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ABSTRACT
During deep penetration laser welding of nickel alloys, interactions between composition and
processing conditions can lead to the formation of defects. Inconel 740H, for example, has
demonstrated a susceptibility to horizontal fusion zone cracking at locations between 70% and
80% of the weld depth during laser welding at powers above 5 kW. Coupling three-dimensional
heat transfer, fluid flow, and stress modeling tools allowed that both the strain rate and stress
normal to the solidification direction to be calculated. In the Inconel 740H welds, cracks formed
at locations where the strain rate and stress simultaneously reached critical levels. No cracking
was observed in the Inconel 690 welds, since the strain rate and stress did not simultaneously
reach these critical levels.
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Introduction

Solidification cracking is a commonly observed defect
in welds made across a range of aluminium [1,2], steel
[3,4], and nickel base alloys [5,6]. Cracks originate
within the mushy zone along the trailing edge of the
fusion zone when liquid films form along solidifying
grain boundaries [2,6] and involve complex interac-
tions between the alloy composition and the thermal
and mechanical conditions driven by the welding pro-
cess [7,8]. These complex interactions changewith both
alloy composition and processing conditions, leading
to different dominant mechanisms that drive the crack-
ing process. For example, the low strength of the liquid
films combined with the stresses formed by the thermal
and solidification shrinkage in the mushy zone leads to
the formation of a crack [9]. In other cases, the remain-
ing liquid within solidification structures and adjacent
grains is insufficient to completely fill voids formed by
thermal and solidification shrinkage [2].

The susceptibility to solidification cracking has
largely been attributed to the alloy composition [2,6].
Changes in the alloying elements can impact elemen-
tal segregation, which, in turn, affects the solidification
temperature range and the amount of liquid remaining
in the mushy zone at the terminal stages of solidifi-
cation [6]. A fraction of solid (fs) value above 0.9 is
typically considered to be most representative of the
conditions at these terminal solidification stages that
can lead to cracking [7,10]. In order to more accu-
rately capture the alloying element segregation leading

to the formation of susceptible solidification structures
during both additive manufacturing and welding pro-
cesses, Scheil solidification models are commonly used
[5,10]. Through these modeling approaches, the sever-
ity of the slope between the temperature gradient (dT)
and the square root of the fraction solid (fs)1/2 can be
captured and used as a criterion for predicting solid-
ification cracking. Based on this general criterion, a
steeper slope at the terminal stages of solidification
indicates that the remaining liquid has a limited ability
to flow between adjacent dendrites or grains, leading to
a higher cracking susceptibility.

There is also amechanical contribution to solidifica-
tion cracking in which a tensile stress [9,11] is applied
to the susceptible cracking region at a critical strain
rate [9,12]. This mechanical contribution is codified
through the Rappaz-Drezet-Gremaud (RDG) solidifi-
cation cracking model [8]. Since these mechanical con-
tributions are difficult to directly measure, their impact
on solidification cracking is typically quantified using
specialized experimental tools, such as Varestraint or
transverse-motion weldability testing [5,6,13]. In these
tests, the stress or strain rate that drives cracking is
externally applied, and cracking susceptibility is then
defined by ameasurement of the crack length.However,
these specialized tests are typically performed under
arc welding conditions on thin section (3mm) speci-
mens.While these testingmethodologies have provided
a wealth of knowledge on solidification cracking, they
are rather limited to specific process conditions, stress
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states, and alloy systems. As a result, the susceptibility
of an alloy to solidification cracking might vary signifi-
cantly when subjected to different welding conditions
or with changes in composition that will impact the
solidification path.

Laser welding processes, particularly those per-
formed at high powers, can impact the susceptibility
of specific alloys to solidification cracking. Deep pene-
tration laser welding processes performed at high laser
powers, typically in excess of 5 kW, produce unique
high aspect ratio weld profiles far different than those
observed in arc welding processes. The thermal his-
tories and solidification conditions can significantly
vary with location, particularly with changes in weld
depth [14], creating conditions which can enhance the
susceptibility to defect formation in alloys which are
readily weldable under traditional arc welding condi-
tions [15,16]. During the deep penetration laser weld-
ing of a creep-resistant nickel alloy (Inconel 740H), for
example, horizontal solidification cracking was consis-
tently observed across the width of the fusion zones at
depths between 70% and 80% of the overall weld depths
[10]. These defects differed from the vertical centerline
cracks typically attributed to solidification cracking in
the relatively shallow weld pools produced under arc
welding conditions [17–19]. By contrast, no such crack-
ing was observed in Inconel 690 under similar deep
penetration laser welding conditions [14].

