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Strain-age cracking (SAC) remains a critical barrier in post-processing of y'-strengthened nickel-based superalloys
manufactured by laser powder bed fusion (PBF-LB). In this work, the SAC susceptibility of PBF-LB IN738LC was
systematically investigated using V-notch samples under different heating conditions. Residual strain evolution
during build plate removal was tracked by strain gauges, and residual stress at different notch depths was
measured using synchrotron X-ray diffraction. SAC onset was determined by direct current potential drop
(DCPD) and in situ optical imaging, while crack propagation kinetics were quantified under controlled heating
rates and isothermal exposures. Post-mortem characterization of SAC morphologies was performed using X-ray
photoelectron spectroscopy, scanning and transmission electron microscopy, energy-dispersive X-ray spectros-
copy, and electron backscatter diffraction. SAC initiation is governed by y' precipitation kinetics, with onset
temperatures following the y' precipitation behavior. Faster heating delays SAC onset, while isothermal holds
trigger cracking after sufficient incubation, with longer times at lower isothermal temperatures. Shallow notches
concentrate tensile stresses and develop extensive SAC, whereas deeper notches remain largely crack-free due to
stress relaxation, sometimes aided by pre-existing solidification cracks. SAC propagates mainly along grain
boundaries, assisted by wedge-shaped oxide intrusions. Fast-heating cross-sections reveal that most stored energy
is released prior to SAC initiation, indicating that SAC results from instability of local ductility deficit rather than
stress relief. Early-stage nanoscale y' formation drives rapid strengthening and localized ductility loss, leading to
SAC. These findings provide mechanistic insights and processing guidelines for mitigating SAC in PBF-LB
superalloys.

1. Introduction

Due to its high design flexibility for net-shaped components, laser
powder bed fusion (PBF-LB) is a promising manufacturing technique for
producing geometrically complex parts such as turbine blades with in-
ternal cooling channels from y-strengthened nickel-based superalloys.
However, post-processing heat treatment of PBF-LB-manufactured high
Yy fraction superalloys remains a significant challenge. During heat
treatment, Y’ precipitation strengthens the alloy but simultaneously re-
duces its ductility. Residual stress retained from fabrication, combined
with those stresses introduced during precipitation, can lead to strain-
age cracking (SAC) in a form of solid-state cracking [1]. SAC often
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manifests as extensive, millimeter-scale macrocracking and represents a
major obstacle to the reliable post-processing of PBF-LB components.
Another issue of y-strengthened nickel-based superalloys during
PBF-LB process is their intrinsic high solidification cracking suscepti-
bility. This has been addressed through both alloy design [2-4] and
optimization of PBF-LB processing parameters [5,6]. Meanwhile, these
alloys still remain highly susceptible to SAC. Historically, SAC was
studied extensively in welding. In nickel-based superalloys, transient y’
precipitation within the intermediate temperature range (~600-1100
°C) reduces ductility, and cracking may occur during post-weld heat
treatment. Cracks often initiate due to residual stress, grain growth,
constitutional liquation in the heat-affected zone (HAZ), or at stress

Received 24 November 2025; Received in revised form 19 March 2026; Accepted 14 April 2026

Available online 18 April 2026

1359-6454/© 2026 The Author(s). Published by Elsevier Inc. on behalf of Acta Materialia Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0001-7117-9480
https://orcid.org/0000-0001-7117-9480
https://orcid.org/0000-0001-6017-6698
https://orcid.org/0000-0001-6017-6698
https://orcid.org/0000-0001-5358-9937
https://orcid.org/0000-0001-5358-9937
https://orcid.org/0000-0002-8304-0221
https://orcid.org/0000-0002-8304-0221
mailto:jinghao.xu@liu.se
www.sciencedirect.com/science/journal/13596454
https://www.elsevier.com/locate/actamat
https://doi.org/10.1016/j.actamat.2026.122244
https://doi.org/10.1016/j.actamat.2026.122244
http://creativecommons.org/licenses/by/4.0/

J. Xu et al.

concentration sites near the weld toe. Two primary factors contributing
to SAC are y' precipitation during post-treatment and residual stress
retained in the material.

In contrast to welding, the PBF-LB process introduces several
important differences. First, y' is typically absent in the as-built condi-
tion. This suppression of y’ precipitation has been confirmed in a range of
alloys including ABD-900AM [7], Haynes 282 [8], MAD542 [9], and
IN738 [10], based on scanning (SEM) and transmission electron mi-
croscopy (TEM) as well as synchrotron X-ray diffraction analysis. In
alloys with inherently high y content, such as IN713LC [11] and
CM2471LC [12], nanoscale y' is occasionally observed in interdendritic
regions. Nevertheless, in as-welded IN738LC superalloy, Y is typically
present in near-equilibrium amounts within the fusion zone [13,14],
whereas in as-PBF-LB processed counterparts, Y is commonly absent
[15-17]. This absence in the as-built state results in significantly
accelerated y' precipitation kinetics during subsequent heat treatment.

The second key difference is the presence of high residual stress in
the as-built condition. Due to localized melting and extremely high
cooling rates, reaching up to hundreds of thousands of K/s [18], PBF-LB
introduces significant thermal gradients and large residual stresses that
can exceed the elastic limit of precipitation-strengthened alloys. For
instance, residual stress in as-cast CMSX-4 superalloy is typically below
70 MPa [19]. In contrast, values above 1100 MPa have been reported for
PBF-LB CM247LC using hole-drilling and synchrotron X-ray diffraction
[20,21]. For a rough comparison, hoop stresses of approximately 800
MPa were reported in as-welded IN718 turbine disks [22]. Another
distinction is the relatively high defect content in PBF-LB builds. Defects
such as solidification cracks and lack of fusion features alter the state of
residual stress. For instance, CM247LC with more defects exhibits lower
residual stress levels as measured by X-ray diffraction [23], with solid-
ification cracking being particularly effective at reducing residual stress
[24].

These differences complicate the direct application of welding-based
SAC knowledge to PBF-LB components. Nonetheless, a few studies have
begun to explore SAC behavior in these materials subjected to PBF-LB.
Markanday et al. [25] investigated SAC in cruciform specimens of
various superalloys subjected to 1100 °C for 2 h heat treatment. SAC
propensity was assessed based on y precipitation-related changes,
including volume expansion, elastic modulus evolution, and the result-
ing loss of grain boundary (GB) ductility at elevated temperatures. Using
dog-bone-shaped specimens with a side notch, Dorries et al. [26]
demonstrated a trilemma in y'-strengthened superalloys of SAM super-
alloy and its derivatives: it is not possible to simultaneously achieve hot
cracking resistance, SAC resistance, and optimal minor element balance
(e.g., boron, carbon, and zirconium). Boswell et al. [32] subjected
PBF-LB CM247LC superalloy to post-processing heat treatments at
various temperatures and identified SAC as the dominant cracking
mechanism above 750 °C. They attributed this to the growth of ¥ and
carbides along cell boundaries, which hindered the relief of residual
stresses through grain boundary sliding and micro-cracking.

Building on these initial studies, the present work provides a sys-
tematic investigation of SAC. In this study, SAC behavior of a widely
used PBF-LB superalloy IN738LC is investigated. V-notch samples were
intentionally designed to promote and isolate SAC during post-
processing heat treatment. Both furnace and induction heating were
used to evaluate SAC behavior under varied thermal conditions. SAC
onset temperatures were determined using direct current potential drop
(DCPD) and in situ optical imaging. SAC growth rates and transverse
strain development were tracked during induction heating. Residual
stress evolution was assessed through strain gauges (SGs) and synchro-
tron X-ray diffraction. Post-mortem characterization provided insight
into SAC morphology and the role of grain boundary oxidation in SAC
formation.
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2. Materials and methods

Pre-alloyed vacuum inert gas melted and gas atomized IN738LC
superalloy powder was used as feedstock for the PBF-LB build. The
chemical composition is listed in Table 1. Multiple V-notch samples were
printed using an EOS M290 PBF-LB system with the identical 40 ym
layer thickness process parameters defined in the parameter set
“IN738_Core_1.00". The build plate (substrate) was of carbon steel cor-
responding to EN C45U (1.1730) and was kept at 80 °C during the build.
PBF-LB processing was performed under Ar shielding gas. The V-notch
was intentionally designed to generate geometry-induced stress con-
centration and to localize the region of interest for SAC initiation and
propagation. All V-notch samples share identical overall dimensions
with height = 10 mm and width = 12 mm. The sample thickness was
fixed at 2 mm to approximate plane-stress conditions. For the notch,
they have the same opening distance of 6 mm but different notch depth
(dof1,2,3,4,5, 6,7 mm, and hence varying opening angle at the base
of the notch. A photograph of the prints and the schematic drawing of
the V-notch samples are shown in Fig. 1.

