
tions in the weld heat input because the
heat input can influence weld shape and
penetration, heating and cooling rates,
thermal gradient, weld stress/strain gen-
eration, and heat transfer models.

Additionally, little information was
found in the literature about the effects of
heat input as an important process pa-
rameter on the liquation cracking of pre-
cipitate-hardened, nickel-based superal-
loys during the pulsed laser welding
process. The goal of this research was to
study the effects of weld heat input on the
liquation cracking of IN738LC under
pulsed Nd:YAG laser welding. In this
paper, both conduction and keyhole mode
welding were studied separately.
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Fig. 1 — SEM micrograph of the as-cast IN738LC base metal.

Fig. 2 — Typical HAZ liquation cracking associated with the following: 
A — Liquation of γ−γ′ eutectic; B — liquation of MC carbide.

Table 1 — Chemical Composition of As-Cast Inconel® 738LC (wt-%)

Element C Cr Co W Mo Nb Fe Al Ti Ta Zr B Ni
0.1 15.5 9.8 3.04 2.27 0.7 0.09 4.36 3.15 1.81 0.04 0.01 Bal.

A

B
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Experimental Methods

The cast alloy used in this study was In-
conel® 738LC with the composition pre-
sented in Table 1.

The alloy was formed into 60 × 30 × 5
mm plates for these experiments.

An IQI 400W pulsed Nd:YAG laser
welding machine with a maximum laser
power of 400 W was used for welding
under pure argon gas shielding at a 10
L/min gas flow rate. A 5000-W LpOphir
power meter and LA300W-LP Joule
meter were used to measure the average
power and pulse energy.

All coupons were polished to the same
roughness using 120 mesh sandpaper to
avoid variation in the results due to differ-
ences in surface roughness. After polish-
ing and cleaning, samples were welded au-
togenously. Two experimental approaches
were selected to elucidate the exact effects
of heat input. In set (A), the average
power and peak power were increased
under fixed welding velocity, while for set
(B), the welding velocity (overlap) was de-
creased while maintaining a fixed average
power and peak power.

Table 2 shows the se-
lected laser parameters
for both conditions (A
and B). The pulse dura-
tion time and laser spot
size were 6 ms and 1–1.2
mm, respectively, and the
focal point was 1.5 mm
below the surface for all
the tests.

The precise calcula-
tion of the heat input in
pulsed laser welding is
more complicated than in
regular fusion welding
processes because of the
effects of the overlapping
factor. Each pulse can be
affected by preceding

and succeeding pulses, which differenti-
ates the welding method from other fu-
sion welding processes. Therefore, the
pulse energy efficiency is a critical factor
that indicates the summation of energy at
each welding spot (Ref. 20). The overlap-
ping factor (F) and the effective pulse en-
ergy (EPE) parameter were calculated
using the following equations, and the re-
sults are presented in Table 2.

F = 1 + 2n (1 – (n + 1)v/2fD),
n = [Df/v] (2)

EPE = F*Pulse Energy (Ref. 20) (3)

Where D is the spot diameter (1.2
mm), f is the pulse frequency, and v is the
travel speed.

On the other hand, the simplified lin-
ear heat input (i.e., average power/veloc-
ity) was calculated and listed in Table 2. As
all effective laser parameters such as spot
size, pulse duration, focal point, and pulse
frequency were fixed in each set of exper-
iments, the trends of calculated heat input
and EPE have good agreement.

Welded samples were sectioned trans-

versely and polished using standard met-
allographic techniques. For more accurate
results, all tests were repeated two times,
and at least 12 sections from each weld
were examined.

Kalling’s etchant was used for optical
metallography, and electroetching (12 mL
H3PO4 + 40 mL HNO3 + 48 mL H2SO4 so-
lution at 6 V for 5 s) was used for scanning
electron microscope (SEM) studies. The
microstructures of the as-cast and welded
samples were examined and analyzed using
a Nikon optical microscope equipped with
Clemex image analysis software and a
JEOL 5900 SEM equipped with an Oxford
ultrathin window energy dispersive spec-
trometer (EDS) and INCA analyzing soft-
ware. The HAZ liquation crack susceptibil-
ity of welded samples was evaluated by
measuring the total length of cracks per sec-
tion area. Initiation of cracking in several
conditions was considered as a susceptibil-
ity to cracking.

Results and Discussion

Base Metal Microstructure

The microstructure of the as-cast base
alloy is presented in Fig. 1. Primary γ′
(Ni3(Ti, Al)) precipitates were observed in
the as-cast samples, which had an “og-
doadically diced cube” morphology. The
microstructure exhibited many phases,
such as γ−γ′ eutectic, Ni-Zr intermetallic
phase (possibly Ni7Zr2 (Ref. 5)), Cr-Mo
boride (possibly M3B2 (Ref. 5)), and MC
carbides (M being Ti, Ta, and Nb).