This unique solidification cracking observed dur-
ing deep penetration laser welding of these nickel
base alloys arises from the combined effects of alloy
composition, processing conditions, and stress state.
Given the complexity of these interactions, the use of
experimental or characterization techniques alone is
inadequate for identifying the mechanisms driving the
formation of these horizontal cracks. By integrating
well-tested heat transfer and fluid flow and thermo-
mechanical models, the complex thermal histories,
solidification conditions, and the resulting stress states
experienced across the entire weld geometry in both
Inconel 740H and Inconel 690 were captured. Loca-
tions where the critical strain rate and tensile stresses
co-existed were then identified using these modeling
results and matched those where horizontal cracking
was observed in Inconel 740H welds. On the other
hand, no similar conditions were predicted nor was
horizontal cracking observed in the Inconel 690 welds
across all power levels.

Methods

A series of autogenous laser welds were fabricated on
12.7mm thick Inconel 740H and Inconel 690 plates

using an IPG Photonics®1 YLR-12000-L ytterbium fiber
laser delivered through a custom robotic welding sys-
tem, with fiber diameter of 200 μm, collimating focal
distance of 150mm, and focusing distance of 600mm.
Individual welds approximately 50mm in length were
fabricated at laser powers ranging between 2.5 and
10 kW at a travel speed of 12.7mm/s with a beam
diameter in the sharp focus condition of 1.04mm,
Rayleigh length of 29.4mm, divergence angle of 34.2
mrad, resulting in a beam parameter produce of
8.9mm×mrad, which were confirmed through mea-
surements using a Primes® Focus Monitor.

Transverse cross-sections were then extracted at
locations approximately 10, 20, and 30mm from the
beginning of the weld in each sample and prepared
using standardmetallographic techniques to a final pol-
ishing step with a 1 μm diamond slurry. To reveal the
weld cross-section, electrolytic etching was then per-
formed using a Lucas solution (50mL lactic acid+ 3 g
oxalic acid+ 150mL HCl) at a potential of 4V for sev-
eral seconds until the fusion zone profile was revealed.
Optical microscopy techniques were then used to cap-
ture high-resolution images with a Zeiss SmartZoom 5
digital microscope.2 Images were then analyzed using
ImageJ3 software to measure the weld dimension on
those three individual cross sections taken from each
weld to obtain average values and standard deviations
for the individual weld widths and depths.

Computational thermodynamic calculations were
utilized with commercially available tools to evalu-
ate the solidification characteristics of the two alloys.
Using the reported compositions for each alloy listed
in Table 1, Scheil solidification simulations were per-
formed using Thermo-Calc4 software with the TCNI8
Ni-alloys database. The fraction of solid (fs) as a func-
tion of temperature during solidification and the for-
mation sequence for different phases were obtained and
analyzed for both alloys.

After examining the role of composition on the
solidification behaviors of both alloys, a well-tested
steady-state keyhole mode laser welding process model
was then used to calculate the thermal histories expe-
rienced across the weldment [10]. This modeling
approach couples a well-tested keyhole model with a
three-dimensional heat transfer and fluid flow model,
which solves the equations of mass, momentum, and
energy in three-dimensions to calculate temperature
and fluid flow fields across the weldment [20–22]. The
keyhole profile is calculated first using a point-by-point
heat balance at the keyhole wall, which is defined by the
boiling temperature of the alloy. The calculated keyhole
profile and the heat flux were then integrated into a heat

1 IPG Photonics Corporation, Oxford, MA, USA
2 Carl Zeiss Microscopy GmbH, Jena, Germany
3 National Institute of Health, Bethesda, MD, USA
4 Thermo-Calc Software AB, Solna, Sweden
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Table 1. Summary of composition, thermophysical properties, and weld dimensions of the two nickel
alloys.

