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Yasuhiro Aokib and Hidetoshi Fujiib
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ABSTRACT
Solidification cracking is a critical defect in welding, and its occurrence has conventionally been 
described using temperature-dependent critical-strain curves. However, whether the critical 
strain is uniquely determined by temperature remains unclear, particularly at the dendrite 
scale. In this study, solidification-cracking behavior in an Fe–15Mn–10Cr–8Ni–4Si alloy was 
investigated using in-situ synchrotron X-ray transmission imaging combined with local strain 
and temperature analyses. Crack-initiation events were identified from the time-resolved X-ray 
images, and the corresponding critical equivalent strains and critical temperatures were 
extracted at individual positions along the crack path. Solidification cracking occurred over 
approximately 1320–1000°C, corresponding to the effective solid–liquid coexistence region 
predicted by a Scheil–Gulliver calculation. The median critical strain was higher at lower 
temperatures and generally decreased toward higher temperatures. A broad critical-strain 
distribution remained within each 30°C temperature range. After subtraction of the tempera
ture-bin median, the remaining variation was spatially nonuniform along the crack path. 
Comparison with a non-cracking case showed that most equivalent-strain values remained 
below the critical-strain distribution obtained in the cracking case, although the upper tail 
partially overlapped its lower part. These results provide experimental evidence that the critical 
strain at solidification-crack initiation is better represented as a temperature-dependent dis
tribution than as a single-valued curve. The physical factors governing the distribution width 
and spatial variation remain to be identified.

IMPACT STATEMENT
Dendrite-scale observations show that critical strain for solidification-crack initiation is better 
represented as a temperature-dependent distribution with spatially nonuniform variation than 
as a single-valued curve.
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1. Introduction

As one of the most fundamental joining technologies 
in manufacturing, welding is widely used in various 
fields such as transportation systems and infrastruc
ture. A major advantage of welding is its ability to 

efficiently integrate structural components through 
localized melting. However, welding is a highly non- 
equilibrium process involving rapid heating and cool
ing and it is prone to creating defects such as residual 
stress, distortion, cracking, and porosity [1–4]. Among 
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these defects, solidification cracking is one of the most 
critical issues that significantly reduces the reliability 
of welded structures. It generally occurs when low- 
melting liquid films that remain in the final stage of 
solidification cannot withstand the contraction of the 
surrounding solidifying material owing to solute seg
regation [1,5]. Conventionally, the conditions for soli
dification cracking have been described using a critical 
strain curve (or a high-temperature ductility curve) in 
the temperature–strain space. In this framework, 
cracking occurs when the applied strain during cool
ing exceeds a critical value. Because this critical strain 
decreases significantly within the solid–liquid coexis
tence temperature range (that is, between the liquidus 
and solidus temperatures), solidification cracking is 
believed to occur preferentially in this temperature 
range [6]. However, such interpretations based on 
critical strain curves are primarily derived from 
macroscopic test results, and their relationship with 
local microstructural states and deformation behavior 
at the dendrite scale remains unclear. This is primarily 
because solidification cracking occurs locally at high 
temperatures and propagates rapidly, making it extre
mely difficult to directly observe the microstructural, 
strain, and temperature states at the moment of crack 
initiation with sufficient spatial and temporal resolu
tion. Conventional experimental methods, such as the 
Varestraint test, Trans-Varestraint test [7–9], and U- 
type hot cracking tests [10], have enabled the evalua
tion of macroscopic deformation behavior and crack
ing susceptibility; however, they do not provide 
sufficient insight into crack initiation mechanisms at 
the dendrite scale. Owing to this lack of direct, quan
titative observations at the relevant spatial scale, 
researchers have not adequately addressed whether 
the critical strain is uniquely determined by tempera
ture or varies depending on local microstructural 
conditions.

