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A B S T R A C T

Nickel-based alloys, Alloys 625 and 718, are widely used in the aerospace industry due to their excellent 
corrosion resistance and high strength at elevated temperatures. Recently, these alloys have been utilized to 
manufacture rocket engine components using additive manufacturing (AM) technologies such as laser powder 
bed fusion (LPBF) and powder-blown laser-based directed energy deposition (DED). These technologies offer 
faster and more cost-effective production while enabling the fabrication of near-net-shape parts that are sub
sequently joined by welding. However, solidification cracking susceptibility varies significantly between AM and 
conventionally processed materials, and limited weldability characterization has been conducted on AM- 
fabricated materials. This study assesses the weld solidification cracking susceptibility of Alloys 625 and 718 
produced by wrought (mill-rolled), LPBF, and DED using transverse varestraint testing, Scheil-Gulliver simula
tions, the Crack Susceptibility Index (CSI), and the Flow Resistance Index (FRI). Transverse varestraint testing 
revealed that AM parts exhibited higher susceptibility due to the presence of larger and elongated grains in the 
fusion zone, affecting the weld solidification cracking response. In Alloy 625, the LPBF condition exhibited the 
highest maximum crack distance (MCD) of 2.35 ± 0.16 mm, compared to 1.56 ± 0.06 mm for wrought and 1.72 
± 0.10 mm for DED. Similarly, in Alloy 718, the DED condition showed the highest MCD of 2.93 ± 0.41 mm, 
while the wrought condition had an MCD of 2.01 ± 0.12 mm, and the LPBF condition reached 3.01 ± 0.33 mm 
at 5 % strain, without a clearly defined saturation strain. Although wrought materials demonstrated greater 
resistance to solidification cracking, solidification simulations did not correlate with the experimental testing, as 
they do not account for microstructural and mechanical factors, relying solely on chemistry.

1. Introduction

Nickel (Ni) based alloys are widely used in engineering applications 
such as aerospace, energy, and nuclear industries, primarily due to their 
exceptional mechanical properties at both ambient and high tempera
tures, as well as their high-temperature corrosion resistance [1]. Based 
on the alloying elements and their respective properties, Ni alloys are 
classified into several categories: commercially pure Ni alloys, solid- 
solution-strengthened alloys, precipitation-strengthened alloys, and 
specialty alloys. Many of these are considered superalloys due to the 

outstanding performance presented at high temperature. Despite their 
versality of possible operational conditions, Ni-based superalloys have 
poor machinability due to their high hardness (even at high tempera
ture), strength, and low thermal conductivity [2].This makes the need to 
explore wide areas towards improved machining of these alloys. Some 
opportunities may be found in the different processes routes, such as 
additive manufacturing (AM), which fabricates net-shape parts (i.e., 
fewer machining steps) [3,4]. AM technologies offer advantages such as 
reduced part count, shorter lead times, on-demand fabrication of spare 
parts, the ability to produce complex geometries, and unique 
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microstructural control [5,6].
Most research on laser powder bed fusion (LPBF) has demonstrated 

promising results in fabricating low-volume aero-engine components 
with high precision and complex geometries [6,7]. In recent years, there 
has been growing interest in using large-scale AM processes to produce 
free-form, large components that require longer printing times or are 
simply not feasible to manufacture using LPBF due to the size limitations 
of the build chamber. Beyond powder-based AM technologies, direct 
energy deposition (DED) has emerged as a promising technique capable 
of producing high-volume parts within a reasonable printing time 
[8–10]. However, despite advancements such as multi-laser systems and 
powder reuse strategies, both LPBF and DED still face challenges asso
ciated with the long printing times required for large components. 
Additionally, assembling complex aerospace components (e.g., rocket 
nozzles) often requires welding operations. However, as widely docu
mented in the literature [11,12], Ni-based alloys present welding chal
lenges that are intrinsically linked to their microstructure. In particular, 
additively manufactured materials, which typically exhibit a coarse and 
highly oriented grain structure, tend to have different weldability 
characteristics compared to wrought materials, which generally feature 
fine and equiaxed grains. Therefore, investigating the weldability of 
additively manufactured Ni-based superalloys is crucial for expanding 
the applicability of laser-based AM in high-volume part fabrication.

Regarding the weldability of Ni-based alloys, potential issues include 
weld solidification cracking, heat-affected zone (HAZ) liquation 
cracking, strain-age cracking, and ductility dip cracking. Among these, 
Ni-based alloys are particularly susceptible to weld solidification 
cracking due to their austenitic solidification mode, which leads to 
strong interdendritic segregation and the precipitation of eutectic pha
ses. While the weldability of wrought Ni-based alloys has been exten
sively studied [13–21], relatively few studies have focused on the 
weldability of AM Ni-based alloys. Notably, Raza et al. [22–24] inves
tigated weld metal cracking in Alloy 718 fabricated by LPBF using 
weldability tests. Their research assessed liquation cracking suscepti
bility through longitudinal varestraint testing, examining welds per
formed both parallel and perpendicular to the build direction of the AM 
material. These tests revealed different cracking behaviors, attributed to 
the anisotropic microstructure typically observed in AM materials [25]. 
Moreover, studies have shown that the microstructure and chemistry of 
AM-produced materials can differ significantly from those of conven
tionally processed materials, potentially affecting weldability [26–28]. 
Recently, Guzman et al. [29] compared the weldability of LPBF 316 L 
with that of conventionally manufactured parts and found that nitrogen 
pickup during printing significantly influenced the material's weld
ability. Additionally, to the best of the authors' knowledge, the weld
ability of Ni-based superalloys fabricated by blown-powder laser-based 
DED has not yet been reported in the literature. This highlights the ne
cessity of further research to understand the weldability of AM- 
fabricated Ni-based superalloys across different AM technologies.