Alloys Inconel 690 Inconel 740H

Composition (wt. %)
Ni Balance Balance
Cr 29.6 24.6
Co 0 20.3
Fe 9.7 0.2
Nb 0 1.49
Mo 0 0.05
Mn 0.2 0.24
Al 0 1.4
Ti 0 1.5
Si 0.08 0.1
C 0.03 0.03
Cu 0 0.02

Thermophysical Properties
Density (kg/m3) 8200 8200
Dynamic viscosity (kg/ms)♠ 0.0075 0.007
Solidus temperature (K) 1587 1425
Liquidus temperature (K) 1664 1669
Boiling temperature (K) 3084 3063
Latent heat of fusion (J/kg) 2.26× 105 2.82× 105

Specific heat (J/kgK) 0.1T+ 376 10−3T2 + 0.4 T+ 298
Thermal conductivity (W/mK) 0.013T+ 9.67 0.013 T+ 9.18
dγ /dT (N/mK)♣ −0.22× 10−3 −0.33× 10−3

Laser absorptivity 0.2 0.2
Weld Dimensions

Weld Depth (mm) Experiment Simulation Experiment Simulation
2.5 kW 3.7± 0.1 3.1 3.5± 0.1 3.1
5 kW 6.5± 0.1 5.8 6.2± 0.1 5.9
7.5 kW 8.3± 0.1 7.6 7.8± 0.2 7.8
10 kW 9.8± 0.1 9.1 9.5± 0.3 9.2
WeldWidth (mm)
2.5 kW 3.7± 0.2 3.1 3.8± 0.2 3.8
5 kW 5.0± 0.4 5.2 5.1± 0.1 5.6
7.5 kW 7.1± 0.1 6.7 6.7± 0.4 7.1
10 kW 8.8± 0.1 7.7 8.2± 0.1 8.8

♠The viscosity is at liquidus temperature.
♣γ is the surface tension.

transfer and fluid flowmodel to calculate the weld pool
profile and corresponding thermal histories. In order
to improve the accuracy and fidelity of these simula-
tions, temperature- and composition-dependent ther-
mophysical properties of the two nickel alloys used in
these simulations were calculated using JMatPro®5 for
the reported compositions of each alloy and provided
in Table 1.

Since the output obtained from the model is com-
prised of the temperature at each location, additional
manipulation of the data is required to obtain param-
eters specific to solidification. For example, the tem-
perature gradients (G) were calculated by dividing the
difference between the liquidus and solidus tempera-
tures by the length of themushy zone, and solidification
rates (R) were determined by multiplying the welding
speed and the local solidification direction [14]. Den-
drite growth at any point on the solidification front
follows this direction, which is approximately the prin-
cipal heat flow direction and is normal to the solidifica-
tion surface defined by liquidus temperature [23].

In order to calculate the resulting stress states sur-
rounding the weld, the simulated temperature fields

from the heat transfer and fluid flow model were
imported to a commercial finite element analysismodel
in Abaqus®.6 Transfer of the temperature data was per-
formed through the analytical mapped fields function
in Abaqus using a point cloud file, and the tempera-
ture values on the nodes for the finite element model
were defined by an inverse distance weighted method
using the surrounding source points [24], as shown in
Figure 1.

The calculation domain in the finite element model
was 80mm by 20mm in the X and Y directions and
12.7mm in the Z-direction, with the XZ plane used
as a plane of symmetry and the XY plane, which
represents the top surface of the weld, defined as a
freely deformable surface. Mesh sizes were set at values
between 200 μm and 500 μm, with finer meshes located
inside and coarser meshes placed outside the molten
pool. Since much finer meshes were used in the tem-
perature (1,600,788 elements) than the stress (77,520
elements) calculations, a minimal error in the mapped
temperature field is expected. No displacement or rota-
tion is allowed on the four planes restrained by the
surrounding base metal. In the model, the weld pool

5 Sente Software, Surrey Research Park, UK
6 Abaqus Inc, Palo Alto, CA, USA
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Figure 1. Schematic diagramshighlighting theprocedures used for importing the temperature fields from theheat transfer andfluid
flow model as a point cloud to the finite element model. The temperature T on a node in the finite element model was determined
by the inverse distance weighted method using the surrounding source points, and the stress field was then solved according to the
changes in the temperature field.

moved for around 1.2 s at a welding speed of 12.7mm/s
with an average time step size of 0.008 s. Calculated
stresses and strain rates were then extracted at a cor-
responding time of 0.6 s along the plane of symmetry
at locations where the fraction of solid (fs) was 0.9. The
sensitivity of the calculation to the domain size and the
average time step size was verified, and the results are
summarized in Appendix. These results indicated that
the calculation is not significantly affected.