Based on the above background, the present study 
re-examined the conditions for solidification cracking, 
which have conventionally been interpreted based on 
macroscopic test results, by using direct observations 
at the dendrite scale to clarify their intrinsic character
istics. Specifically, our previously developed in-situ 
observation techniques [11–15], combining high- 
brightness synchrotron X-ray transmission imaging 
for microstructural and strain field visualization and 
visible-light imaging for temperature evaluation [15], 
were employed. Building on Ref [15]. which estab
lished the image-based strain-evaluation method, 
and Ref [16]. which clarified the solidification beha
vior and segregation-induced extension of the solid– 
liquid coexistence range in this alloy, the present study 
focuses on the local conditions at crack initiation and 
the distributional characteristics of the critical strain 
along the crack path. The timing of crack initiation 
was identified from the temporal evolution of the X- 

ray transmission images, and the corresponding local 
temperature and strain at each position were quanti
tatively extracted. The extracted critical strains were 
directly characterized as a function of temperature 
using temperature-bin medians and percentile ranges. 
In addition, the temperature-dependent median was 
subtracted from the critical strain at each position, and 
the resulting residual was evaluated along the crack 
path to examine spatial variation not represented by 
the central temperature-dependent tendency. In addi
tion, by comparing the temperature–strain histories in 
a non-cracking case obtained under identical welding 
conditions, the relationship between the extracted dis
tribution characteristics of the critical strain and the 
non-cracking behavior was examined.

These analyses were conducted to determine 
whether the critical strain at solidification-crack initia
tion can be represented by a single temperature- 
dependent relationship or should instead be treated 
as a distribution with a finite width. The spatial varia
tion of this distribution was also examined without 
attributing it to a specific thermal, mechanical, or 
microstructural factor.

2. Methods

In this study, an Fe–15Mn–10Cr–8Ni–4Si alloy (here
after referred to as FMS alloy) was employed. This 
alloy, originally developed for damping applications, 
is known to be susceptible to solidification cracking 
during welding, making it a suitable model material 
for investigating the fundamental characteristics of 
solidification cracking behavior. An experimental 
and image-analysis-based approach was employed to 
simultaneously observe the microstructural evolution 
and evaluate the strain and temperature fields during 
welding at the dendrite scale. This section describes 
the experimental procedure and the evaluation meth
ods for each physical quantity. The fundamental 
observation system and analysis algorithms are based 
on our previous work [15], and they are integrated 
here for the quantitative evaluation of solidification 
cracking conditions.

2.1. Experimental procedure

A schematic illustration of the in-situ observation 
system is shown in Figure 1 [15]. Experiments were 
conducted at the BL20XU beamline of SPring-8 
using synchrotron X-rays with an energy of 
28 keV. The specimen dimensions were 50 mm ×  
50 mm × 0.2 mm, forming a thin plate suitable for 
X-ray transmission imaging. During gas tungsten 
arc (GTA) welding, the transmitted X-rays were 
recorded using a two-dimensional detector (ima
ging detector, Hamamatsu Photonics, Japan) to 
obtain in-situ images of the microstructural 
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evolution. Simultaneously, visible-light images were 
captured using a high-speed camera (NAC Image 
Technology, Japan) and converted into temperature 
maps using the two-color method. The welding con
ditions were as follows: a welding current of 6 A, 
a welding speed of 10 mm/s, and pure Ar shielding 
gas at a flow rate of 8 L/min. Under these conditions, 
two datasets were obtained: one with solidification 
cracking (Case 1) and one without cracking 
(Case 2). Although the nominal welding conditions 
were identical, slight differences in the mechanical 
constraint imposed by the fixture may have contrib
uted to the presence or absence of cracking. Because 
the restraint condition was not measured indepen
dently in the present experiments, the strain and 
temperature states in the two cases were compared 
to examine their relationship with the observed 
cracking and non-cracking behavior. X-ray trans
mission images were acquired with a frame interval 
of 15 ms and a spatial resolution of 0.45 μm/pixel for 
both cases. Visible-light images were recorded at 
120 fps for Case 1 and 250 fps for Case 2, both 
with a spatial resolution of 2.1 μm/pixel. The differ
ence in frame rate was due to equipment con
straints. The X-ray transmission images were 
acquired at approximately 66.7 fps, whereas the 
visible-light images were acquired at higher frame 
rates in both cases. As described later, the visible- 
light temperature data were temporally interpolated 
to the acquisition times of the X-ray images and 
spatially resampled to the X-ray image grid. 
Therefore, the temperature fields in both cases 
were evaluated on the same temporal and spatial 
grid, although temperature variations occurring 

faster than the original visible-light acquisition rate 
could not be recovered.