This work focuses on Alloy 625 and Alloy 718 due to their impor
tance in the aerospace industry. Alloy 625 is a solid-solution- 
strengthened alloy, primarily reinforced by molybdenum (Mo) and 
niobium (Nb), and is known for its good weldability among Ni-based 
superalloys. In contrast, Alloy 718 is a precipitation-strengthened 
alloy containing significant additions of titanium (Ti), aluminum (Al), 
and Nb, which promote the precipitation of a higher volume fraction of 
the γ” phase (Ni₃Nb) compared to the γ’ phase (Ni₃Al,Ti). This difference 
in phase volume fraction enhances resistance to strain-age cracking, 
making Alloy 718 one of the most widely used Ni-based alloys in the 
aerospace industry, particularly for the production of turbines and 
pressure vessels [11,12]. Since both alloys contain considerable Nb, the 
formation of detrimental phases (e.g., Laves phase) can compromise 
their weldability. Previous studies [30–33] have shown that silicon (Si), 
carbon (C), and especially Nb contribute to the formation of the Laves 
phase and NbC, which form at the end of solidification via eutectic re
actions (γ/Laves and γ/NbC). These phases lower the liquidus and 

solidus temperatures, increasing the melting temperature range [32]. 
However, the effect of Nb is not entirely negative, as it can promote 
crack healing in practical applications due to the high eutectic content at 
the end of solidification. In fact, Alloy 625 has been shown to exhibit 
resistance to weld solidification cracking due to this crack-healing effect 
[11,14].

The present work evaluates the weld solidification cracking suscep
tibility of Alloy 625 and Alloy 718 produced by conventional mill- 
rolling, LPBF, and powder-blown laser-based DED. Susceptibility to 
weld solidification cracking is assessed using transverse varestraint 
testing [34], one of the most widely used methods for evaluating hot 
cracking defects due to its practicality. Additionally, Scheil-Gulliver 
solidification simulations and cracking indexes proposed by Kou 
[35,36] and Ramirez et al. [37,38] are employed for further analysis. 
Given the industrial significance of welding AM-fabricated sub-parts and 
the well-documented hot cracking susceptibility of wrought Ni-based 
superalloys, this study aims to provide a comprehensive assessment of 
the weld solidification cracking susceptibility of additively manufac
tured Alloy 625 and Alloy 718.

2. Experimental procedures

2.1. Material

Both nickel alloys, 625 and 718, were manufactured as plates using 
three different processes: conventional mill rolling, LPBF, and DED. Both 
AM processes utilize powder feedstock and a laser heat source to pro
duce high-density printed plates. AM plates were tested after heat 
treatments designed to relieve residual stresses from the AM processes, 
dissolve segregation, and homogenize the microstructure [39,40]. For 
LPBF, the plates underwent stress relief, hot isostatic pressing, and so
lution heat treatment. For DED, the plates were subjected to stress relief 
and solution heat treatment. The bulk chemistry of the alloys, analyzed 
using Optical Emission Spectroscopy (OES, SPECTROMAXx), along with 
nitrogen and oxygen contents measured by Inert Gas Fusion Analysis 
(Leco TC600), is listed in Table 1.

2.2. Transverse varestraint testing

Susceptibility to solidification cracking was evaluated using trans
verse varestraint testing. This experiment was chosen due to its 
simplicity to assess weld solidification cracking. Fig. 1 shows the setup 
used for the transverse varestraint testing. The wrought and LPBF plates 
had dimensions of 152 mm × 51 mm × 5 mm, while the DED plates 
measured 156 mm × 62 mm × 5 mm. The three types of plates shared 
the same thickness. Prior to testing, the samples were cleaned with a 
stainless-steel wire wheel, followed by an ethanol rinse to remove any 

Table 1 
Chemical composition in wt% of Alloys 625 and Alloy 718. Nitrogen and Oxygen 
are listed in ppm.