Temperature-dependent mechanical properties of
the alloys were obtained from manufacturer sources
[25,26] to improve the accuracy of these calculations,
which are shown in Figure 2. The values for Young’s
modulus and yield strength followed expected trends
in the solid phase with increasing temperatures. Per-
fect plasticitywithoutwork hardeningwas assumed and
considered to be reasonable since hardening at high
temperatures is limited due to rapid dislocationmotion
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[27]. Although neglecting the work hardening effect
might underestimate the stress levels, the tension to
compression transition point is more critical in cap-
turing the cracking locations than the absolute stress
values away from the weld pool. After transformation
to the liquid, both Young’s modulus and yield strength
were assumed to be 3% of the values at room tempera-
ture [28,29]. While thermal expansion with heating in
the solid phase follows a generally linear trend, volu-
metric shrinkage during solidification becomes more
complex and includes contributions from both ther-
mal and solidification shrinkage. For a similar Ni-base
alloy [30], this volumetric shrinkage can reach a level of
approximately 1.64%, which results in a linear shrink-
age of 0.55% by assuming that shrinkage is equal in
all directions. In order to accommodate these differ-
ences, the coefficient of expansion between liquidus and
solidus temperatures was assumed to vary linearly over
the solidification temperature range.

Results and discussion

Deep penetration laser welding of Inconel 690 and
Inconel 740H at high laser powers produces weld pool
cross sections with shapes typical of keyholemode laser
welding, as shown in Figure 3. Increases in the laser
power at a single travel speed (12.7mm/sec) increased
the weld width and depth for both alloys, which is sum-
marized in greater detail in Table 1. Even though the
alloy compositions vary, the measured weld depths and
widths displayed strikingly similar values and trends
across laser powers between 2.5 and 10 kW. For exam-
ple, differences in weld width and depth typically fall
below 5%of themeasuredwidth and depth and inmany
cases fall within the standard deviations.

Weld pool dimensions for both alloys were also suc-
cessfully simulated using the well-tested heat transfer
and fluid flow model and provided good agreement
with the measured cross sections. Differences in the
solidus temperature of the two alloys, which varied by
nearly 162K, led to significant changes in the solidifi-
cation temperature range, with the Inconel 740H alloy
displaying a solidification range on the order of 244K,
while that for the Inconel 690 alloy was only 77K.
Even with this difference in solidification range, the
simulated weld dimensions, summarized in Table 1,
were in good agreementwith the experimental observa-
tions and generally fell within 10% of the experimental
values.

While the weld pool cross sections display similar
sizes and shapes, there is a prominent horizontal crack
that appears across the fusion zone of the Inconel 740H
welds produced at laser powers of 5 kWand above. This
type of cracking in the Inconel 740Halloy has been con-
nected with solidification cracking mechanisms [10],
but no similar cracks were observed in the Inconel 690
welds, indicating that the differences in composition

affected the cracking susceptibility. In order to confirm
these differences, the solidification pathway, which is
a primary indicator of the susceptibility of the alloy
to solidification cracking, was calculated for each alloy
using Scheil-Gulliver methods, and these pathways are
shown in Figure 4. The much larger solidification tem-
perature range for Inconel 740H (244K) than Inconel
690 (77K) is clearly shown in Figure 4(a). Across the
solidification range, the changes in the calculated frac-
tion of solid values can also capture the formation of
different phases. It is clear that the Inconel 690 alloy has
not only a small solidification temperature range but
also solidifies as a single γ phase that persists through
the terminal stages of solidification. On the other hand,
the Inconel 740H alloy undergoes several additional
phase transformations after the initial formation of the
γ phase, ending in the formation of Laves phases at the
terminal stages of solidification.