Microstructure of the Welded Alloy

The microstructure of the welded
samples showed a fusion zone and HAZ
cracking; however, this study is focused
on the HAZ cracking. Figure 2 presents
examples of typical intergranular HAZ
cracking in welded samples. Some of the
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Fig. 3 — The effect on the weld profile and penetration of a varying heat
input by varying the pulse energy.

Fig. 5 — Variations in the HAZ cracking index with increasing heat
input in conduction mode welds.

Fig. 4 — Typical weld cracking in conduction mode welds.

MONTAZERI ET AL SUPPLEMENT SEPTEMBER 2013_Layout 1  8/6/13  4:06 PM  Page 260



HAZ cracks extended to the fusion zone.
The liquated grain boundaries and reso-
lidified products observed along crack
paths confirm that the HAZ microfissur-
ing was liquation cracking. Liquation
cracking usually occurs along constitu-
tionally liquated grain boundaries during
weld cooling that generate tensile
stresses. The presence of a liquid film at
lower temperatures within the generated
tensile stresses at the grain boundary in-
creases the propensity to liquation crack-
ing (Refs. 21–23). The microstructure
showed that the terminal solidification
products, such as MC carbides, borides,
γ−γ′ eutectics, and Ni-Zr intermetallics,
were significantly liquated during weld-
ing at the HAZ grain boundaries. In the
next section, the effects of heat input on
liquation cracking are discussed.

Heat Input and HAZ Cracking

The effects of heat input on liquation
cracking were studied using two different
approaches. In set (A) experiments, the
heat input increased with increased laser
power. Macrostructural examination re-
vealed that an increase in heat input and
peak power caused significant changes in

the weld pool shape — Fig. 3. The weld
penetration measurements (Fig. 3) show
that the fourth welding condition (i.e., 4A)
changed the welding mode from conduc-
tion to keyhole.

In set (B) experiments, the heat input
increased with decreasing weld velocity at
a fixed peak power; thus, keyhole mode
welding occurred in all four conditions.

The required mechanical driving force
that causes liquation cracking comes from
stress generation due to the thermal gra-
dient in the weld HAZ (Ref. 6) and man-
ner of heat flow during the welding
process. The liquation cracking behavior
in the conduction and keyhole modes
should be studied separately because the
thermal gradients for heat transfer and
stress generation are different in these two
modes of welding.

Conduction Welding

Most of the HAZ cracks in the con-
duction mode welds (A1−A3) were ob-
served in the weld root regions — Fig. 4.
Figure 5 shows the HAZ crack length
measurements for the conduction mode
welding samples (crack index = total
HAZ crack length/total weld surface

area). The HAZ cracking decreased with
an increase in heat input, and the HAZ
cracking was not observed in sections
welded with a 25 J/mm heat input, despite
extensive grain boundary liquation.

The liquation of grain boundaries dur-
ing the heating cycle of the welding
process reduces the required tensile stress
for HAZ cracking because the solid-solid
interfacial bond of grain boundaries is re-
placed with a weaker solid-liquid bond
(Ref. 6). Weld tensile stress is usually gen-
erated from a thermal gradient in the
HAZ, and the magnitude of generated
stresses depends on the sharpness of the
thermal gradients. The heat input can also
affect the steepness of the thermal gradi-
ent and extension of grain boundary li-
quation. The thermal gradient decreases
when heat input increases because higher
heat input can decrease the weld cooling
rate (Refs. 6, 11, 24), reducing the magni-
tude of generated stresses at liquated
grain boundaries.

Keyhole Welding

Microstructural examination of the
welded samples in set (A) in the keyhole
mode (A4 and A5) revealed that the HAZ

261-sWELDING JOURNAL

W
E

L
D

IN
G

 R
E

S
E

A
R

C
H

Fig. 6 — A SEM micrograph showing the HAZ cracking of the key-
hole welding in the weld neck zone.

Fig. 7 — Variation of the HAZ cracking index with increasing heat
input (A4 and A5).