Element Alloy 625 Alloy 718

Wrought DED LPBF Wrought DED LPBF

Ni 60.7 61.8 62.3 54.1 53.1 54.8
Cr 22.0 21.5 21.7 18.5 19.2 19.2
Fe 4.39 3.83 4.37 17.33 18.23 17.48
Mo 8.40 8.68 8.18 2.93 2.96 3.06
Co 0.09 0.02 0.06 0.28 0.03 0.04
W 0.03 0.01 0.03 0.02 0.01 0.03
Nb 3.32 3.43 2.76 4.89 4.88 3.67
Ti 0.20 0.16 0.07 1.01 0.90 0.82
Al 0.10 0.10 0.12 0.46 0.53 0.46
Si 0.16 0.13 0.17 0.10 0.06 0.13
Mn 0.43 0.16 0.07 0.12 0.04 0.04
C 0.063 0.027 0.054 0.037 0.046 0.080
N (ppm) 209.9 170.0 69.1 74.3 87.9 85.6
O (ppm) 6.6 50.8 206.8 4.8 33.8 176.1
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contaminants.
Based on the recommendations of transverse varestraint experiments 

on nickel alloys in [41], mechanized Gas Tungsten Arc Welding (GTAW) 
parameters to obtain 10 mm-wide weld beads for the test were chosen 
and listed in Table 2. A 10 mm-wide weld pool ensures that cracking can 
be accurately observed and compared with other materials [29]. The 
weld beads were programmed to remain within the plates, measuring no 
more than 50 mm in length, with bending initiated 30 mm from the weld 
start at a rate of 250 mm/s. For each material, at least three repetitions 
were performed at strain levels of 0.5 %, 1 %, 2 %, 3 %, and 5 % using 
die blocks of radius of 635 mm, 159 mm, 106 mm, 80 mm, and 45 mm, 
respectively. The strains were chosen based on the saturated strain of 
nickel alloys to be between 2 % to 5 % [14]. The strain (ε) is given by eq. 
(1), recommended by the American Welding Society [42]: 

ε =
t

2R + t
(1) 

where t is thickness of the specimen and R is the radius of the die blocks.
After testing, images of the surface of each plate were captured using 

a digital binocular microscope at 50× magnification. From the images, 
the total number of cracks (TNC), total crack length (TCL), maximum 
crack length (MCL), and maximum crack distance (MCD) were measured 
and reported with a 95 % interval of confidence. Measurements were 
done using Fiji ImageJ software [43]. Using the MCL and MCD results, it 
is possible to obtain the saturated strain, which is the strain at which the 
MCD does not increase anymore. Results were compared across mate
rials and manufacturing processes.

2.3. Solidification simulations

Susceptibility to solidification cracking was evaluated using Scheil- 
Gulliver solidification simulations, the Crack Susceptibility Index (CSI) 

proposed by Kou [35,36], and the Flow Resistance Index (FRI) proposed 
by Ramirez et al. [37,38]. Scheil-Gulliver simulations were performed 
using Thermo-Calc 2024a with the Nickel-based Superalloys Database 
(TCNI12) and the chemical compositions listed in Table 1. These sim
ulations provided the solidification temperature range (STR), which 
directly indicates the temperature range over which cracking occurs. 
The STR was determined based on the temperature gradient from 0 % to 
95 % of the mole fraction of solid, with elements like C, N, and O 
considered as fast diffusers. The CSI proposed by Kou [35,36] was 
calculated based on the steepest slope of the temperature (T) versus the 
square root of the solid fraction (fs)0.5 at fs = 98 %. The FRI proposed by 
Ramirez et al. [37,38] is a solidification cracking susceptibility index 
that accounts for the flow resistance of liquid metal within interdendritic 
channels. It estimates channel dimensions using Scheil-Gulliver curves 
and the STR, assuming a constant, arbitrary laminar flow rate near the 
end of the solidification interval (between 85 % and 98 % solid). The 
contributions of each segment of the channel length are integrated to 
determine the FRI, which is proportional to the material's cracking 
susceptibility. Dynamic viscosity is calculated using CALPHAD models, 
while the temperature profile is obtained through Thermo-Calc CAL
PHAD simulations. These simulation methods are designed for ease of 
use in industry and rely primarily on chemistry; as a result, they do not 
take microstructural features into account.

2.4. Electron microscopy characterization

Electron Backscatter Diffraction (EBSD) was performed using a 
Thermo Scientific Quattro Environmental Scanning Electron Microscope 
(ESEM) to analyze grain size and morphology at the weld bead center
line and the fusion line of the plates. Grain size was measured in the base 
metal and weld metal for both materials and each condition using the 
intercept method recommended by the ASTM E112–14 standard [44] 
and grain morphology was measured based on aspect ratio of the grains 
in the weld metal. This analysis aimed to investigate the microstructural 
evolution of the weld metal from the base material across the three 
different manufacturing processes. This is because the solidification 
simulation methods do not consider these features to assess weld so
lidification cracking. The data was processed using EDAX OIM Analysis 
software and MTEX toolbox. Samples were metallographically prepared 
by grinding with sandpaper up to 1200 grit, followed by polishing with 
fine diamond paste, and a final polishing step using colloidal silica to 
achieve a mirror-like surface.