2.1. Heat treatment

The heat treatment of nickel-based superalloys typically comprises
two steps: solution treatment followed by aging, for chemical homoge-
nization and y' precipitation control. To date, no dedicated heat treat-
ment scenario has been specifically developed for the PBF-LB processed
IN738LC superalloy. Therefore, a solution treatment temperature of
1120 °C was selected, which was originally designed for cast IN738LC
[27,28] and has since been widely adopted as a post-processing heat
treatment temperature for PBF-LB IN738LC [29,30]. Two different
heating environments were used for the heat treatments in this study.
For the heat treatment at 1120 °C, a laboratory chamber furnace Rohde
ME30 (Helmut Rohde GmbH, Prutting, Germany) was used. For the
induction heating at various temperatures, a thermomechanical fatigue
system equipped with an induction heating system TruHeat HF 3010
(TRUMPF Hiittinger GmbH + Co. KG, Freiburg im Breisgau, Germany)
was used. A grooved bar made of Sanicro25 alloy was used to hold the
V-notch sample. Two type-K thermocouples were spot-welded to oppo-
site sides of the V-notch sample: one for temperature control and the
other for monitoring using a Pico data logger TC-08 (Pico Technology
Ltd, Cambridgeshire, UK). The average value of the controlling and
monitoring thermocouples represents the sample temperature. Heating
rates varied from nominal rates of 8-1200 °C/min. All the heat treat-
ments in this study were carried out in ambient air.

The in situ observations of geometrical changes close to notches were
made during the induction heating tests via a microscope camera
(USB29 QXC F) with a maximum resolution of 2592 x 1944 pixels. The
pixel-to-length scale was calibrated based on the width of the V-notch
samples, resulting in a pixel resolution of approximately 5.2 pm/pixel. A
constant exposure time of 400 ms was selected for testing at slow heating
rate (8 °C/min) and isothermal conditions, 100 ms and 50 ms were used
for fast heating rate conditions for the camera. Open-source software Fiji
[31] was used for post image-analysis.

2.2. Strain measurement during EDM

Strain was measured using linear strain gauges (1-LY51-3/120, HBK,
Darmstadt, Germany) bonded with CA80 adhesive (HBK, Darmstadt,
Germany) to the wall surface of the V-notch sample to capture the
transverse strain perpendicular to the building direction during the
sample cutting. To protect the SGs, a water-proof capsule was carefully
made with X60 cold curing glue (HBK, Darmstadt, Germany). Two
quarter bridge circuits were used for the SGs. The data acquisition was
carried out on a SG amplifier (QuantumX MX1615B) with a logging rate
of 5 Hz. The excitation voltage was 2.0 V. During electrical discharge
machining (EDM) wire cutting, a constant speed of 3.6 mm/min was
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Table 1
Chemical composition of IN738LC powder used for manufacturing of samples in wt.%.

Ni Cr Co Al Ti Mo w Ta Nb Si S Zr B C

Bal. 15.9 8.9 3.24 3.65 1.85 2.76 1.61 1.04 0.037 0.002 0.027 0.013 0.10

Fig. 1. (a) Photo of the printed IN738LC V-notch samples on build plate, and (b) the schematical drawing of the V-notch sample.

used while recording SG data.
2.3. DCPD measurement

A direct current potential drop measurement was used in this study
to measure SAC onset during furnace heat treatment of the V-notch
samples. DCPD is widely used for measuring the crack growth rate
during mechanical testing [32]. A direct current of 1 A was applied by a
TSX1820 precision DC power supply unit (Aim-TTi, Cambridgeshire,
United Kingdom). For temperature measurement on the sample, a
type-K thermocouple was spot-welded directly on the surface of the
sample.

2.4. Residual stress measurement

Residual stress measurements were carried out using the synchrotron
X-ray transmission diffraction method at P07 HEMS beamline of PETRA
III, DESY. A monochromatic X-ray beam (73.3 keV) was transmitted
through the sample, and the diffracted beams were collected by a 2D
detector positioned 2031 mm downstream. The defined beam size is 0.5
mm X 0.5 mm. The sample was moved stepwise along the building di-
rection (BD) to measure positions at different distances from the notch
tip. The first measurement was made once the Debye-Scherrer rings
were clearly visible; this position was then denoted as being 0.25 mm
from the notch tip. In the analytical procedure, we included the mea-
surements only when the beam was fully in but not blocked by other
materials. This was determined by examining the concentrated
transmitted-beam footprint (direct-beam region) on the 2D detector (see
Fig. Al in the Appendix).

2.5. XPS analysis

X-ray photoelectron spectroscopy (XPS) was performed on SAC-
fractured samples that underwent the full heat-treatment cycle at
1120 °C for 2 h, using a PHI 5000 system equipped with a mono-
chromated Al Ka source (1486.6 eV), with analysis conducted on
fracture-surface regions corresponding to different SAC propagation
stages for depth-resolved chemical characterization. Both survey scans
and depth profiling were conducted at pass energies of 224 eV and 26
eV, respectively. Depth profiling was carried out by Ar* ion etching to a
depth of approximately 300 nm, with the etch rate calibrated using a
Tap0s5 foil of known oxide thickness. Data was processed using PHI
MultiPak software. Due to the instrument’s minimum raster size of 1.0
mm x 1.0 mm, isolating the narrow “brown” transition region (between

the SAC and mechanical fracture surfaces) was not feasible. Survey
spectra were acquired from 0.1 mm x 0.1 mm areas, while depth-
profiling spectra were obtained only from the “light” (mechanical frac-
ture) and “dark” (SAC) regions.

2.6. Microstructural characterization

Optical microscopy was used to characterize the as-built micro-
structure using a Leica DM6 Optical Microscope (Leica Microsystems
GmbH, Wetzlar, Germany). A Leica M205C stereo microscope (Leica
Microsystems GmbH, Wetzlar, Germany) was used to visualize the
overall morphology of SAC and SG attachments on V-notch samples.

To characterize the fractography of SAC, cracked samples were
mechanically forced open using an Instron 5582 testing system under
manual control. The SAC fractures were carbon coated via a Leica EM
ACE200 coating system (Leica Microsystems GmbH, Wetzlar, Germany).
Secondary electron imaging was used to reveal the detailed SAC
morphology using a Jeol JSM-IT500 scanning electron microscope
(SEM). Another SEM (HITACHI SU-70) equipped with energy-dispersive
X-ray spectroscopy (EDS) and electron backscatter diffraction (EBSD)
was used for high-magnification cross-sectional characterization, with
regions selected from crack-affected and adjacent matrix areas for
elemental distribution mapping and crystallographic orientation
analysis.

Metallographic sample preparation was carried out using a Struers
Tegramin grinding and polishing machine (Struers ApS, Ballerup,
Denmark) with Struers OP-U colloidal silica suspension finish. To
enhance the visibility of different phases, etching was performed using
Marble’s reagent to dissolve y' by immersion of the polished samples for
10-15s.

Focused ion beam (FIB) was employed to prepare TEM thin-foil
lamellae by the conventional lift-out technique using a Thermo Scien-
tific Helios 5 UC DualBeam system. The TEM lamellae were extracted
along a plane generally perpendicular to the BD. TEM and high-
resolution TEM (HRTEM) imaging and selective area electron diffrac-
tion (SAED) analyses were performed using an FEI Tecnai G2 micro-
scope operated at an accelerating voltage of 200 kV.