2.2. Evaluation method

2.2.1. Strain evaluation method
The strain distribution was evaluated following the 
procedure shown in Figure 2(a) based on our previous 
work [15]. The processing pipeline consists of patch 
splitting, denoising using a trained neural network, 
patch merging, patch splitting, contrast correction 
using another trained neural network, patch merging, 
patch splitting, TV-L1 optical flow computation, patch 
merging, and strain calculations. The patch splitting 
and merging procedures are illustrated in Figure 2(b).

Convolutional neural network (CNN)-based archi
tectures were employed for denoising and contrast 
correction (Figure 3). For the denoising network, the 
loss function was defined as the L2 loss between the 
output image and a reference image generated by 
applying a donut-shaped smoothing kernel to ran
domly selected pixels. For the contrast correction net
work, the loss function was defined as a combination 
of the image entropy (entr) and the structural similar
ity index (SSIM) [17], as expressed in Eq. (1). 

where n is the number of samples. The networks were 
trained using the AdamW optimizer with a weight 
decay parameter of 10� 5 and a learning rate of 10� 3. 
Training image patches were generated by randomly 
extracting 128 × 128 pixel regions from the time-series 
images. Only patches located entirely within the solid 

Figure 1. Schematic of the in-situ observation system [15]. Thin-plate specimens were joined by gas tungsten arc (GTA) welding 
under synchrotron X-rays at SPring-8 BL20XU. Transmitted X-rays were recorded with a 2D detector, while visible-light images 
were captured with a high-speed camera and converted to temperature maps by the two-color method.
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Figure 2. Procedure for strain field evaluation from X-ray transmission images using denoising, contrast correction, and TV-L1 
optical flow analysis [15]. (a) Overview of the strain evaluation method. (b) Patch splitting and merging procedures. The patch 
stride was 64 pixels for the denoising and contrast correction procedures and 16 pixels for the TV-L1 optical flow analysis.
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phase were used for training. The denoising and con
trast correction networks were trained separately for 
each case. In other words, two sets of trained models 
were constructed in this study, one for Case 1 and one 
for Case 2. To reduce the influence of extreme inten
sity values in the original images, the pixel intensities 
were clipped for each time-series dataset in each case. 
Specifically, intensity values outside the range of ±2σ 
(where σ denotes the standard deviation of the inten
sity distribution) were clipped to the corresponding 
boundary values.

Parameters of the TV-L1 optical flow, particularly 
the attachment parameter [18], were determined for 
each dataset by minimizing the discrepancy between 
the forward and backward displacement fields, as 
defined in Eq. (2). 

Here, uf and vf denote the pixel-wise displace
ment components in the x- and y-directions from 
time t to t þ 1, while ub and vb denote those from 
time t þ 1 to t, respectively. To improve the stability 
of strain field estimation, the patch stride was 
reduced to 16 pixels only in the patch-splitting 
step immediately before the TV-L1 optical flow 
computation, thereby increasing the degree of over
lap between patches.

In the strain evaluation, the cumulative displace
ment from the initial frame to each time frame was 
first computed using the frame-wise displacement 

Figure 3. Convolutional neural network architectures for (a) the denoising model and (b) the contrast correction model [15].
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fields, and this was then used to derive the strain field 
at each time step. To compute the cumulative displa
cement, nodes were assigned to all pixel positions in 
the initial image (at time t ¼ 0), where zero strain was 
assumed. Let H and W denote the numbers of pixels in 
the vertical and horizontal directions of the image, 
respectively. The node located in the i-th row and j- 
th column is denoted as node ij. The initial coordi
nates of this node, x0

ij and y0
ij, are defined as 

Next, using the displacement fields in the x- and y- 
directions at each time frame (ut and vt), the coordi
nates of each node at time t (xt

ij and yt
ij) are com

puted as 

Here, the displacement values ut and vt at non- 

integer coordinates xt
ij;yt

ij

� �
were obtained by cubic 

spline interpolation. Using these coordinates, the 
cumulative displacements in the x- and y-directions 
from time 0 to time t, denoted as Ut

ij and Vt
ij, were 

calculated as 

The in-plane strain components at time t, were 
then computed from the spatial gradients of the cumu
lative displacement field as 