3. Results and discussion

3.1. Transverse varestraint testing

The results of the transverse varestraint testing for alloys 625 and 
718 are shown in Fig. 2 and Fig. 3, respectively. Both figures contain 
TNC, TCL, MCL, and MCD for each manufacturing condition with error 
bars representing a 95 % interval of confidence. Also, Fig. 4 shows the 
weld beads produced at 3 % strain during the experiment in the Alloy 
625 for each condition, and Fig. 5 exposes with more detail the cracks of 
those beads at the region where the bending was applied. Fig. 6 and 
Fig. 7 show the same for the case of the Alloy 718. The images of both 
materials and each processing from where cracking measurements were 
taken can be found in the Supplementary Material of this work.

3.1.1. Transverse varestraint testing in alloy 625
In the case of Alloy 625, as shown in Fig. 2d, the LPBF condition was 

the most susceptible to weld solidification cracking, according to the 
MCD results. The wrought and DED conditions exhibited better and 
comparable resistance to weld solidification cracking. The LPBF condi
tion reached a saturated strain at 3 %, with an MCD of approximately 
2.35 ± 0.16 mm, whereas the wrought and DED conditions reached a 
saturated strain at 2 %, with MCD values of 1.56 ± 0.06 mm and 1.72 ±

Fig. 1. Experimental setup of the transverse varestraint testing. a) Transverse 
varestraint testing machine and b) complete setup of the equipment.

Table 2 
GTAW parameters in the transverse varestraint testing.

Variable Setting

Current 150 A
Travel speed 152 mm/min
Shielding gas Argon 4.8
Flow rate 14.2 L/min
Electrode tip to work distance 2.4 mm
Weld start delay 5 s
Post-flow time 15 s
Deformation rate 250 mm/s
Electrode type Tungsten with 2 % Lanthanum
Electrode diameter 2.4 mm

J. Guzman et al.                                                                                                                                                                                                                                Journal of Manufacturing Processes 141 (2025) 556–569 

558 



0.10 mm, respectively. The LPBF error bars never overlapped with the 
other processes and the values of MCD were bigger resulting in higher 
cracking susceptibility. On the other hand, the error bars of the wrought 
and the DED conditions overlapped resulting in the same values of MCD. 
The results of the wrought Alloy 625 are in accordance with that ob
tained by Lippold et al. [14], which indicated the same saturated strain 
at 2 % and similar values of MCD for the same material.

The MCL results followed a similar trend to the MCD results. How
ever, the TNC results after reaching the saturated strain were surpris
ingly lower for the LPBF condition. In contrast, the TCL results for all 
three conditions were similar after passing the saturated strain. For 
instance, at 5 % strain, the TNC for the LPBF condition was 7, while for 
the other conditions, it exceeded 10. This suggests that although fewer 
cracks were observed in the LPBF condition, these cracks were larger. 
This observation is confirmed in Fig. 4 and Fig. 5, which clearly shows 
the larger size of the cracks in the LPBF condition at 3 % of strain 
compared to the other conditions. Based on transverse varestraint 
testing, the susceptibility of Alloy 625 to weld solidification cracking can 
be ranked from most to least resistant as follows: wrought, DED, and 
LPBF conditions.

3.1.2. Transverse varestraint testing in alloy 718
In the case of Alloy 718, as shown in Fig. 3d of the MCD results, both 

AM processes exhibited higher susceptibility to weld solidification 
cracking compared to the wrought condition. For the DED condition, the 
saturated strain was easily localized at 2 % strain, with an MCD of 2.93 
± 0.41 mm. In the wrought condition, the saturated strain was similarly 
distinct, occurring at approximately 1 % strain, with an MCD of 2.01 ±
0.12 mm. However, in the LPBF condition, the saturated strain was not 
clearly defined, as the MCD continued increasing, reaching 3.01 ± 0.33 
mm at 5 % strain. These results indicate that the saturated strain is 

lowest in the wrought condition and progressively higher in the DED and 
LPBF conditions, with larger cracks observed in the AM processes.

The MCL results followed a trend similar to the MCD results. Addi
tionally, the TNC values were comparable across all three conditions; 
however, the TCL was larger in the AM processes. For instance, at 5 % 
strain, the TNC was approximately 8 for all conditions, while the TCL 
was around 13 mm in the AM processes, compared to 10.68 ± 0.52 mm 
in the wrought condition. This means that cracks were bigger in the AM 
processes. The crack dimensions at 3 % strain, illustrated in Fig. 6 and 
Fig. 7, show very similar crack sizes for the wrought and LPBF condi
tions, with slightly larger cracks in the DED condition. Based on trans
verse varestraint testing, the susceptibility of Alloy 718 to weld 
solidification cracking can be ranked from most to least resistant as 
follows: wrought, LPBF, and DED conditions.

The majority of the literature on wrought Alloy 718 employs longi
tudinal varestraint testing to assess HAZ liquation cracking 
[16,18,21,45,46]. More recent studies on LPBF Alloy 718 by Raza et al. 
[22–24] also investigated liquation cracking susceptibility using longi
tudinal varestraint testing. In their research, higher susceptibility was 
attributed to the significantly larger grain size of the LPBF product [22]. 
Additionally, smaller cracks were observed in samples subjected to so
lution heat treatment, due to the reduction of eutectic products [23]. 
They also studied the effect of building direction on longitudinal var
estraint testing, finding cracking differences in the HAZ, but no signifi
cant differences in the fusion zone [24]. No literature was found 
reporting results from transverse varestraint testing on this material.