The susceptibility of an alloy to solidification crack-
ing can also be connected to the slope of the solid-
ification curve (dT/d(fs1/2)) at these terminal stages
of solidification (near fs1/2 = 1). Changes in the slope
of the curve can capture the ability of the liquid to
flow into regions between adjacent grains [2]. Differ-
ences between the two alloys are evident in Figure 4(b),
with the slope of the curve for Inconel 690 having a
value of 1010K and being nearly half that of Inconel
740H, which displays a value of 2597K. This higher
value for Inconel 740H indicated that the remain-
ing liquid at the terminal stage of solidification is
more difficult to feed into the adjacent grains, result-
ing in higher solidification cracking susceptibility than
Inconel 690.

Even though these criteria provide a means for eval-
uating the solidification cracking susceptibility for the
two alloys, they do not capture how welding conditions
can drive solidification cracking. For example, solidi-
fication cracking has not been observed during arc or
low-power laser welding of Inconel 740H [10,15,16].
This cracking only appeared when welding was per-
formed at laser powers of 5 kW and above, as shown
in Figure 3. Changes in processing conditions, such as
the laser power and travel speed, have distinct effects
on both the shape of the pool as well as the corre-
sponding solidification parameters. These changes are
particularly prominent in the longitudinal views of the
calculated liquidus and solidus isotherms, which are
shown in Figure 5(a) for a laser power of 2.5 kW and
in Figure 5(b) for a laser power of 7.5 kW.

Differences in the calculated solidification rate (R)
and temperature gradient (G) values across the depth of
these calculated fusion zones for these two laser powers
in Inconel 740H are also captured in Figure 5(a) and
(b). The temperature gradients generally increasedwith
increasing depth at both laser powers, corresponding
with a simultaneous decrease in the length of themushy
zone.
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Figure 2. Plots showing the temperature dependent material properties of (a) Inconel 740H and (b) Inconel 690.

Figure 3. Representative cross section images of (a) Inconel 740H and (b) Inconel 690 under different laser powers.

On the other hand, the solidification rate displayed a
series of complex variations across the weld depth, pri-
marily driven by spatial variations in the solidification
directions along the fusion zone/mushy zone boundary,
which can be defined at the liquidus temperature. At a
laser power of 2.5 kW, as shown in Figure 5(a), the solid-
ification rate reached a peak value of approximately
10.9mm/s at the bottom of the weld pool. Increasing
the laser power to 7.5 kW, as shown in Figure 5(b), led
to the formation of a nearly vertical solidification front
where the solidification direction matched the welding
direction and displayed solidification rates nearly iden-
tical to the travel speed (12.7mm/s). When compared

with the laser weld produced at the same 7.5 kW power
in Inconel 690 welds, as shown in Figure 5(c), there
are several notable differences. In particular, the solid-
ification front observed in the Inconel 690 weld was
not nearly as vertical near the bottom of the weld
pool, and the peak solidification rates at these depths
were slightly lower, reaching a value of approximately
11.3mm/s.

These thermal and solidification conditions for the
different alloys and processing conditions, in turn,
affected the corresponding longitudinal (σ x), trans-
verse (σ y), and through-thickness (σ z) stress states
across the mushy zone. Calculations of the strain rate
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Figure 4. Comparison of solidification path for two nickel alloys showing the (a) solidification temperature range and the secondary
phases and the (b) fs1/2 vs T curves. Values of dT/d (fs1/2) were calculated at an fs1/2 value of 0.98.

Figure 5. The calculated profiles of the solidification front and its impact on the solidification rate and temperature gradient for (a)
Inconel 740H weld produced at a laser power of 2.5 kW, (b) Inconel 740H weld produced at a laser power of 7.5 kW, and (c) Inconel
690 weld produced at a laser power of 7.5 kW.

and stress values were then made, as shown schemati-
cally in Figure 6(a), at locations along the weld length
at depths where an fs value of 0.9 was obtained. Strain
rates and stress levels across the longitudinal, trans-
verse, and vertical orientations for a laser weldmade on
Inconel 740H at a laser power of 7.5 kW are shown in
Figure 6(b) and (c), respectively. Similar trends in the
strain rate and stress levels were observed across the
three directions, but the lowest tensile stress and neg-
ative strain rate values were observed in the transverse
direction across all depths. Since transverse shrinkage
had the smallest contribution to the overall stress lev-
els observed at each location, horizontal cracking was

primarily driven by the strain rates and stresses in the
vertical and longitudinal directions.