The spatial derivatives were computed using a five- 
point finite difference scheme. At solid–liquid inter
faces, discontinuities in displacement were observed 
even after solidification; therefore, finite differences 
were not computed across such interfaces, and one- 
sided differences were used instead. One-sided differ
ences were also applied at the image boundaries, while 
central differences were used in all other regions. 
A median filter with a window size of 11 × 11 pixels 
was then applied separately to each in-plane strain- 
component field. The von Mises-type equivalent 
strain, εt

eq, used in the subsequent analysis was calcu
lated from the filtered in-plane strain components as 

Because the out-of-plane strain components could 
not be measured from the X-ray transmission images, 
they were set to zero solely for the purpose of defining 

this scalar equivalent-strain measure. The resulting 
equivalent strain is therefore an image-based measure 
derived from the in-plane components of the pro
jected displacement field and should not be inter
preted as a complete three-dimensional constitutive 
strain of the semisolid material.

2.2.2. Temperature evaluation method
Visible-light images obtained by the high-speed cam
era were first denoised using the procedure described 
in Section 2.2.1 (patch splitting, denoising network, 
and patch merging), followed by temperature evalua
tion using the two-color method. The temperature was 
calculated from the red (~674 nm) and green (~589  
nm) channels of the visible-light images using the two- 
color method. The calculations were performed using 
a custom implementation developed in this study. The 
constants used in the temperature calculations were 
identical to those employed in commercial two-color 
thermography software (Thermias, NAC Image 
Technology Inc.), which were determined through 
calibration using a blackbody furnace. The validity of 
the implemented method was confirmed by compar
ing the resulting temperature fields with those 
obtained from Thermias using the same visible-light 
images, and good agreement was observed. After cal
culating the temperature distribution, temporal inter
polation using cubic splines and spatial interpolation 
using bilinear interpolation were applied to match the 
temporal and spatial resolutions of the X-ray trans
mission images. To reduce noise, median filtering was 
applied with a window size of 5 frames in the temporal 
direction and 15 × 15 pixels in the spatial direction. 
Finally, the surface temperature field was spatially 
aligned with the X-ray transmission images by refer
encing the observed liquid-phase geometry.

2.2.3. Coordinate system unification
The strain field evaluated using the method described 
in Section 2.2.1 is expressed in a Lagrangian coordi
nate system, as it is based on tracking the displacement 
of each pixel from its initial position. In contrast, the 
X-ray transmission images and temperature fields are 
defined in an Eulerian coordinate system because they 
represent the values at fixed spatial locations. To 
directly compare these quantities, all data were trans
formed into a common coordinate system. In this 
study, the X-ray transmission images and temperature 
fields were mapped onto the Lagrangian coordinate 
system, using the displacement fields obtained from 
the optical flow analysis. Specifically, the positions of 
nodes defined at the initial time were updated over 
time using the cumulative displacement, and the cor
responding temperature and transmission intensity 
values were obtained by interpolation at these 
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positions. Through this procedure, the strain, tem
perature, and X-ray transmission data were consis
tently represented in the same Lagrangian 
framework, enabling quantitative comparison of 
their spatial and temporal evolutions in the vicinity 
of solidification cracking. It should be noted that the 
temperature field obtained by two-color thermogra
phy represents the specimen surface, whereas the X- 
ray transmission images and the displacement and 
strain fields derived from them represent information 
projected through the specimen thickness. The two 
fields were spatially aligned using the observed liquid- 
phase geometry and were compared within the com
mon Lagrangian coordinate system described above. 
The small specimen thickness of 0.2 mm may reduce 
a thermal gradient along the specimen thickness. 
Nevertheless, possible through-thickness variation 
and exact equivalence between the measured surface 
temperature and the projected internal state could not 
be independently verified in the present experiment.

3. Results and discussion

3.1. Overview of observation results

Figures 4 and 5 present observations for the two cases 
with (Case 1) and without (Case 2) solidification 
cracking, respectively. The upper panels (a) show the 
contrast-corrected X-ray transmission images (dis
played as inverted grayscale images), equivalent strain 
maps, and temperature maps. The lower panels (b) 
show the strain distributions along the two lines indi
cated in the equivalent strain maps. The X-ray trans
mission images and temperature fields were mapped 
onto the Lagrangian coordinate system using the pro
cedure described in Section 2.2.3. The X-ray transmis
sion images are displayed as inverted grayscale images 
to improve the visibility of the observed features. 
Qualitatively, regions with higher density and higher 
X-ray absorption appear brighter, whereas regions 
with lower absorption, such as cracks with missing 
material, appear darker.