3. Results
3.1. Original microstructure

The original microstructure of the V-notch samples in the as-built
condition is characterized by stitched optical micrographs and
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representative inverse pole figure (IPF) coloring maps with reference
axis parallel to BD of d = 1 mm and d = 7 mm samples, as shown in
Fig. 2. IN738LC is a well-known y-strengthened nickel-based superalloy
with high susceptibility to microcracking during PBF-LB processing. To
investigate the intrinsic SAC behavior during heat treatment, it is
necessary to begin with material in the as-built condition containing
minimal pre-existing cracks. Despite its cracking susceptibility, several
studies have reported that IN738LC can be produced with largely crack-
free microstructures under optimized PBF-LB processing conditions
[33-36]. In this study, the samples were produced using optimized
printing parameters, resulting in minimal metallurgical defects typical
of PBF-LB, such as solidification cracks and lack of fusion. This is
confirmed by the optical micrographs, which demonstrate the overall
high printing quality.

As shown in the IPF maps superimposed with high-angle grain
boundary plots, most grains exhibit a [001] orientation aligned with the
BD. A clear distinction between the skin layer and the bulk material is
visible, based on differences in grain orientation and morphology. Due
to the use of specific skin layer (contour and upskin), grains near the
surface display more random orientations. In contrast, the bulk region is
characterized by highly columnar grains, whereas the surface region
contains shorter and wider grains, resulting in a lower projected GB
density along the BD.

3.2. Effect of removing from build plate

Fig. 3 illustrates the SAC behavior of V-notch samples heat-treated at
1120 °C for 2 h in ambient air. This temperature is commonly used as the
solutioning treatment for the IN738LC superalloy. Two sample config-
urations were investigated: (1) samples removed from the build plate
prior to heat treatment, denoted as “off-plate,” and (2) samples heat-
treated while still attached to a sliced section of the build plate,
referred to as “on-plate.” As shown in Fig. 3(a), a stereo optical micro-
graph of mechanically opened off-plate samples reveals SAC cracks of
varying lengths depending on notch depth. SAC length increases pro-
gressively with decreasing notch depth. This trend is quantitatively
shown in Fig. 3(b), where SAC length is plotted against notch depth for
both off-plate and on-plate samples. Off-plate samples generally exhibit
slightly shorter SAC cracks than their on-plate counterparts, especially
for deeper notches. For shallow notches (e.g., d = 1 mm), SAC lengths
typically range from 3-5 mm, whereas SAC is absent in off-plate samples
with notch depths greater than 5 mm and in on-plate samples beyond 6
mm. An exception is observed in a d = 1 mm off-plate sample that did
not exhibit SAC after heat treatment. As shown in Fig. 3(c), a stitched
SEM micrograph of this sample reveals long pre-existing solidification
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cracks near the notch tip. This observation suggests that the presence of
solidification cracking prior to heat treatment may have locally relieved
stresses, thereby suppressing the SAC formation in this sample.

Clearly, removal from the build plate reduces SAC propensity, but
only to a limited extent. To understand this effect, it is essential to
compare the evolution of residual stress, specifically the stress driving
SAC opening, before and after removal. Fig. 4 presents transverse strain
measurements obtained during the EDM cutting of V-notch samples off
the build plate. Linear SGs were attached in the transverse direction
(TD) at various heights from the build plate on different V-notch sam-
ples. Fig. 4(a) shows a photo of a SG attached sample prepared for EDM,
and Fig. 4(b) displays stereo optical micrographs indicating SG
placement.

Strain gauge readings recorded during EDM cutting are plotted in
Fig. 4(c). Before immersion into the EDM coolant, the SG readings were
reset to O pe. The compressive strain recorded after EDM cutting then
reflects the release of tensile strain along the gauge direction. The de-
viation caused by coolant temperature is negligible compared to the
total strain values, as seen in the stabilization stage. During EDM pro-
cessing, a substantial drop in SG readings indicates significant release of
transverse residual strain. However, the SG signal during this period is
affected by multiple factors like electrical interference from EDM and
should not be interpreted quantitatively. Therefore, residual strain
values are taken at 600 s thus approximately 130 s after full detachment,
when the signals were stabilized again.

The results reveal a clear trend: the released strain decreases with
increasing height from the build plate. For example, 1670 pe was
released at a height of 3.2 mm, while only 531 pe was released at 8.8
mm, corresponding to 125 MPa of tensile stress taken elastic modulus of
235 GPa (averaging from Ref. [10,17,37,38]) at room temperature of
PBF-LB IN738LC superalloy along the direction perpendicular to BD.
This confirms that the residual stresses along TD are strongly build
height dependent. In the context of shallow notches, which are located
higher above the build plate, less stress is released during removal,
leaving significant tensile stress. Therefore, the limited mitigation of
SAC observed in Fig. 3, especially in shallow notches, can be attributed
to insufficient release of transverse residual stress during removal.

Residual stress measurements of off-plate V-notch samples in the as-
built state were performed using synchrotron X-ray transmission
diffraction. The experimental setup is illustrated in Fig. 5(a). Strains
along the TD and BD were determined from the 311 lattice spacing (d®!)
extracted from 1D intensity profiles integrated over a narrow azimuthal
sector (175° to 180°) and (265° to 270°) of the Debye-Scherrer ring,
respectively [39,40]. The 1D profiles were fitted within the p-spacing
range of 1.064 A to 1.112 A (corresponding to a 20 range of 8.7° t0 9.1°)

Fig. 2. Stitched optical micrograph of the V-notch samples before heat treatment with representative IPF maps superposed by grain boundary plots for V-notch

samples with notch depth d = 1 and 7 mm.
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Fig. 3. SAC of V-notch samples from heat treatment at 1120 °C/2 h, (a) stereo optical micrograph of the mechanically opened fractures of off-plate samples, (b) plot
of SAC length as a function of notch depth for both off- and on-plate samples (each data point corresponds to a distinct V-notch sample), (c) stitched secondary

electron SEM micrograph of a d = 1 mm V-notch sample absent from SAC.

Fig. 4. Transverse strain measurement of cutting V-notch sample off build plate, (a) photo of strain gauge attached sample to be cut by EDM, (b) stereo optical
micrograph of the positioning of strain gauges on various V-notch samples, and (c) strain gauge reading as a function of time during EDM process.

using a Pseudo-Voigt function implemented in the Imfit Python library
[41]. The lattice strain ¢3! was then calculated using e3!! = (¢! —

e31) /€311, where €3!! = 1.085101 A was obtained from an average
derived through a p-versus-sin?y analysis using 5° wide bins at different
y-angles [42]. The residual stress along TD was obtained by applying
Hooke’s law in plane stress assuming the o;p = 0, expressed as orp =

(fitz) (635! + vejh!), where v is taken as 0.3 and E3!! = 175.8 GPa,

calculated using Kroner’s model with single crystal compliances at room
temperature from Bayerlein et al. [43].

Fig. 5(b) and (c) show the transverse residual stress as a function of
distance from the notch tip for shallow and deep notches, respectively.
Because the X-ray beam only partially entered the sample near the notch
tip, measurements in these surface regions were unreliable; therefore,
the first valid residual stress data were obtained approximately 0.75-1.0
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Fig. 5. Residual stress measurement in the TD component using high-energy synchrotron X-ray diffraction. (a) Schematic of the experimental setup showing the
beam configuration and sample orientation with the BD aligned vertically. (b-c) Transverse residual stress as a function of distance from the notch tip for samples
with (b) shallower notches (d = 1/2/3 mm) and (c) deeper notches (d = 4/5/6/7 mm). The uncertainty in residual stress from peak-center fitting is approximately
0.7 MPa. The solid lines in (b) and (c) are from second-order polynomial fitting, provided as a guide for the eye.

mm from the tip. Overall, high tensile transverse residual stresses
develop near the notch tip and decrease with distance, eventually
becoming compressive. The solid lines in Fig. 5(b-c) represent second-
order polynomial fits, included only as a guide to the eye. In general,
as notch depth increases, the tensile transverse residual stress near the
notch tip, i.e. the driving force for SAC initiation, decreases significantly.