Spatial distributions of the calculated vertical stresses
for laser welds fabricated at a laser power of 7.5 kW
were shown in Figure 7(a) and (b) for Inconel 740H
and Inconel 690, respectively. Themagnitude of the ver-
tical stresses developed across the trailing edge of the
solidifying weld metal during laser welding of Inconel
740H was much higher than that in Inconel 690, par-
ticularly in the region of the vertical solidification front
identified in Figure 5(b).

The effective stresses, normal to the solidification
direction (σ n), which combined the effect ofσ x,σ y, and
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Figure 6. (a) Schematic diagram showing the extraction of stress states along the longitudinal, transverse, and vertical direction and
the three-dimensional stress transformation rules, where σ n is normal to the grain growth direction. A comparison of the (b) strain
rate and (c) stress values in the three directions for Inconel 740H under a laser power of 7.5 kW is also shown.

σ z, are better indicators of the conditions that can lead
to cracking and were calculated using the relationship
shown in Figure 6(a). Variations in these effective strain
rates and stresses normal to the solidification direc-
tion were then obtained along the weld depth for the
two alloys and shown in Figure 7(c) and (d), respec-
tively. The strain rate generally increased with the weld
depth in a manner similar to the temperature gradi-
ent across these same locations. Strain rates between
0.011 and 0.019 s−1 are necessary to initiate solidifica-
tion cracking for nickel alloys [5], and a critical strain
rate of 0.019 s−1 is used as the threshold for the onset
of solidification cracking. Owing to the uncertainty in
the calculation, the strain rate needs to be considerably
higher than this value to ensure the critical strain rate
of the nickel alloys is attained. As shown in Figure 7(c)
and Figure 7(d) for laser welds made at a power level
of 7.5 kW, this critical strain rate level was considerably
exceeded below approximate depths of 5.2 and 3.9mm
for Inconel 740H and Inconel 690, respectively.

Since cracking does not occur under a compressive
stress state, a tensile stress state, in combination with
a strain rate exceeding this critical level, is required

for crack propagation. The transition from a tensile
to a compressive stress state is observed at a depth of
approximately 6.1mm in the Inconel 740H weld and
3.5mm for the Inconel 690 weld. For welds made at
a laser power of 7.5 kW in Inconel 740H, strain rates
considerably higher than 0.019 s−1 along with a cor-
responding tensile stress state were observed over a
0.9mm range at depths corresponding to the location
where cracking was observed. In the Inconel 690 weld,
the critical strain rate and tensile stress levels required
to promote cracking are not obtained at any location
across the weld depth, as shown in Figure 7(d).

These calculations were then extended to other pro-
cessing conditions in which cracking was observed
in the Inconel 740H welds. Across these different
power levels, locations at which horizontal cracking
was observed corresponded with those where the crit-
ical strain rate and tensile stress levels were predicted.
For example, the simulations were able to closely pre-
dict the locations where cracking was observed as laser
power levels increased from 5 to 10 kW, as shown in
Figure 7(e). Expanding these calculations further, a
range of crack susceptible regions was identified, with
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Figure 7. Plots showing the calculated vertical stress distribution of (a) Inconel 740H and (b) Inconel 690 welds produced at a laser
power of 7.5 kW. The variation of effective stress and strain rate values along weld depth at fs = 0.9 were shown for (c) Inconel 740H
and (d) Inconel 690 under laser power of 7.5 kW and the welding speed of 12.7mm/s. (e) The locations where horizontal cracking is
predicted to occur are highlighted by comparing experimentally measured and numerically calculated crack depths defined by the
critical strain rate (lower limits) and the tension to compression transition point (upper limits) for Inconel 740H under different laser
powers.
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the lower limit in depth defined by the critical strain
rate and the upper limit by the tension to the com-
pression transition point. As the laser powers increased,
these regions where the critical strain rate and ten-
sile stresses indicated crack susceptibility covered larger
depth ranges within the welds.