In Case 1, a continuous dark region corresponding 
to crack formation was clearly observed in the X-ray 
transmission images, primarily near the weld center
line, that is, in the final solidification region (Figure 4). 
As will be discussed in detail later, the crack formed at 
high temperatures of approximately 1000–1350°C, 
indicating solidification cracking. The corresponding 
equivalent strain distribution reveals pronounced local 
strain concentration in the crack initiation and propa
gation regions. In contrast, in Case 2, no continuous 
dark regions corresponding to cracks were observed in 
the X-ray transmission images, and no significant 
strain concentration was detected (Figure 5). 

Although regions with slightly higher temperatures 
were locally observed near the crack initiation sites 
in Case 1, in both cases the temperature distribution 
exhibited an approximately monotonic decrease over 
time, and there was no clear difference between the 
cases with and without cracking.

However, a comparison of the strain profiles along 
the selected lines reveals a significant difference 
between the two cases. In Case 1, a strong localized 
strain concentration appears in association with crack 
formation, reaching a maximum value of approxi
mately 12%. By contrast, the strain in Case 2 remains 
below approximately 2.5% along both lines. Although 
the material and nominal welding conditions were 
identical, the origin of the different strain behavior 
between the two cases could not be determined from 
the present measurements. Differences in the mechan
ical constraint imposed by the fixture may be a cause, 
but the restraint condition was not independently 
quantified.

3.2. Crack formation behavior inferred from local 
X-ray transmission images

Figure 6 shows the overall X-ray transmission image 
of Case 1 (corresponding to the rightmost image in 
Figure 4(a)) and the temporal evolution of the magni
fied X-ray transmission images in a selected rectangu
lar region. A continuous dark region was formed in 
the left part of Frame Nos. 18 and 22, indicating the 
initiation of solidification cracking. Furthermore, 
from Frame No. 24 onward, bright regions appear 
around the cracks. We consider these bright regions 
to correspond to locally thickened material compared 
with the surrounding area, which is likely caused by 
redistribution of the remaining liquid phase originally 
at the crack initiation site as the crack opens. These 
observations are consistent with the conventional 
understanding of solidification cracking, in which 
cracks form due to the opening and rupture of residual 
liquid films.

In contrast, two characteristic behaviors that have 
not been explicitly considered in conventional the
ories of solidification cracking were observed. The 
first feature, clearly shown in Frame No. 22 and 
highlighted in the magnified view of region A, is the 
presence of a bridging structure across the crack. 
While conventional theories often assume the rup
ture of a continuous liquid film, the present observa
tion suggests that even within regions containing 
low-melting residual liquid, dendrites can grow and 
connect to form local solid bridges. Such bridging 
structures may help transmit stress and strain across 
the crack boundaries prior to crack opening. In fact, 
the existence of such bridging has been partially 
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considered in recent studies [19], and our results 
provide direct experimental evidence that may sti
mulate further development of solidification crack
ing theories and microstructural simulations such as 
phase-field modeling. The second feature is that soli
dification cracks do not form as a single line 

approximately parallel to the weld centerline but 
rather as multiple cracks distributed in the direction 
perpendicular to the weld line, as clearly shown in 
Frame Nos. 26 and 28. This result suggests that soli
dification cracking can occur not only strictly in the 
final solidification region (that is, the meeting point 

Figure 4. Observation results of Case 1 (with cracking). (a) Contrast-corrected X-ray transmission images (inverted black and 
white), equivalent strain maps, and temperature maps. (b) Line-profile strain distributions.
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of grains or dendrites growing from both sides of the 
weld centerline) but also in the surrounding regions. 
Although rarely reported systematically in previous 
studies, such a crack morphology provides a new 
perspective for understanding solidification cracking 
behavior. Note that these two characteristic 

behaviors were confirmed throughout the entire 
crack formation region, not just in the magnified 
rectangular region in Figure 6.

Based on the above observations, the next section 
describes the method used to identify the crack initia
tion timing at each location. The relationships among 

Figure 5. Observation results of Case 2 (without cracking). (a) Contrast-corrected X-ray transmission images (inverted black and 
white), equivalent strain maps, and temperature maps. (b) Line-profile strain distributions.
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crack initiation position, temperature, and strain are 
then quantitatively analyzed.