When comparing the results for Alloys 625 and 718, it can be 
concluded that, in transverse varestraint testing, Alloy 625 exhibits 
greater resistance to weld solidification cracking than Alloy 718. These 
results align with previous studies comparing these alloys [13].

Fig. 2. Alloy 625 transverse varestraint testing results. a) TNC, b) TCL, c) MCL, and d) MCD. Results reported with a 95 % interval of confidence.
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3.2. Solidification simulations

The response to weld solidification cracking in the transverse var
estraint testing depends on multiple factors. When comparing similar 
alloys, variations primarily arise from differences in chemistry and the 
microstructural evolution influenced by the manufacturing process. 
Nickel alloys are particularly susceptible to weld solidification cracking 
due to their austenitic microstructure and the partitioning of alloying 
elements especially Nb into the liquid phase during solidification. This 
partitioning promotes the formation of low-melting eutectic products, 
expanding the solidification temperature range and reducing resistance 
to cracking [11]. Additionally, the austenitic primary solidification 
microstructure is characterized by solidification sub-grain boundaries 
enriched in segregated elements and large, straight solidification grain 
boundaries—both of which facilitate crack propagation during solidifi
cation [47,48].

Scheil-Gulliver curves, as well as the CSI and the FRI, are chemistry- 
based methods. Since they do not account for microstructural and me
chanical features, they have certain limitations. However, these 
methods are widely used and have demonstrated good correlation with 
experimental results, making them valuable as complementary tools for 
assessing weldability. Although the CSI was initially developed for 
aluminum alloys [35,36], it has shown good correlation with other 
materials, including nickel alloys. Xia and Kou [19] applied the CSI to 
study a new weldability test for nickel alloys, the transverse-motion test. 
Their findings demonstrated a strong correlation between the CSI, cast 
pin test, and transverse-motion test results. More recently, Ariaseta et al. 
[21] used STR values derived from Scheil-Gulliver curves, along with 
the CSI, to evaluate the susceptibility to weld cracking in G27 and Alloy 
718. Their results aligned well with susceptibility trends observed in 
longitudinal varestraint testing.

3.2.1. Solidification simulations for alloy 625
Scheil-Gulliver simulations were conducted using the chemical 

compositions in Table 1 for each condition. The Scheil-Gulliver curves 
are depicted in Figs. 8 and Fig. 9 for the Alloy 625 and the Alloy 718, 
respectively. Both alloys solidify as FCC, and MC and the Laves phase at 
the end of solidification form for all conditions. The Laves phase impact 
resistance to weld solidification cracking [30–33]. The solidification 
path of the Scheil-Gulliver curves resemble a columnar dendritic grain 
structure near the grain boundary, providing insights into the ease of 
liquid feeding into cracks [35]. The steeper change in solidification 
fraction was observed in the LPBF condition suggesting easier formation 
of narrow liquid films, which can aid in crack propagation. Also, from 
the curves, the STR was calculated and is shown in Fig. 10 for all con
ditions of the Alloy 625 up to 95 % mole fraction of solid. The ranges 
were 181 ◦C for the wrought, 203 ◦C for the DED, and 148 ◦C for the 
LPBF. These STR values are lower than those reported for Alloy 625 by 
Lippold et al. (243 ◦C) [14].

Interestingly, Scheil-Gulliver solidification paths indicated that the 
LPBF is more prone to narrow liquid films. However, the LPBF condition 
had the lowest STR indicating better resistance to weld solidification 
cracking. This contradicts the transverse varestraint testing results of 
MCD in Fig. 2d. This discrepancy may be related to the chemistry of the 
LPBF Alloy 625, shown in Table 1, which does not align with the 
nominal composition of the Alloy 625 [49]. Specifically, the Nb content 
in the LPBF condition is 2.76 wt%, which is below the specification 
range of 3.15–4.15 wt% for this alloy. Nb influences the solidification 
sequence and, consequently, the solidification range, where a higher Nb 
content increases the solidification range [11,33]. Low Nb content tends 
to reduce the matrix/Laves eutectic content since the majority of Nb 
present in the liquid is consumed by the first eutectic reaction (liquid → 
matrix + (Nb, Ti)C), following the solidification path of Nb-bearing Ni- 

Fig. 3. Alloy 718 transverse varestraint testing results. a) TNC, b) TCL, c) MCL, and d) MCD. Results reported with a 95 % interval of confidence.
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based superalloys proposed by DuPont et al. [31,32]. Therefore, as Nb 
content is lower in the LPBF Alloy 625, it is expected a lower STR.