Table 2 — Laser Welding Parameters

Sample Average Power Frequency Pulse Peak Overlap Velocity Linear Heat Input F EPE
No. W Hz J kW % mm/s J/mm J

A1 140 20 7 1.16 75 8 17.5 3 21
A2 180 20 9 1.5 75 8 22.5 3 27
A3 200 20 10 1.7 75 8 25 3 30
A4 240 20 12 2 75 8 30 3 36
A5 260 20 13 2.2 75 8 32.5 3 39
B1 160 12 13.3 2.2 10 17 9.4 0.84 11.21
B2 160 12 13.3 2.2 25 14 11.4 0.96 12.8
B3 160 12 13.3 2.2 50 10 16 1.44 19.15
B4 160 12 13.3 2.2 75 8 20 1.8 23.94
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cracking occurred in the neck zone (shoul-
der area) of the weld pool, which is usually
located in the first third of the weld depth
— Fig. 6. Additionally, results of the crack
measurements showed that the tendency
to undergo liquation cracking decreased
when the heat input and peak power in-
creased. Figure 7 shows the crack index
decreases with an increase in heat input in
the keyhole mode welds.

Figure 8 shows the results of crack
measurements in samples welded with a
fixed average power (i.e., set (B)). The
HAZ cracking did not change significantly
with increased heat input.

As discussed in the conduction mode
welding section, the weld cooling rate de-
creases as the heat input increases. The
shallower thermal gradient results in both
lower tensile stresses in the HAZs and re-
duced HAZ liquation cracking. This phe-
nomenon is the same in both the conduc-
tion and keyhole welds.

Another factor that can affect the
alloy’s susceptibility to intergranular HAZ
cracking is the thickness of grain boundary
liquid in the HAZ. According to Miller
and Chadwick’s theory (F = 2γL/h, where
F is a required tensile stress to cause
cracking, γL is the surface tension at the
solid-liquid interface, and h is the liquid

film thickness), thicker liquid films need a
lower level of tensile stresses to rupture.
The implication of this statement on weld-
ing means that an increase in heat input
that increases the liquated film thickness
should increase its susceptibility to liqua-
tion cracking (Refs. 25, 26). Conversely, a
thicker liquid film is expected to have
more stress relaxation, generating a lower
stress at the weld’s HAZ grain boundaries.
Therefore, increasing the heat input can
decrease the HAZ cracking by reducing
the generated stresses in the HAZ. Fur-
thermore, several researchers have re-
ported that the HAZ cracking usually de-
creases with an increase in heat input
because a thicker liquid film resulting
from a higher heat input would be better
able to accommodate stress/strain than
the thin liquid films in the lower heat input
conditions (Ref. 6).

Additionally, the HAZ cracks in the
keyhole welds were located around the
weld shoulder area where the higher stress
concentration can facilitate grain bound-
ary fissuring. Luo et al. have reported that
the width liquation temperature range
(WLTR) increases in the neck zone in key-
hole laser welding in addition to increas-
ing with decreasing neck radius, whereas
the neck radius increases with increased

heat input (Ref. 17). They also found that
the shape of the penetration plays a vital
role in the alloy’s susceptibility to HAZ li-
quation cracking. The shoulder-like re-
gion has a high tendency to undergo HAZ
liquation cracking. Increasing the curva-
ture of the neck radius at this area can de-
crease the cracking (Ref. 18). Based on
these previous observations, in set (A) ex-
periments, the weld penetration and neck
radius increased with an increase in the
weld peak power. Therefore, a lower ther-
mal gradient and a bigger neck radius re-
duced the susceptibility to HAZ liquation
cracking. In set (B) experiments, the weld
penetration did not change significantly
because the peak power was fixed. Be-
cause there were no significant changes in
weld penetration, susceptibility to HAZ
cracking did not change significantly.

The results of liquation cracking
showed that the conduction mode welds
show greater susceptibility to HAZ crack-
ing than the keyhole mode welding for the
same heat input range. Several concepts
should be considered in discussing the
basic differences in weldability between
the keyhole and conduction mode welds.

The decreased cooling rate during in-
creased heat input shows larger effects in
the lower heat input levels, where the con-
duction mode occurs, meaning that when
the weld heat increases, the susceptibility
to HAZ liquation cracking decreases
more rapidly in the conduction mode
welding than in the keyhole welding.

The main visible difference between
these two welding modes is the weld
depth/width aspect ratio, which is smaller
in the conduction mode than in the key-
hole mode (see Fig. 3). According to pre-
vious studies, the conduction mode weld
with a low weld depth/width (D/W) ratio
exhibits three-dimensional (3D) heat
transfer, but the keyhole weld transfers a
negligible amount of heat in the “z” direc-
tion, so it can be modeled as two-dimen-
sional (2D) heat flow. The thick plate so-
lution usually assumes 3D heat flow,
whereas the thin plate solution assumes
2D heat flow in heat transfer calculations.
Therefore, the keyhole and conduction
welding modes could be interpreted as
thin plates and thick plates, respectively
(Refs. 10, 13, 26, 27).