3.3. Quantitative characterization of 
solidification cracking behavior at the dendrite 
scale

3.3.1. Identification of crack initiation events and 
extraction of local conditions
As shown in Figure 7(a), in Case 1, the major solidi
fication crack formed near the weld centerline is 
defined as the Main branch, whereas the branched 
cracks extending from it are defined as the Sub branch. 
The crack initiation timing was identified for all pixels 
belonging to each branch. Spatial identification of the 
pixel groups corresponding to the Main and Sub 
branches was performed based on the crack locations 
observed in the X-ray transmission images and the 
associated microstructural features. For the Main 
branch, regions corresponding to the meeting points 
of grains or dendrites growing from both sides of the 
weld centerline were used, whereas for the Sub branch, 
grain boundary regions between approximately paral
lel-growing dendrites were used as references. The 
crack initiation timing was determined from the 
rapid development of dark regions in the X-ray trans
mission images during crack formation (Figure 6). To 
quantify this behavior, the difference in local image- 
intensity variability between the target location and 
the surrounding regions was evaluated.

First, to retain a wider intensity range than that 
used for strain evaluation, the original time-series 
images were processed by clipping pixel intensities 
exceeding ±10σ from the mean intensity to the 
corresponding threshold values, where σ denotes 
the standard deviation of the intensity distribution 
for each image sequence. Denoising (corresponding 
to the upper procedure in Figure 2(a)) and contrast 
correction (the middle procedure in Figure 2(a)) 
were then applied, and the resulting images were 
converted into inverted grayscale images. For each 
pixel in the defined branch, a square region of 64 ×  
64 pixels centered on the pixel was defined. The 
median absolute deviation (MAD) of the intensity 
distribution within this region at time t, denoted as 
MADcenter tð Þ, was calculated. In addition, all neigh
boring 64 × 64 pixel regions adjacent to the central 
region (a total of 509 regions) were defined as the 
surrounding regions, and their MAD values were 
calculated as MADaround;i tð Þg509

i¼1
�

The representative 
difference in intensity variability between the target 
and surrounding regions, MADdiff tð Þ, was 
defined as 

where Q1 denotes the first quartile. Using this repre
sentative value, the influence of noise in the transmis
sion images can be suppressed while evaluating the 

Figure 6. In-situ X-ray transmission images showing the dendrite-scale evolution of solidification cracking in Case 1. Left image: 
the overall view corresponding to Figure 4(a). Right panels: magnified views of the selected region over time (frame Nos. 18–28). 
Crack initiation is identified by the formation of a connected low-brightness region. Subsequently, a high-brightness area appears 
surrounding the crack. A bridging structure crossing the crack occurs in frame No. 22, as highlighted in region A.
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extent to which the local intensity variability exceeds 
that of the surrounding regions. In this study, the 
crack initiation time, tcrack, was defined as the time at 
which MADdiff tð Þ exceeded a predefined threshold. 
Because tcrack varies spatially, it is expressed as 
a function of position, tcrack x; yð Þ, where the top-left 
corner of the image is defined as the origin, and the 
horizontal and vertical directions are defined as x and 
y, respectively. If MADdiff tð Þ temporarily exceeded the 
threshold due to noise and then fell below it, the 
subsequent time at which the threshold was exceeded 
again was adopted as tcrack. The baseline threshold was 
set to 0.002 based on comparison with the time-series 
X-ray transmission images. Figure 7(b) shows the 
temporal evolution of MADdiff tð Þ at a representative 
position. When MADdiff tð Þ exceeded approximately 
0.002, dark regions associated with crack opening 
developed rapidly, accompanied by the appearance of 
surrounding bright regions considered to result from 
redistribution of the residual liquid. In the following 
analysis, the equivalent strain at crack initiation is 
defined as the critical equivalent strain, εcrit, and is 
hereafter referred to simply as the critical strain. The 
critical strain εcrit x; yð Þ and critical temperature 

Tcrit x; yð Þ for each pixel were extracted using 
tcrack x; yð Þ, together with the time-series equivalent- 
strain field εeq x; y; tð Þ and temperature field T x; y; tð Þ

(examples shown in Figure 4), as 

where tpre
crack denotes the time one frame before tcrack. 