3.2.2. Solidification simulations for alloy 718
Scheil-Gulliver simulations of Alloy 718, shown in Fig. 9, reveal the 

presence of the Laves phase at the end of solidification across all three 
conditions, which can negatively impact resistance to weld solidification 
cracking. Furthermore, the solidification paths for the wrought and DED 
conditions are similar and less steep than that of the LPBF condition. The 
composition of LPBF Alloy 718, as shown in Table 1, deviates from the 
nominal composition of Alloy 718 [49], particularly in its Nb content, 

which is 3.67 wt%—below the specification range of 4.75–5.50 wt%.
Alloy 718 is a precipitation-strengthened nickel alloy that forms the 

γ” phase (Ni₃Nb). The Nb content is crucial as it promotes γ” formation, 
delaying the γ’ phase (Ni₃Al,Ti) and thereby reducing strain-age 
cracking [12]. The Scheil-Gulliver curves suggest that the lower Nb 
content in the LPBF condition promotes sharper dendrites and narrower 
liquid films compared to the other conditions. However, the solidifica
tion temperature ranges up to 95 % mole fraction of solid, as shown in 
Fig. 10, are similar among the analyzed conditions: 205 ◦C (wrought), 
195 ◦C (DED), and 204 ◦C (LPBF). Based on the STR obtained from 
Scheil-Gulliver simulations, it is not possible to determine which 

Fig. 4. Alloy 625 weld beads produce at 3 % strain. a) Wrought, b) LPBF, and c) DED.

Fig. 5. Alloy 625 cracking at 3 % strain. a) Wrought, b) LPBF, and c) DED.
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condition is more or less susceptible to solidification cracking, but it is 
possible to see that the STR was higher for the Alloy 718 than the Alloy 
625. This matches with the susceptibility to hot crack obtained from the 
experimental results of the transverse varestraint test and literature 
[13]. These STR values are lower than those reported for Alloy 718 by 
Ariaseta et al. (283 ◦C) [21].

3.2.3. Solidification simulations, CSI and FRI
Using data from the Scheil-Gulliver simulations, the CSI and FRI 

indices were obtained. Fig. 11 presents the temperature versus the 
square root of the fraction solid (fs) curves for each material, along with 
the CSI result for fs = 0.98 and the FRI values. According to the CSI, the 
most susceptible condition to solidification cracking is DED for Alloy 
625 and LPBF for Alloy 718. The least susceptible condition is LPBF for 

Fig. 6. Alloy 718 weld beads produce at 3 % strain. a) Wrought, b) LPBF, and c) DED.

Fig. 7. Alloy 718 cracking at 3 % strain. a) Wrought, b) LPBF, and c) DED.
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Fig. 8. Alloy 625 Scheil-Gulliver Simulations. a) Wrought Alloy 625, b) DED Alloy 625, and c) LPBF Alloy 625.

Fig. 9. Alloy 718 Scheil-Gulliver Simulations. a) Wrought Alloy 718, b) DED Alloy 718, and c) LPBF Alloy 718.

Fig. 10. Solidification temperature range up to 95 % mole fraction of solid taken from the Scheil-Gulliver curves. Alloy 625 in blue and Alloy 718 in orange. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Alloy 625, while for Alloy 718, it is DED and wrought.
For Alloy 625, the CSI correlates well with the STR but not with 

transverse varestraint testing. In contrast, for Alloy 718, the CSI does not 
correlate with either the STR or the transverse varestraint testing. Ac
cording to the FRI, the most susceptible conditions are wrought and 
LPBF for Alloy 625, and LPBF for Alloy 718. The FRI results for Alloy 625 
align with transverse varestraint testing but not with the STR, while the 
results for Alloy 718 do not match either transverse varestraint testing or 
STR.

Notably, both indices indicate higher susceptibility values for Alloy 
625 compared to Alloy 718. However, transverse varestraint testing has 
shown that Alloy 625 is more resistant to solidification cracking than 
Alloy 718 [13]. These findings suggest that the models need improve
ment to better align with transverse varestraint testing and other ma
terials, as some were originally developed for aluminum alloys [35]. 
Although the models have shown some correlation with experimental 
weldability testing [19,36], they only account for chemical composition 
and do not consider microstructural and mechanical factors, which can 
also influence cracking susceptibility.

3.3. Effect of oxygen on cracking

The LPBF Alloy 625 exhibited an oxygen content of 206.8 ppm, while 
the LPBF Alloy 718 had an oxygen content of 176.1 ppm. Compared to 
the other conditions reported in Table 1, these values were higher. This 
oxygen uptake originates from the LPBF printing process and can come 

from the shielding gas, printing atmosphere, or the powder itself [27]. 
While the role of oxygen in weld solidification cracking is not fully 
understood, studies on austenitic stainless steels and iron [26,50–54] 
suggest that oxygen can influence melt pool geometry by altering flow 
direction during welding. This phenomenon, known as the Marangoni 
effect, occurs due to variations in surface tension along the melt pool 
interface. Typically, liquid metal flows outward from regions of lower 
surface tension (hotter areas) to regions of higher surface tension (cooler 
areas). However, surface-active elements such as O, S, Se, and Te can 
increase surface tension at the center of the melt pool, reversing the flow 
direction inward [54]. This inward flow helps distribute heat and molten 
material within the weld pool. In iron‑oxygen alloys, the gradient of 
surface tension with temperature reverses at approximately 100 ppm 
oxygen [50,52–54]. In a recent study, Yang et al. [55] used synchrotron 
X-ray imaging to monitor the Marangoni effect in the keyhole formation 
of LPBF 316 L stainless steel. They concluded that inward fluid flow is a 
common phenomenon in LPBF. This change in flow can alter segregation 
patterns within the melt pool, potentially affecting weld solidification 
cracking. Further research is needed to investigate the specific effects of 
oxygen on weld solidification cracking, as no studies have focused 
explicitly on this topic.