3.3. Onset of SAC

Fig. 6 shows the use of the DCPD technique to monitor the initiation
of SAC in a V-notch sample with d = 1 mm. As shown in Fig. 6(a), a
constant DC current (1 A) was applied through the sample. The
normalized potential drop (PD) was calculated as a ratio between two
simultaneously measured PDs: UO, at the reference position where SAC
is unlikely to occur, and U, the test position near the notch tip where SAC
is expected to initiate. After instrumentation, the sample was placed in a
chamber furnace. The heat treatment cycle consisted of multiple stages:
an initial ~20 min stabilization period with the furnace off, followed by
continuous heating to 1120 °C over approximately 270 min.

The inset in Fig. 6(d) shows the sample temperature response during
the first 25 min. During the first ~22 min, Joule heating from the

applied 1 A DC current raises the temperature only slightly, from
approximately 21 °C to 27 °C, after which the temperature stabilizes.
After ~22 mins, the subsequent rapid temperature increase is predom-
inantly governed by furnace heating, with the Joule heating contribu-
tion remaining negligible. The sample temperature was monitored using
thermocouples spot-welded directly onto the specimen surface. Then
this sample was then held at 1120 °C for 120 min, followed by furnace
cooling. After approximately 162 min from the start of the heating, the
PD signal became heavily distorted due to the extensive SAC occurrence,
and thus the curves in Fig. 6(d) and (e) were clipped at that point.

Fig. 6(b) and (c) show the resulting SAC after the full heat treatment
cycle, on the front surface and SAC fracture opened by mechanical
tearing, respectively. By taking the ratio U/Uy, the influence of tem-
perature, composition, and phase evolution is largely compensated, so
that subsequent changes in the ratio predominantly reflect geometric
changes associated with crack initiation and growth. Consequently, as
shown in Fig. 6(e), the normalized PD remained stable until the tem-
perature reached ~796 °C, where a sharp increase occurred, indicating
the onset of SAC. In the raw reference and test PD-temperature plot
(Fig. 6(f)), a characteristic increase and subsequent decrease in signal is
observed within the 500 to 800 °C range. For example, the test PD
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Fig. 6. Setup and results from DCPD measurement for SAC occurrence, (a) schematic drawing of the connecting wires together with a photo of instrumented DCPD
sample of d = 1 mm before heat treatment, (b) the front view of this sample after the full heat treatment cycle showing SAC, and (c) stereo micrograph showing SAC
fracture opened by mechanical tearing (d) double-Y axis plots of normalized PD and sample temperature as a function of time, the inset shows the enlarged view of
sample temperature response in the first 25 min (e) plot of normalized PD as a function of sample temperature highlighting the SAC onset, and (f) plots of reference

and test PD as a function of temperature in 500-800 °C temperature range.

increases from 0.239 mV at 500 °C to a peak of 0.261 mV at 672 °C, i.e.
an approximate 9.2% increase, before declining. This trend reflects
changes in electrical resistivity associated with y' phase transformation.
In nickel-based superalloys that initially contain y/, heating leads to ¥’
dissolution, resulting in a drop in resistivity. For as-built PBF-LB mi-
crostructures that initially lack y', however, the rise in resistivity starting
near 500 °C features y' nucleation [44].

In this study the increment of PD under DC conditions corresponds to
the electrical resistivity and agreed with its value measured in literature.

For instance, on the electrical resistivity measurement with temperature
from Markanday et al. [25], the peak resistivity (approximately 1710
nQ-m) has increased 9.6% compared to 500 °C (approximately 1560
1710 nQ-m) of an IN738LC superalloy heated at 5 K/s from as-built
condition, though the peak appeared at a higher temperature.

While the DCPD method can effectively determine the SAC onset
temperature, it does not provide insight into the subsequent propagation
of SAC. To overcome this limitation, in situ monitoring of V-notch
samples during induction heating was performed. The experimental

Fig. 7. (a) Photo of the experimental setup for in situ induction heating of V-notch samples. (b) A frame from the high-resolution image sequence recorded during
heating, showing a highlighted particle pair with tracked trajectories superimposed. Plot of 1D axial strain along X-axis as a function of temperature, white arrows
indicate SAC onset temperature, for (c) different notch depths at an identical heating rate of 8 °C/min, (d) identical notch depths with different fast heating rates, and
(e) plot of one-dimensional axial strain along the X-axis as a function of time for the isothermal conditions.
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setup, as in Fig. 7(a), shows a V-notched specimen clamped within an
induction heating coil using an austenitic steel holder. A high-resolution
camera records the surface evolution during heating. High-
magnification image sequences were analyzed using the TrackMate
plugin [45,46] in Fiji, applying a Kalman filter tracker to follow the
motion of distinct surface features on either side of the notch, as illus-
trated in Fig. 7(b). Tracked trajectories (X (t), X, (t)) and (Xgr(t), Xr(t))
were used to compute the 1D axial strain along the X-axis between

(X (t) X1 (t)]—[Xr (to) —Xi (to)]
Xg (to) X1 (to) .

It should be noted that this analysis is qualitative rather than quan-
titative, due to noise introduced by evolving surface conditions such as
glowing and oxidation. Fig. 7(c) shows the resulting 1D strain with
temperature for samples with various notch widths heated from 600 °C
to 900 °C at a constant rate of 8 °C/min. Each curve represents the
temperature-dependent strain response. Initially, strain increases grad-
ually primarily due to thermal expansion. Upon reaching the SAC onset
temperature, a sharp increase in 1D strain is observed (indicated by
arrows), corresponding to widening at the notch tip due to SAC initia-
tion. Under faster heating conditions (Fig. 7(d)), the 1D strain vs. tem-
perature trends resemble those observed at slow heating rates. A general
observation is that SAC onset occurs at higher temperatures in these
cases. In Fig. 7(e), 1D strain is plotted against time for isothermal
heating conditions. Minimal strain increase is observed prior to SAC
onset due to limited thermal expansion. A second rise in strain following
the sharp increase indicates SAC widening. In general, SAC formation
introduces several percent of 1D strain, which is difficult to accommo-
date at elevated temperatures. For comparison, tensile elongation at
fracture along the transverse direction in PBF-LB IN738LC is limited to
~5.2% at 800 °C and ~2.8% at 900 °C [38].

Fig. 8 presents the evolution of SAC length as a function of relative
time during in situ induction heating, with the time of SAC onset reset to
zero. Three different heating scenarios are shown: a slow heating rate of
8 °C/min for various notch depths, fast heating rates for identical notch
depth, and isothermal conditions. For the fast-heating rate, it was
calculated via linear regression of the temperature over time, from 50 °C
below the SAC onset temperature up to the onset temperature, deter-
mined as 91, 198, 833, and 1009 °C/min. For each case, a time-lapse
series of key frames (frames 1-5) captures the progression of SAC
from initiation to propagation, where the circle indicates the SAC tip. To
enhance visibility, an optical flow plot (from frame 5 to frame 1), with
color representing direction and brightness indicating displacement
magnitude, was generated using Gunnar Farneback’s method [47] built
into the OpenCV Python library. Animated image frames capturing the
SAC events are included in the supplementary materials. Generally, once
SAC initiates, it propagates rapidly. SAC growth rates were estimated by
linear regression over the first 1 mm of crack growth. It should be noted
that the advancing SAC tip was identified from high-resolution image
frames on one surface representing the overall propagation rate. The
propagation rates of possible multiple SACs or branches cannot be
distinguished individually.