Thus, the critical equivalent strain and critical tem
perature were defined as the averages of the corre
sponding values at the frame in which crack 
initiation was detected and the immediately preceding 
frame. To evaluate sensitivity to the temporal resolu
tion of crack-initiation detection, the extraction time 
was shifted by −1, 0, and +1 frame relative to the 
baseline time. When the frame one step later was 
used, the critical temperature decreased by an average 
of 16.8°C and the critical strain increased by an aver
age of 0.00429. Conversely, when the frame one step 

Figure 7. Definition of crack regions and temporal evolution of the crack initiation indicator. (a) Spatial definition of the crack 
regions in Case 1. The crack formed near the weld centerline is defined as the Main branch, while the branched cracks extending 
from it are defined as the Sub branch. (b) Representative temporal evolution of the indicator MADdiff , defined as the difference 
between the local MAD and the first quartile of surrounding MAD values. Crack initiation is identified when MADdiff exceeds the 
threshold value of 0.002, corresponding to the development of low-brightness regions associated with crack opening.
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earlier was used, the critical temperature increased by 
an average of 15.8°C and the critical strain decreased by 
an average of 0.00428. Thus, a shift of ±1 frame pro
duced changes of approximately ±16°C in critical tem
perature and ±0.0043 in critical strain. These values 
represent the typical variation in the locally extracted 
critical temperature and critical strain associated with 
an uncertainty of one frame in the crack initiation time.

Figure 8 shows the relationship between the critical 
temperature and critical equivalent strain extracted for 
the Main and Sub branches. The temperature depen
dence of the total solid fraction, fs, obtained from 
a Scheil–Gulliver calculation for the FMS alloy com
position is also shown. The calculation was performed 
using Thermo-Calc 2026b and the TCFE14 Steels/Fe- 
alloys Database. The Scheil–Gulliver calculation pre
dicted austenite (γ phase; FCC_A1 in the Thermo- 
Calc database) as the primary solid phase. Several 
additional phases were predicted in extremely small 
amounts near the final stage of solidification. Because 
their contributions to the total solid fraction were 
negligible, the formation of the individual minor 
phases was not discussed further. Instead, the solidifi
cation state was evaluated based on the total solid 
fraction, defined as the sum of all solid phases, and 
the residual liquid fraction. Because non-equilibrium 
solidification accompanied by segregation occurs in 
the crack-formation region, the equilibrium solidus 
temperature of approximately 1300°C alone cannot 
adequately represent the actual solid–liquid coexis
tence temperature range. The Scheil–Gulliver calcula
tion indicated that residual liquid persisted to 
temperatures below this equilibrium solidus tempera
ture, thereby extending the effective solid–liquid coex
istence region toward lower temperatures. This result 
is consistent with the previously reported decrease in 
the final solidification temperature caused by segrega
tion in this alloy [16].

As shown in Figure 8, solidification cracking 
occurred over a temperature range from approxi
mately 1320 to 1000°C in both branches. According 
to the Scheil–Gulliver calculation, this range corre
sponds to an increase in the total solid fraction, fs, 
from approximately 0.5 to 0.97. This result is consis
tent with the conventional understanding that solidi
fication cracking occurs under solid–liquid 
coexistence conditions in the presence of residual 
liquid. In both branches, the critical strain also exhib
ited substantial scatter at the same or similar critical 
temperatures. Thus, the Main and Sub branches 
shared the qualitative feature of a broad critical- 
strain distribution within the same temperature 
range. This result indicates that the critical strain at 
solidification-crack initiation cannot be uniquely 
determined by temperature alone.

To evaluate the sensitivity of these results to the 
MAD-difference threshold, the critical temperature 
and critical strain were also extracted using thresholds 
of 0.0015 and 0.0025, in addition to the baseline 
threshold of 0.0020. Supplementary Figure S1(a) and 
(b) compare the critical temperature–critical equiva
lent strain relationships obtained for the Main and Sub 
branches, respectively, using the three thresholds. 
Although the extracted values varied locally with 
threshold selection, the overall temperature depen
dence and the broad critical-strain distributions 
observed for both branches were maintained.