3.4. Electron microscopy characterization

3.4.1. Characterization of alloy 625
Samples subjected to a 2 % strain were selected for EBSD analysis. 

Fig. 11. Solidification simulations. a) T vs. (fs)0.5 curve of Alloy 625, b) T vs. (fs)1/2 curve of Alloy 718, c) CSI corresponding with the steepest slopes at (fs)0.5 = 0.98, 
and d) the FRI. Alloy 625 in blue and Alloy 718 in orange in c) and d). (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.)

J. Guzman et al.                                                                                                                                                                                                                                Journal of Manufacturing Processes 141 (2025) 556–569 

564 



Fig. 12 shows the orientation maps of Alloy 625 for the three processing 
conditions at 2 % strain in the bending region of the transverse vares
traint test. The EBSD analysis was performed along the weld centerline, 
where cracking occurred. From the images, it is evident that both AM 
conditions exhibited cracks of similar sizes. According to the values in 
Fig. 2d, the MCD for the wrought, LPBF, and DED conditions were 1.56 
± 0.06 mm, 1.82 ± 0.10 mm, and 1.72 ± 0.10 mm, respectively. This 
slight variation in crack size can be attributed to differences in grain 
morphology and size.

The wrought Alloy 625 contains more tortuous grains and fewer 
columnar grains compared to both AM conditions. Conversely, both the 
LPBF and DED conditions are characterized by predominantly long and 
straight columnar grains. Additionally, the LPBF Alloy 625 exhibited 
axial grains at the weld centerline, which act as stress concentrators 
during welding. In contrast, while the DED Alloy 625 also contains 
columnar grains, smaller grains were nucleated at the weld centerline. 
The presence of axial grains at the centerline of the LPBF Alloy 625 likely 
explains its greater susceptibility to solidification cracking observed in 
the transverse varestraint test.

EBSD analysis was also conducted at the trailing edge of the weld 
pool in each Alloy 625 condition to examine grain evolution from the 
base material through the HAZ and into the fusion weld. As shown in 
Fig. 13, the wrought Alloy 625 exhibits smaller grains compared to both 
AM conditions. The LPBF and DED conditions have larger grains, 
particularly in the HAZ, which serve as substrates for the growth of even 
larger grains in the fusion zone.

The grain size of the base metal and weld metal, along with the 
aspect ratio in the weld metal, were measured and reported in Fig. 14. 
Because the intercept method does not account for grain morphology, 
the aspect ratio was also measured. The data show that the grain size in 
the base metal was larger for both AM processes compared to the 
wrought Alloy 625: 9.99 ± 0.23 μm for the wrought, 38.84 ± 4.47 μm 
for the DED, and 23.16 ± 1.76 μm for the LPBF. In the weld metal, the 
grain size of the DED Alloy 625 was larger than that of the wrought and 
LPBF conditions, which exhibited similar grain sizes: 31.34 ± 4.13 μm 
for the wrought, 50.05 ± 11.85 μm for the DED, and 28.79 ± 3.20 μm 
for the LPBF.

According to the aspect ratio results, all three processes produced 
elongated grains with aspect ratios greater than 1, with the LPBF ma
terial exhibiting the highest values. These results indicate that changes 
in grain size and morphology occur in all three materials. The influence 
of grain size and morphology affect solidification cracking. Previous 
studies on nickel alloys have reported that increased grain size nega
tively impacts resistance to solidification cracking [22,56,57]. For 

example, larger grains tend to reduce the availability of boundaries to 
accommodate strain during thermal contraction, lead to more pro
nounced elemental segregation at grain boundaries, and facilitate crack 
propagation [58]. Although, grain size of the weld metal resulted to be 
similar for the wrought and LPBF, combine results with aspect ratio 
indicated that big parent grains in the base metal result in big and 

Fig. 12. Alloy 625, cracking at 2 % strain. a) and b) Wrought Alloy 625, c) and d) LPBF Alloy 625, and e) and f) DED Alloy 625.

Fig. 13. Alloy 625, trailing edge of the weld pool. a) Wrought Alloy 625, b) 
LPBF Alloy 625, and c) DED Alloy 625.
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columnar grains in the weld metal. This confirms that the present of big 
grains in the base metal in the LPBF Alloy 625 affected the response to 
hot cracking in the transverse varestraint.