Under the identical slow heating rate of 8 °C/min (Fig. 8 (cont.1)), V-
notch samples with varying notch depths (d = 1, 2, 3, 4 mm) were
examined. At this heating rate, shallower notches (e.g., d = 1 mm) show
significantly faster SAC growth (e.g., 262 um/s), while deeper notches
exhibit slower rates ranging from 66 to 113 um/s. In contrast, under
various rapid heating conditions for d = 2 mm samples, SAC propagation
becomes remarkably faster as the heating rate increases. At heating rates
of 91, 198, 833, and 1009 °C/min, the SAC growth rates for the first 1
mm of crack length reach 553, 1323, 1007, 3790, and 3670 um/s,
respectively. Notably, although the heating rate increases by a factor of
126 (from 8 to 1009 °C/min), the SAC growth rate increases by >35-fold
(from 103 to 3670 um/s). Although fast heating reduces the time
available for residual-stress relaxation and y' precipitation, the markedly
higher crack growth rates still indicate that reaching elevated temper-
atures is the primary driver of SAC propagation.

particle pairs, expressed as: ex(t) =
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Additionally, to further decouple thermal effects from the influence
of heating kinetics, a series of isothermal experiments were conducted at
various temperatures, as shown in Fig. 8 (cont.2). Even under constant
temperatures (e.g., 731, 762, 759, 768 °C), SAC can still be activated and
propagate, though at relatively slower growth rates. For example, under
isothermal conditions at 762 °C with ad = 1 mm sample, the growth rate
is approximately 167 um/s. For samples with the same notch depth (d =
3 mm), lower isothermal temperatures generally lead to slower SAC
growth rates. At 731 °C, the growth rate is only 38 um/s, while at 759 °C
and 768 °C, it increases to 106 um/s and 83 um/s, respectively.

Although the comparison is qualitative, these data highlight that SAC
propagation is highly temperature sensitive. SAC growth rates increase
abruptly once a critical temperature threshold is surpassed. This in-
dicates that elevated temperature, rather than prolonged exposure time,
is the primary driver of rapid SAC propagation.

3.4. SAC susceptibility map of PBF-LB IN738LC

Fig. 9 presents the SAC susceptibility map of the PBF-LB IN738LC
superalloy, with heating curves plotted from a baseline temperature of
713 °C to the SAC onset, marked by cross symbols. Overlaid on the map
is the experimentally determined time-temperature-transformation
(TTT) diagram for y' precipitation, adapted from [48]. The baseline of
713 °C corresponds to the temperature below which no y' formation is
expected, even after 10,000 min of isothermal exposure, according to
the referenced TTT data. The map includes markers indicating whether
Yy’ was identified (solid circles) or not (open circles). It is worth noting
that y' identification in the reference TTT diagram was based on SEM
micrographs and or superlattice reflections in selected area electron
diffraction in transmission electron microscopy for finer y". This plot
outlines the “C-curves” widely used in post-weld heat treatment in-
vestigations in defining the minimum heating rate without occurrence of
SAC [49].

In the fast induction heating scenarios, a clear trend emerges: higher
heating rates result in higher SAC onset temperatures. The highest
observed SAC onset temperature occurred at 951 °C under an extremely
fast heating rate of 833 °C/min. It is interesting to note that for the 1009
°C/min condition, although the critical heating rate is greater than 833
°C/min, the SAC onset temperature was found at 879 °C apparently
lower than 951 °C, as a consequence of accidentally delayed heating for
the first 0.4 min where the temperature stayed at approximately 720 °C.
Under these continuous heating conditions, SAC initiation should be
interpreted as a kinetically controlled process rather than a temperature-
triggered event. Consequently, the experimentally determined SAC
onset temperature represents an apparent, heating-rate-dependent value
rather than a threshold temperature. At lower heating rates, sufficient
time is available for y' formation and damage accumulation within the
intermediate temperature range, enabling SAC initiation at relatively
lower temperatures. In contrast, rapid heating compresses the incuba-
tion stage, requiring higher temperatures to accelerate the kinetics of y’
formation and strain localization, leading to a higher measured onset
temperature.

Stress relief treatments, typically performed at lower isothermal
temperatures, have been proposed as a solution to mitigate SAC. Risse
[35] reported, based on curvature angle measurements of as-built
samples annealed on the build plate, that stress relief begins around
500 °C and reaches a plateau above 900 °C. While these treatments can
relieve residual stress, preventing SAC during such cycles is not
straightforward. In this study, isothermal treatments at 768, 762, 759,
and 731 °C all led to SAC, although the incubation time increased with
decreasing isothermal temperature. These conditions fall within the ¥’
precipitation regime eventually.

For samples heated at 8 °C/min, a rate comparable to industrial
practice, no consistent trend was observed between SAC onset temper-
ature and notch depth. The lack of correlation with notch geometry,
despite its strong influence on residual stress, indicates that SAC onset is
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Fig. 8. SAC propagation behavior under fast heating conditions for notches with d = 2 mm. For each heating rate, the SAC length is plotted as a function of relative
time, where the SAC onset time is defined as t = 0. The slope of the dashed line represents the estimated average crack propagation rate during the first 1 mm of SAC
growth. Image frames (1) - (5) present representative in situ optical images capturing successive SAC growth events with yellow circles marking the advancing crack
tip. Panel (6) shows the corresponding displacement magnitude (indicated by brightness) and direction (indicated by color) maps, illustrating strain localization
caused by crack opening.

Fig. 8 (cont.1). SAC propagation behavior under slow heating conditions for various notch depths. For each notch depth, the SAC length is plotted as a function of
relative time, where the SAC onset time is defined as t = 0. The slope of the dashed line represents the estimated average crack propagation rate during the first 1 mm
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of SAC growth. Image frames (1) - (5) present representative in situ optical images capturing successive SAC growth events with yellow circles marking the advancing
crack tip. Panel (6) shows the corresponding displacement magnitude (indicated by brightness) and direction (indicated by color) maps, illustrating strain locali-

zation caused by crack opening.

Fig. 8 (cont.2). SAC propagation behavior under isothermal conditions. For each isothermal condition, the SAC length is plotted as a function of relative time, where
the SAC onset time is defined as t = 0. The slope of the dashed line represents the estimated average crack propagation rate during the first 1 mm of SAC growth.
Image frames (1) - (5) present representative in situ optical images capturing successive SAC growth events with yellow circles marking the advancing crack tip. Panel
(6) shows the corresponding displacement magnitude (indicated by brightness) and direction (indicated by color) maps, illustrating strain localization caused by

crack opening.

Fig. 8. (continued).

likely not controlled by the residual stress state. The onset temperatures
cluster within the y’ precipitation regime and shift systematically with
heating rate, supporting the conclusion that SAC initiation is governed
primarily by y' precipitation kinetics. Instead, residual stress strongly
influences the subsequent SAC growth rate, as higher stresses promote
faster crack propagation (see Fig. 8 (cont.1)). Consequently, for the V-
notch samples examined in this study, it is not practically feasible to
avoid SAC by bypassing the critical y' precipitation regime.

10

3.5. Characterization of SAC

Fig. 10 shows cross-sectional views of SAC morphologies in V-notch
samples after heat treatment at 1120 °C for 2 h, using stitched secondary
electron SEM micrographs of chemically etched surfaces near the notch
tips. Fig. 10(a-g) illustrates a progression from shallow to deep notches
(d =1-7 mm), while Fig. 10(al-a3, el, f1, g1) highlights microstructural
details for representative samples. In the shallow notches (d = 1-4 mm),
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Fig. 8. (continued).

extensive SAC cracks are observed. The SAC exhibits opening widths of
several tens of micrometers, with heavily oxidized surfaces. The oxide
layer was measured to be a few to approximately 20 pm. Controlled by
solid-state diffusion, y-depleted zones are present along with oxide scale
growth, forming a few-micrometer-wide zone with apparently finer y'
near the crack tip (detailed in Fig. 10(a3)).

In contrast, samples with deeper notches (d > 5 mm) show no SAC
formation. Enlarged views Fig. 10(el, f1, g1) reveal pre-existing defects
such as pores and solidification cracks. However, there is no clear evi-
dence that the presence of these defects alone suppresses SAC, as the
coexistence of solidification cracks and SAC is also observed in Fig. 10
(al). A plausible explanation is that the size, density and location of
solidification cracks influence SAC occurrence. Since the observations
are based on 2D sections, the true three-dimensional size and connec-
tivity of solidification cracks cannot be accurately assessed. Therefore,
their exact influence on SAC remains uncertain and requires further
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investigation. In addition, the limitation of this observation makes it
difficult to determine whether the apparent presence of multiple cracks
(e.g., Fig. 10(a-d)) corresponds to independent SAC initiation events or
branching of a single SAC.