Figure 9 shows a schematic of the heat
transfer models for the conduction and
keyhole welding modes. The different
heat transfer models generate different
types of weld stress in the weld HAZ. The
3D heat transfer mode (conduction mode
weld) increases the cooling rate and ther-
mal gradient in the HAZ and generates
more complex 3D stresses that could in-
crease the susceptibility to HAZ cracking.

Additionally, the weld pool becomes
deeper when the heat input/peak power
increases, changing the heat transfer
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Fig. 8 — Variation in the HAZ cracking index with heat input in set (B) experiments.

Fig. 9 — Schematic heat flow model. A — Conduction; B — keyhole welding.

A B
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model from 3D to 2.5D and 2D with an in-
crease in heat input and subsequently
changing the thermal gradient model
(Ref. 26). However, in the keyhole weld
mode, the increased heat input decreases
the cooling rate but cannot change the
heat flow model significantly, in contrast
to the conduction mode welding. Thus, a
heat input increase in conduction mode
welding results in a decrease in the HAZ
cracking susceptibility because the de-
crease in cooling rate changes the stress
generation model more effectively in the
conduction mode than the keyhole mode.

It was also observed that the weld
cracking in the conduction mode was pri-
marily located in the weld root regions
along the fusion zone centerline, whereas
the cracking occurred in the shoulder area
of keyhole welded samples. The fluid flow
model in the fusion zone is influenced by
the combination of several types of forces
generated during the welding process,
such as the buoyancy force, electromag-
netic force, and surface tension force
(Refs. 13, 28–31).

Buoyancy forces are generated as a re-
sult of density variations within the weld
pool due to the spatial temperature gradi-
ent. The density variations cause the fluid
to rise in the weld centerline region, which
is hotter, and sink in the cooler region of
the weld pool. This force moves the fluid in-
ward up to the surface and outward to the
sides and causes the weld pool to expand in
length and remain shallow in depth. This
force is more effective when the heat input
and penetration are lower, and it induces a
lateral force on the weld pool that facili-
tates the centerline decohesion of the fu-
sion zone and solidification cracking. Elec-
tromagnetic forces, which usually act
counter to buoyancy forces, are not created
in laser beam welding because there are no
electrical currents or magnetic fields in
laser processing. Therefore, the buoyancy
forces in laser welding are more effective
than in other fusion welding processes.

The surface tension force is created by
a spatial surface tension gradient, also
known as the Marangoni force (Refs. 13,
29, 32). This force is directly influenced by
the thermal coefficient of surface tension
(∂γ/∂T), which is usually negative, and the
radially directed outward fluid flow, mak-
ing a shallow and wide weld pool. The
thermal coefficient of surface tension is
positive when there is a significant amount
of sulfur or oxygen in the alloy. This force
most significantly affects the top horizon-
tal plane because it is directly influenced
by the spatial surface tension gradient.
However, buoyancy and surface tension
forces can generate lateral tensions.

Therefore, in conduction mode weld-
ing, the HAZ in the weld root regions can
be influenced by weld lateral tensions be-
cause of the lower penetration of the weld

pool. This effect is decreased with an in-
creased weld depth. However, the pres-
ence of recoil pressure can reduce or elim-
inate the effects of buoyancy and surface
tension forces at deeper penetration
depths and within the keyhole mode weld-
ing process.

However, on the basis of these obser-
vations, the extension and location of
HAZ liquation cracks in the laser welding
process are affected by a combination of
several forces generated during welding.
Increasing heat input reduces the effects
of buoyancy and surface tension forces in
conduction mode welding, whereas in key-
hole mode welding, this increased heat re-
duces the stress concentration by increas-
ing the neck radius. In both welding
modes, the higher heat input resulted in a
shallower thermal gradient and slower
cooling rate. Moreover, the conduction
welds were more susceptible to weld HAZ
cracking than keyhole welds for the same
heat input condition.

Summary and Conclusion

The effects of heat input on the sus-
ceptibility of IN738LC to HAZ liquation
cracking in low-power pulsed Nd:YAG
laser welding was carefully studied. Both
the conduction and keyhole modes were
examined to better understand the exact
effects of heat input variations. The results
showed the following:

1. The HAZ cracking in both the con-
duction and keyhole welds decreased with
an increase in heat input and peak power.

2. The weld profiles played a significant
role in the material’s susceptibility to
HAZ liquation cracking; thus, an increase
in heat input in the fixed peak power con-
dition with the same weld penetration
level did not significantly influence the
HAZ crack susceptibility.

3. For the same weld heat input, a con-
duction mode weld is more susceptible to
HAZ cracking than is a keyhole weld.

4. In conduction mode welding, the
HAZ cracking occurred in the weld root
regions, whereas keyhole welds showed
cracking in the weld shoulder region.
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