3.4.2. Characterization of alloy 718
The orientation maps of Alloy 718 processed under the three 

different conditions at 2 % strain in the bending region of the transverse 
varestraint test are presented in Fig. 15. The images reveal that cracks in 
the DED Alloy 625 were significantly larger than those in the wrought 
and LPBF conditions. According to the MCD results from Fig. 3d, the 
transverse varestraint testing showed that the wrought Alloy 718 had an 
MCD of 2.54 ± 0.11 mm, while the LPBF Alloy 718 measured 2.14 ±
0.08 mm, and the DED Alloy 718 exhibited the highest value at 2.93 ±
0.41 mm. The increased MCD in the DED condition was attributed to the 
presence of larger columnar grains at the weld centerline compared to 
the other conditions. Unlike LPBF Alloy 625, axial grains at the weld 
centerline were not observed in any Alloy 718 condition.

The EBSD analysis at the trailing edge of the weld pool in Alloy 718 
(Fig. 16) indicates that substrate grains in the HAZ of both AM condi
tions were larger than those in the wrought Alloy 718. These larger 
grains in the HAZ facilitated the nucleation of even larger columnar 
grains in the fusion zone, which may have influenced the material's 
susceptibility to weld solidification cracking during the transverse var
estraint test.

The grain size and morphology results in Fig. 17 showed that while 
there was a clear difference in base metal grain size between the 
wrought and AM materials, the weld metal grain size was relatively 
similar across all three processes. In the base metal, the grain size was 
13.55 ± 0.50 μm for the wrought Alloy 718, 37.67 ± 4.97 μm for the 
LPBF Alloy 718, and 33.56 ± 2.44 μm for the DED Alloy 718. In the weld 
metal, the grain size measured 31.93 ± 2.70 μm for the wrought Alloy 

718, 34.11 ± 1.52 μm for the LPBF Alloy 718, and 37.35 ± 5.39 μm for 
the DED Alloy 718. The aspect ratio results were similar for all three 
processes, as indicated by overlapping error bars, and predominantly 
exhibited an elongated grain structure. Large grain size and columnar 
morphology contribute to localized reductions in yield strength 
[59–61]. A lower yield strength during solidification may increase the 
risk of solidification cracking. These results confirm that the main dif
ference playing a role in the susceptibility of the material in the trans
verse varestraint is the grain size of the base material.

Fig. 14. Alloy 625. Grain size of the a) base metal and b) weld metal, and c) grain aspect ratio of the weld metal.

Fig. 15. Alloy 718, cracking at 2 % strain. a) and b) Wrought Alloy 718, c) and 
d) LPBF Alloy 718, and e) and f) DED Alloy 718.

Fig. 16. Alloy 718, trailing edge of the weld pool. a) Wrought Alloy 718, b) 
LPBF Alloy 718, and c) DED Alloy 718.
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4. Conclusions

This study assessed the weld solidification cracking susceptibility of 
Alloys 625 and 718 produced by wrought (mill-rolled), LPBF, and DED 
using transverse varestraint testing, Scheil-Gulliver simulations (STR), 
and the CSI and FRI indexes. The key findings are summarized as 
follows: 

• In Alloy 625, the LPBF condition exhibited the highest MCD in 
transverse varestraint testing. The LPBF condition reached saturated 
strain at 3 % with an MCD of 2.35 ± 0.16 mm, whereas the wrought 
and DED conditions reached saturation at 2 % strain, with MCD 
values of 1.56 ± 0.06 mm and 1.72 ± 0.10 mm, respectively. The 
higher susceptibility of LPBF Alloy 625 was attributed to the pres
ence of axial columnar grains in the weld centerline.

• In Alloy 718, the DED condition showed the highest MCD in trans
verse varestraint testing, reaching saturated strain at 2 % with an 
MCD of 2.93 ± 0.41 mm. The wrought condition reached saturation 
at 1 % strain with an MCD of 2.01 ± 0.12 mm, while the LPBF 
condition did not exhibit a clear saturation strain, with its MCD 
increasing to 3.01 ± 0.33 mm at 5 % strain. The greater suscepti
bility of AM Alloy 718 was attributed to the large and elongated 
grains in the fusion zone.

• Wrought materials demonstrated greater resistance to weld solidifi
cation cracking, as indicated by their lower MCD values in transverse 
varestraint testing.

• The combined EBSD and varestraint testing results showed that grain 
size and morphology are the primary differences among the three 
materials. Larger substrate grains in AM materials led to the forma
tion of large and elongated grains in the fusion zone, affecting the 
weld solidification cracking response. The base material's grain size 
plays a key role in determining weld metal grain morphology and 
cracking susceptibility.

• The CSI and FRI cracking susceptibility indexes did not correlate 
with the experimental transverse varestraint test results, as these 
models rely solely on chemistry and do not account for microstruc
tural and mechanical factors.

• Scheil-Gulliver simulations revealed similar solidification path 
morphologies and comparable solidification temperature ranges 
across all processing conditions. While STR results did not match the 
experimental cracking susceptibility, they aligned with the chemical 
composition of the alloys, particularly regarding Nb content and the 
known higher cracking susceptibility of Alloy 718 compared to Alloy 
625.

Oxygen pickup, especially in LPBF processing, remains a significant 
concern and should be addressed. Further varestraint and microscopy 
experiments on different alloy systems are recommended to confirm 

these findings, particularly regarding the impact of oxygen content in 
LPBF-produced parts on cracking susceptibility.
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