Summary and conclusions

Deep penetration laser welding of Inconel 740H and
Inconel 690 was performed across a range of laser pow-
ers from 2.5 to 10 kW. Even though the two alloys
displayed similar transverse cross sections across these
different processing conditions, there were prominent
differences in their susceptibility to fusion zone crack-
ing. While Inconel 690 welds displayed no crack-
ing across all processing conditions, Inconel 740H
welds experienced horizontal cracking across the fusion
zone at locations between 70% and 80% of the weld
depth at laser powers of 5 kW and above. In order
to capture the complex interactions between compo-
sition and processing leading to the appearance of
cracking, well-tested heat transfer and fluid flow and
thermo-mechanical models were integrated to calcu-
late thermal histories, solidification conditions, and the
resulting stresses and strain rates across the solidify-
ing mushy zone. These unique calculations provide a
means for predicting horizontal cracking susceptibility
and location by identifying the simultaneous appear-
ance of critical strain rate and tensile stress levels across
different laser powers in Inconel 740H high-power
welds. Additional details and conclusions are provided
below:

• Similar dimensions and profileswere observed in the
transverse cross sections extracted from Inconel 690
and Inconel 740H high-power laser welds across a
range of laser powers. Even though both alloys had
similar thermophysical properties, Inconel 740H
displayed 167K larger solidification temperature
range and higher solidification cracking susceptibil-
ity than Inconel 690.

• Increased weld lengths and elongated mushy zones
were observed in Inconel 740H along the welding
direction in the three-dimensionalweld pool profiles
obtained from the heat transfer and fluid flow mod-
els. At laser powers greater than 5 kW, which cor-
responded with the appearance of horizontal cracks
between 70% and 80% of the weld depth, the solidi-
fication front took on a near-vertical profile in these
regions, where higher local solidification rates were
also observed.

• The calculated thermal histories and solidification
conditions were then used to model stresses and
strain rates across the welds in both alloys. Spatial
variations in stress states were observed across the
welds, with strain rates increasing across the weld

depth and the stresses transforming from tensile to
compressive states near the weld root.

• Horizontal cracking in the Inconel 740H welds pro-
duced at powers in excess of 5 kW corresponded to
regions where a critical strain rate of 0.019 s−1 and
tensile stresses were simultaneously observed nor-
mal to the solidification direction. This condition
was observed across these laser powers and con-
sistently predicted locations along the weld depth
where this horizontal cracking was observed.

• In the Inconel 690 welds and in low power Inconel
740H laser welds, these combined tensile strain rate
and stress levels were not achieved, leading to the
elimination of these horizontal cracks.
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Appendix

Sensitivity check for thermal stress state
calculation

In the stress simulation in Abaqus, the time step size and the
domain size can potentially impact the calculated results, and
the sensitivity of the calculations to these variables needs to be
checked to ensure the accuracy of the calculated results. In the
reference case, the average time step size was 0.008 s and the
calculation domain size was 80mm by 20mm by 12.7mm.
In the ‘fine steps’ case, the average time step size was reduced
to 0.005 s and the calculation domain size remained the same
as in the reference case. In the ‘large domain’ case, the aver-
age time step was 0.008 s while the domain size was 120mm
by 30mm by 12.7mm. These three cases were simulated with
laser power of 10 kW and welding speed of 12.7mm/s, and
the data were extracted at fs = 0.9 at three depths (d), 6.1,
7.0, and 8.3mm, which represented depths above the crack-
ing region,within the cracking region, and below the cracking
region, respectively.

Figure A1 showed the calculated effective strain rate and
stress (σ n) that are normal to the solidification direction at
a series of time frames for the three cases. It can be seen
that the calculated values are generally consistent at different
time frames. On the other hand, even though small varia-
tions were observed when using different domain sizes and
average time step sizes, the trends for the different depths
remained the same. For example, at depth of 6.1mm, the
calculated strain rate values are all below the critical strain
rate likely due to the low temperature gradient at this depth,
indicating no crack can be initiated. At depth of 8.3mm,
the stress values are all negative, meaning this depth is in
compression for all three cases. Owing to the same trend
of strain rate and stress at different depths, the simulated
crack depths in Figure 7(e) remains unchanged even using
different domain size or time step size, which indicated that
the calculation results are not significantly affected by these
variables.

https://www.specialmetals.com/documents/technical-bulletins/inconel/inconel-alloy-740h.pdf
https://www.specialmetals.com/documents/technical-bulletins/inconel/inconel-alloy-690.pdf
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Figure A1. Calculation sensitivity check with respect to different time steps and domain sizes at three depths under laser power of
10 kW and welding speed of 12.7mm/s.
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