Fig. 11 presents the morphology of SAC in a d = 1 mm V-notch
sample after heat treatment at 1120 °C for 2 h. The sample was me-
chanically forced open after SAC to expose internal crack features.
Fig. 11(a) shows a stereo optical image, and Fig. 11(b) provides a
stitched secondary electron SEM image capturing the SAC and the sur-
rounding transition region. Enlarged SEM views in Fig. 11(c-e) highlight
different zones of microstructures. Fig. 11(c) and (d), corresponding to
SAC propagation regions at approximately 77% and 94% of the total
crack length, respectively, revealing surface oxidation and the presence
of oxide films along the crack path.

However, distinct morphologies are observed between these two
regions. At 77% of the SAC length (Fig. 11(c)), the surface appears
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Fig. 9. SAC susceptibility map of V-notch PBF-LB IN738LC superalloy from a
baseline temperature of 713 °C, where the experimentally determined TTT
diagram is from reference [48].

relatively flat, resembling a compacted oxide layer. In contrast, at 94%
(Fig. 11(d)), a clear intergranular cracking with oxidation decorated
feature can be identified. Similar intergranular fractography was
observed in IN738LC PBF-LB superalloys tested at elevated tempera-
tures, with the loading direction perpendicular to the BD [50]. In Fig. 11
(e), taken from a fracture caused by mechanical tearing at room tem-
perature, typical transgranular fracture features are displayed. The
compacted surface seen in Fig. 11(c) suggests that oxide scale growth
played a critical role in SAC propagation. The growth of oxides has likely
had a wedging effect, promoting further crack opening and propagation.

The oxide composition was examined using EDS analysis. Fig. 12
presents a cross-sectional characterization of SAC morphology and
associated oxidation following heat treatment at 1120 °C for 2 h. Fig. 12
(a) shows a stitched secondary electron SEM micrograph illustrating the
full SAC path extending from the notch tip. Fig. 12(b-d) highlight three
distinct regions along the SAC: at distances of 0.27 mm, 2.98 mm, and
3.54 mm from the notch tip, corresponding to approximately 8%, 82%,
and 97% of the total SAC length, respectively, together with EDS
elemental maps for O, Ti, Cr, and Al.

Near the notch tip (Fig. 12(b)), oxidation is intense, and oxide scale is
continuous, with an oxide thickness of approximately 12 pm on one side.
Further along the crack (Fig. 12(c)), the oxides grew and filled the gap in
between the SAC with a total thickness of approximately 16 pm across
both sides. Closer to the SAC tip (Fig. 12(d)), the oxide scale appears
more discontinuous and significantly thinner, measuring approximately
8 pum across both sides based on the secondary electron micrograph.
From the EDS maps, regions Fig. 12(b) and Fig. 12(c) show similar oxide
configurations: a Ti-rich outermost layer, a Cr-rich intermediate layer,
and Al-rich oxides closest to the bulk. However, region Fig. 12(d) lacks a
Cr-rich oxide layer, suggesting that oxidation in this location occurred at
a different temperature range, likely one in which Cr-rich oxides were
energetically less favorable to form.

The surface chemistry of the mechanically opened SAC fracture was
examined by XPS at three areas, referred to as “dark”, “brown”, and
“light”, representing the SAC initiation, the transition zone, and the
mechanically fractured metal surface, respectively. The normalized O 1
s survey spectra are shown in Fig. 13. Two O 1 s components at binding
energies of 529.9 eV and 531.1 eV were identified, corresponding to Cr
oxides [51] and Al oxides [52], respectively. A pronounced Al-oxide
peak was observed from the “brown” area, consistent with the
cross-sectional EDS mapping near the notch tip shown in Fig. 12(d),
although potential artefacts from surface oxidation during XPS analysis
should be considered. Depth profiling of the O 1 s signal to a depth of
300 nm for the “dark” and “light” areas (Fig. A2 in the Appendix) shows
that the Cr-oxide component increases rapidly with etching depth in the
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“dark” area and decreases quickly in the “light” area.

Fig. 14 shows the cross-sectional morphology of SAC in a d = 2 mm
V-notch sample subjected to rapid induction heating at 200 °C/min to
900 °C. Owing to the fast heating and cooling, oxide scale formation is
largely suppressed, allowing clearer visualization of the underlying
fracture. Fig. 14(a) presents a stitched secondary electron SEM micro-
graph of the as-polished surface, clearly revealing the SAC path. The
inset highlights a fracture region with interdendritic features, resem-
bling the widely reported morphology of solidification cracking as in
reference [53-55].

Fig. 14(b) and (c) show enlarged views of the mid-section and tip of
the SAC, respectively, together with IPF coloring maps derived from
EBSD scans, using BD as the reference axis for coloring. The IPF maps
confirm a dominant intergranular fracture mode, with cracks consis-
tently propagating along grain boundaries. In PBF-LB superalloys, such
boundaries correspond to “solidification grain boundaries” [56], which
are located at interdendritic regions. Consequently, it is unsurprising
that the SAC fracture surface shows interdendritic features similar to
those of solidification cracking. The relatively clean fracture surfaces
further suggest that oxide growth occurred after SAC formation, indi-
cating that presence of an oxide layer is not a critical factor in SAC
initiation.

Fig. 15(a) presents IPF coloring and Kernel Average Misorientation
(KAM, 1st order neighbors) maps near the SAC initiation sites under
different thermal histories. Similar to the intergranular cracking
observed further along the SAC, intergranular cracking remains pre-
dominant near the initiation sites. However, transgranular cracking also
occurs, as seen in the inset showing crystal shapes viewed from the
surface normal in the 762 °C isothermal and 91 °C/min heating condi-
tions, with neighboring misorientations of 8.2° and 5.2°, respectively,
calculated from their Euler angles. These transgranular cracks are
accompanied by pronounced localized deformation, as indicated by the
black arrows in the corresponding KAM maps. Although transgranular
cracking is less energetically favorable at the elevated temperature, it
can be developed due to the rapid SAC growth rate.

Compared to the as-built condition, the SACed samples exhibit a
general reduction in KAM values. Some regions, indicated by white ar-
rows, show significantly decreased misorientation, suggesting local
strain relief. The thermal histories for the SACed samples are presented
in Fig. 15(b), focusing on the temperature range above 700 °C.
Regardless of the dwell time at elevated temperatures, a notable
reduction in KAM is evident, as shown in the histograms in Fig. 15(c).
For example, comparing the 8 and 198 °C/min heating conditions, both
reaching similar peak temperatures, the slower rate produced a slightly
lower geometric mean KAM (0.24°) than the faster rate (0.27°), both
being significantly lower than the as-built value (0.41°). The data sug-
gest that most of the KAM reduction occurred prior to SAC initiation, as
the 198 °C/min sample experienced SAC onset at 877 °C and reached its
peak temperature shortly afterward.

4. Discussion
4.1. Mechanism of SAC

Compared between the heat treatments on- and off- build plate, the
most significant advantage of removing sample off build plate is the
relief of residual stress (or). However, this relief effect was limited to a
certain extent. As found in this study, after cutting off the sample, less
transverse residual stress was released with increasing distance from the
build plate (Fig. 4). These trends were also observed in other studies
using neutron diffraction, where high tensile hoop strain (comparable to
the transverse direction in this study) was measured near the base of
thin-wall PBF-LB structures and was found to decrease sharply with
build height [57]. In fact, heat treatment after removal from build plate
introduces another well-noticed issue, i.e. distortion [58-60], which is
critical to component production. With the layer height increasing, it is
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Fig. 10. Cross-sectional view of SAC morphology from stitched secondary electron SEM micrographs on the chemically etched surface close to the tips of notches for
(@)d=1mm, (b)d =2mm, (c)d =3 mm, (d)d =4 mm, s(e) d =5 mm, (f) d = 6 mm, (g) d =7 mm V-notch samples, (al-3) showing enlarged views of d = 1 mm V-
notch sample, (el) showing enlarged view of d = 5 mm V-notch sample, (f1) showing enlarged views of d = 6 mm V-notch sample, and (g1) showing enlarged views
of d = 7 mm V-notch sample. All the samples were heat treated at 1120 °C/2 h.

well accepted that residual stress build up, thus the highest residual
stress appears close to the top surface along BD, as verified by neutron
diffraction, contour methods, simulation and neutron Bragg edge im-
aging [61,62]. All V-notch samples in this study had the same total build
height. As a result, deeper notches placed their tips at lower positions
within the build, where residual stresses are reduced. Consequently,
shallow notches experienced higher tensile residual stresses near the tip,
while deeper notches showed much lower stresses, with very deep
notches even developing compressive residual stress at the tip, as shown
in Fig. 5.

With increasing temperature, SAC onset in the V-notch samples was
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determined by in situ induction heating and DCPD, occurring between
~731 and 833 °C (Figs. 6-8), which fall within the well-known inter-
mediate-temperature ductility deficit regime of y-strengthened nickel-
based superalloys. In this temperature range, tensile ductility drops to
only a few percent due to grain-boundary sliding and oxidation-assisted
grain-boundary weakening [63,64]. Such ductility minima are widely
reported in y-strengthened alloys, including Monel K-500 [65], alloy
720 Li [66], and PBF-LB IN738LC [50], all of which exhibit severe loss of
elongation between ~600 and 900 °C before ductility rises again at
higher temperature due to creep-assisted accommodation [66] or
recrystallization [67]. Therefore, at the SAC onset temperature, the
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Fig. 11. SAC morphology (mechanically torn open afterward) in a d = 1 mm notch sample heat-treated at 1120 °C/2 h: (a) stereo optical micrograph, (b) stitched
secondary electron micrograph highlighting the SAC and transition region, and enlarged views of the (c-d) SAC region and (e) fracture region.

Fig. 12. Cross-sectional view of SAC morphology in a d = 2 mm notch sample heat-treated at 1120 °C for 2 h. (a) Stitched secondary electron micrograph showing
the overall SAC morphology. (b-d) Detailed views of oxidation along the SAC at distances of (b) 0.27 mm (8%), (c) 2.98 mm (82%), and (d) 3.54 mm (97%) from the
notch tip, with corresponding EDS elemental maps (O, Ti, Cr, Al). Brighter pixel in the EDS maps indicates higher elemental concentrations.

available ductility is already extremely limited, and even modest local tolerance. The predominantly intergranular crack morphology of SAC
strains cannot be accommodated, promoting intergranular crack (see observed in this study is similar to that reported for PBF-LB IN738LC
Figs. 14 and 15) initiation once y' precipitation further reduces strain under creep deformation [68] and other PBF-LB high-strength

14



J. Xu et al.

Fig. 13. O 1 s XPS survey spectra from the “dark”, “brown” and “light” areas
shown in the inset.

superalloys, such as CM247LC [69,70] subjected to creep loading.

The absence of y' in the as-built microstructure and its emergence
during post-processing heat treatment is strongly associated with SAC
formation. The TEM observations in Fig. 16. provide direct experimental
evidence of nanoscale y' formation in regions where SAC occurred. The
extracted lamellae were taken as immediately as possible after SAC
formation to preserve the microstructure close to the crack initiation
state. Under the 198 °C/min rapid heating condition, SAC initiated at
877 °C. The subsequent thermal exposure consisted of ~9 s continued
heating to 909 °C followed by cooling at ~13 °C/s to 700 °C and
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downwards. For the 762 °C isothermal condition, the sample was held
approximately 6.57 min beyond the SAC onset time (3.68 min).

Comparison of the HRTEM micrographs (Fig. 16 (b3-c3)) reveals
nanoscale y' in both SACed conditions, identified by Moiré fringes (green
arrows) indicating long-range ordering, consistent with y' identification
reported in [11] and [71]. In contrast, only a disordered y matrix is
observed in the as-built condition (Fig. 16(a3)). The corresponding
diffraction intensity profiles (Fig. 16 (a5-c5)), extracted along the
indicated lines in Fig. 16 (a4—c4), further confirm the presence of y' in
the SACed samples through the appearance of superlattice reflections
between adjacent fundamental peaks (black arrows in Fig. 16 (b5 and
¢5)), which are absent in the as-built condition.

The nanoscale size (2-5 nm) and superlattice intensity indicate early-
stage y formed via spinodal decomposition from the supersaturated y
matrix at subsolvus temperatures [72,73]. The rapid formation of
early-stage nanoscale y' during short-time heating significantly enhances
the overall strength. This effect has been demonstrated in ABD-900AM
[74] and IN738LC [48], where a clear microhardness increase was
observed after 60 s at intermediate temperatures (e.g., 727 °C and 850
°C), confirming the pronounced strengthening contribution of nano-y’
phase.

During heating from the as-built condition, y' formation is also
associated with the decreasing of its lattice parameter, which introduces
a transformation-induced stress under constrained expansion condi-
tions, on the order of ~60-105 MPa between 550 °C and 700 °C, as
quantified by Markanday et al. [25]. Forsik et al. [75] tailored the
chemical composition to maintain a positive y/y lattice misfit across the
SAC temperature range, thereby reducing transformation-induced stress
in Ni and Co-Ni high-y superalloys to mitigate SAC. However,

Fig. 14. Cross-sectional view of the SAC morphology in a d = 2 mm notch sample with minimal oxidation, achieved via induction heating at 200 °C/min to 900 °C.
(a) Stitched secondary electron micrograph of the as-polished surface, with an inset showing the SAC morphology, (b) enlarged view of the mid-section of the SAC, (c)
enlarged view of the SAC tip together with their IPF coloring maps from EBSD scans.
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Fig. 15. EBSD analysis of SAC initiation sites: (a) IPF coloring maps and KAM maps of regions close to notch tip of as-built, and SACed samples of 762 °C isothermal,
8 °C/min, 91 °C/min, and 198 °C/min heating conditions. All the EBSD scans were done at the identical magnification and step size (0.2 pm), (b) heating curves of
the SACed samples showing the thermal history, and (c) histogram comparing the KAM distributions. Bin width = 0.01°.

transformation stress alone does not correlate with SAC susceptibility
across the alloys investigated by Markanday et al. [25], where an alloy
exhibiting lower SAC susceptibility displayed higher
precipitation-induced stresses. This indicates that volumetric trans-
formation strain may not be the dominant factor controlling SAC
initiation.

On the other hand, superalloys are known to exhibit a ductility dip at
intermediate temperatures. However, such ductility measurements are
typically conducted under stabilized microstructures following post-
processing heat treatments [4,76]. In contrast, SAC occurs under
continuously evolving microstructural conditions during heating. A
plausible mechanism for SAC initiation is that the rapid formation of
early nanoscale y' leads to localized ductility reduction. As coherent
nano-y’ dispersions strengthen within the grain interior (as shown by
HRTEM in Fig. 16), and very likely also strengthen grain boundaries due
to enrichment of y-forming elements, the effective ductile volume is
reduced and strain accommodation becomes increasingly restricted.
Under residual stresses and in the absence of external loading, stress
redistribution is therefore concentrated toward grain boundaries, where
strain accommodation capability is limited, promoting localized inter-
granular cracking. For PBF-LB IN738LC, a correlation between increased
grain interior hardness (measured by nanoindentation) and intergran-
ular cracking has been demonstrated [10]. However, direct experi-
mental evidence linking transient nano-y formation during heating to
localized ductility reduction remains limited.

The onset temperature depends on the heating rate under continuous
heating and on the hold temperature under isothermal conditions,
reflecting the kinetics of y' precipitation (Fig. 9). Because y' precipitation
is largely suppressed in the as-built microstructure, the first y' population
forms during the initial heating cycle, with the commencement tem-
perature shifting with heating rate. For example, in PBF-LB ABD-900AM
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superalloy, increasing the heating rate from 6 to 6000 °C/min delayed y'
nucleation from 461 to 579 °C [44]. For PBF-LB IN738LC, y' formation
was observed at ~525 °C at 300 °C/min, based on electrical resistance
measurements [77]. However, the y' formation temperature is not
necessarily the same as the SAC onset temperature which was found to
be >300 °C higher in the equivalent heating rate in this study. In
addition, as a rough comparison with ignoring residual stress, in
y'-containing microstructures such as welded IN738LC joints, SAC has
been reported between 700 and 1000 °C during post-weld heat treat-
ment [78]. Thus, no decrement of SAC onset temperature can be
concluded for the PBF-LB condition attributed to the lower y' precipi-
tation commencement temperature.

During the SAC propagation regime, residual stress from the PBF-LB
process provides the primary driving force for crack growth (shown in
the notch depth dependence of SAC growth rate in Fig. 8 (cont.1)). In
addition, transverse stresses generated by oxide scale growth on both
sides of the crack surface act as a wedge, mechanically assisting crack
opening. Oxide wedging can promote crack advance through volumetric
expansion associated with oxide formation along grain boundaries,
which generates compressive stresses within the oxide scale along the
crack flanks [79]. In the SAC propagation regime where no external
mechanical load is applied (comparable to the unstressed condition re-
ported by Kitaguchi et al. [80]), oxide wedging plays a significant role,
as indicated by the deep oxidation intrusions observed ahead of the
crack tip.

The crack advances from the notch tip inward, with each segment
exposed to ambient air at different times. For IN738LC, oxidation typi-
cally develops in an outer-to-inner sequence of TiOs—CryOs-internal Al
oxidation [81-83]. The growth of oxides creates significant volumetric
deformation, considering the Pilling and Bedworth ratio (PBR) of Cry03
in NiCr system as 2.42 [84] which is well exceeding 1. The growth of
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Fig. 16. TEM characterization of the as-built and SACed samples obtained after 198 °C/min rapid heating and 762 °C isothermal conditions. Optical micrographs
showing the locations of TEM lamella extraction are presented in (al) as-built, (b1) rapid heating, and (c1) isothermal samples. Bright-field TEM images are shown in
(a2) as-built, (b2) rapid heating, and (c2) isothermal conditions. The corresponding high-resolution TEM (HRTEM) images are shown in (a3) as-built, (b3) rapid
heating, and (c3) isothermal conditions, where local lattice distortions are indicated by arrows. Electron diffraction patterns are presented in (a4) as-built along the
[001] zone axis, (b4) rapid heating along the [011] zone axis, and (c4) isothermal conditions along the [001] zone axis. The corresponding intensity profiles
(ixtracted along the highlighted lines in the diffraction patterns are shown in (a5), (b5), and (c5), respectively.

compacted Cr-rich oxides from both sides of SAC is observed in Fig. 12
(c). At the crack tip (Fig. 12(d)), the existence of only Al- and Ti- oxides
is likely owing to the reduced oxygen partial pressure ahead of the crack
[85], given the fact that equilibrium partial pressures at 1100°C for
Cry03 is 6 and 11 order of magnitudes greater than TiOy and AlyOs,
respectively [86]. On the other hand, it should also be noted that under
cyclic loading conditions, oxide-induced loading is primarily
displacement-controlled. As a result, the effective stress intensity range
factor may remain approximately constant or reduced, which can sup-
press additional fatigue crack growth while oxide wedging remains
active [87,88]. However, the quantitative contribution of oxide wedging
to the effective crack-driving force during SAC propagation remains
unclear and needs further investigation. Then the y-depleted zone
observed at the SAC and notch tips, in both SACed and non-SACed
samples, arises from the outward interdiffusion of y-forming elements
to sustain oxide formation. A schematic summary of the SAC behavior in
V-notch PBF-LB IN738LC is presented in Fig. 17.

4.2. SAC susceptibility of superalloys

To genericize the chemical composition-dependent susceptibility to
SAC in various nickel-based superalloys produced by PBF-LB, different
methods have been developed. For example, a SAC index, Mgac, was
proposed to assess the likelihood of SAC expressed as Msac = Al (wt.%)
+ 0.5 x Ti (Wt.%) + 0.3 x Nb (wt.%) + 0.15 x Ta (wt.%), which con-
siders y' formers like Nb and Ta having less significant per unit weight
compared to Al and Ti by assigning them smaller weighting factors [3].
The Mgac is a simplified and easy-to-use index that corresponds well to

the equilibrium amount of y'. As reported in the validation by Chechik
et al. [89], not surprisingly, the predicted equilibrium y’ volume fraction
and the Mgpc shows a strong positive correlation in a linear regression. A
heuristically-chosen criterion of Mgac = 4 wt.% was set as the upper
limit for alloys that would have high SAC susceptibility based on the
experience that SAC was reported in high y containing alloys like
IN738LC [90] and CM247LC [91], while SAC is absent for lower '
containing alloys like IN939 [92].

Specifically, we emphasize that SAC initiation occurs during early-
stage nanoscale y' formation, when the y' fraction remains far below
its equilibrium value. Therefore, SAC susceptibility in this context is
governed primarily by y formation kinetics rather than equilibrium 7’
content, although correlations between the kinetics and equilibrium v’
fraction may exist. Besides the index that quantifies the tendency of y'
formation like Mgac, some other index that describes the kinetics of y'
precipitation is likely to be useful to assess the SAC susceptibility. Yu
et al. [93,94] proposed a SAC criterion based on calculation of the de-
rivative of volume fraction of y matrix with respect to temperature in a
critical temperature range between the temperature when matrix y
phase reaches 80% and the solidus temperature. This SAC criterion
shows that a wide range of homogenization microstructure and a
gradual change in precipitation volume with temperature will ensure as
high threshold strain rate for crack formation, which will accordingly
result in the low tendency of strain-age cracks, and vice versa [95,96].

Owing to the fast kinetics of y' precipitation, for example, from the
simulated TTT diagrams [97], 0.5% 7' formed within 1 s and 2 s for
CM247LC and IN738LC, respectively, at their corresponding “nose”
temperature. Such quick precipitation behavior indicates no feasible

Fig. 17. Schematic comparison of SAC-prone and SAC-resistant V-notches in PBF-LB IN738LC samples.
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rapid heating methods are applicable to bypass the SAC susceptible re-
gion as suggested by the SAC susceptibility diagram in Fig. 9 with the
highest heating rate up to approximately 1000 °C/min. Reducing the
alloys y' volume fraction or reaching the y' solvus temperature without
significant y' formation may not be the only methods to avoid SAC.

5. Conclusion

The present work investigated SAC in a PBF-LB processed
y-strengthened nickel-based superalloy IN738LC using V-notch samples
subjected to various heating conditions. The following conclusions can
be drawn:

1. SAC initiation follows y' precipitation kinetics, with onset tempera-
tures corresponding closely to the precipitation of ¥ on a TTT dia-
gram. Under continuous heating, faster heating rates shift the
measured SAC onset to higher temperatures, indicating that the
onset temperature is a kinetic indicator rather than a unique ther-
modynamic threshold. Under isothermal conditions, SAC still occurs
after sufficient incubation time, with lower temperatures requiring
longer holding times to initiate cracking.

2. TEM analysis confirms the emergence of nanoscale y in SACed
samples under both rapid heating and isothermal conditions, sug-
gesting that SAC initiation is governed by nanoscale y-induced
strengthening and localized ductility reduction.

3. Residual stress governs SAC growth rate rather than onset temper-
ature. Shallow notches, with higher tensile stresses near the notch
tip, exhibit rapid SAC propagation whereas deeper notches remain
largely crack-free due to stress relaxation.

4. SAC propagates predominantly along grain boundaries. Occasional
transgranular cracking occurs under rapid crack growth, accompa-
nied by localized plastic deformation.

5. SAC propagation is further assisted by wedge-shaped intrusions of
oxides. Most stored energy is released prior to SAC initiation,
particularly under fast heating, indicating that SAC results from
instability of local ductility deficit rather than serving as a stress-
relief mechanism.
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Appendix

Mean pixel intensity in the beam-center region (425 px x 425 px ROI) plotted as a function of distance from the notch tip.

19


https://doi.org/10.1016/j.actamat.2026.122244

J. Xu et al.

Acta Materialia 312 (2026) 122244

Fig. A1. Mean pixel intensity in the direct-beam region of interest on the 2D detector, plotted as a function of distance from the notch tip. The insets show diffraction
images illustrating partial versus full beam entry into the sample.

Fig. A2. XPS depth profile of O 1 s region from light and dark area on SAC fractures after 1120 °C/2 h heat treatment.
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