3.3.2. Data-driven characterization of critical strain 
depending on temperature and spatial variability
As shown in the preceding section, the critical strain 
exhibited substantial scatter at the same or similar 
critical temperatures for both the Main and Sub 
branches, suggesting that factors other than tempera
ture also influenced the critical strain. Possible con
tributing factors include the local thermal history, 

Figure 8. Relationship between critical temperature and critical equivalent strain at crack initiation for (a) the Main branch and (b) 
the Sub branch. Each point represents the local condition at crack initiation identified from the in-situ observations. The solid line 
shows the total solid fraction, fs, calculated using the Scheil–Gulliver model for the FMS alloy composition with Thermo-Calc 2026b 
and the TCFE14 steels/Fe-alloys database.
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temperature gradient, cooling rate, mechanical con
straint, solid–liquid interface morphology, dendrite- 
bridging condition, solute segregation, and local 
microstructural arrangement. However, these factors 
were not measured independently in the present 
study, and their individual contributions therefore 
could not be separated. Accordingly, without attribut
ing the observed variation to any specific factor, the 
critical-strain distribution was first characterized as 
a function of temperature. The residual obtained by 
subtracting the corresponding temperature-bin med
ian from the critical strain at each position was then 
evaluated along the crack path to examine the spatial 
variation that could not be explained by temperature 
alone.

To evaluate the temperature-dependent distribu
tion of critical strain, the Main- and Sub-branch data 
were combined rather than analyzed separately, with 
the aim of characterizing the overall distribution in 
Case 1. Comparison of the critical temperature–criti
cal strain relationships for the two branches in 
Figure 8 showed a small number of relatively high 
values for the Main branch and relatively low values 
for the Sub branch near approximately 1000°C, where 
the number of observations was limited. At other 
temperatures, however, the distributions of the two 
branches largely overlapped. Therefore, combining 
the data from both branches was considered appro
priate for evaluating the overall distributional charac
teristics of Case 1. Specifically, the combined data were 
divided into 30°C-wide bins according to the critical 
temperature. The median, 25th and 75th percentiles, 
and 10th and 90th percentiles of the critical strain were 
calculated for each temperature bin. Bins containing 
fewer than 30 pixel-level observations were excluded 
from the percentile representation to avoid unstable 
percentile estimates in sparsely populated bins. This 
threshold was introduced solely as a descriptive criter
ion based on data density and does not establish 
statistical independence among neighboring observa
tions. Therefore, the number of pixels in each bin 
should not be interpreted as the number of indepen
dent specimens or independent samples.

The sensitivity of the temperature-binned results to 
the MAD-difference threshold was also examined. 
Supplementary Figure S1(c) compares the median cri
tical strain obtained from the combined Main- and 
Sub-branch data using thresholds of 0.0015, 0.0020, 
and 0.0025, together with the 10th–90th percentile 
range for the baseline threshold of 0.0020. Although 
the median values varied slightly with threshold selec
tion, the overall temperature dependence and the 
broad distribution within each temperature range 
were maintained.

Figure 9(a) shows the relationship between critical 
temperature and critical equivalent strain for the 

combined Main- and Sub-branch data in Case 1, 
together with the percentiles calculated directly for 
each temperature bin. The median represents the cen
tral tendency of the critical strain in each temperature 
range, whereas the 25th–75th and 10th–90th percen
tile ranges represent the central portion and the 
broader width of the distribution, respectively. The 
median critical strain was higher at lower tempera
tures and generally decreased toward higher tempera
tures. Thus, under the present experimental 
conditions, a larger strain was accumulated before 
crack initiation at the lower-temperature, more 
advanced stage of solidification. However, this trend 
should be regarded as the central tendency of the 
observed distribution rather than as a universal rela
tionship between critical strain and temperature, 
because crack initiation may also depend on local 
thermal, mechanical, and microstructural conditions. 
At the same time, the critical strain within each tem
perature bin was broadly distributed around the med
ian. A clear width was observed even within the 25th– 
75th percentile range, while the 10th–90th percentile 
range extended over a still broader range of values. 
Thus, the scatter in critical strain was not caused only 
by a small number of extreme values but was also 
present within the central portion of the distribution. 
These results indicate that temperature is a major fac
tor governing the central tendency of critical strain, 
whereas the critical strain at an individual location 
cannot be uniquely determined from temperature 
alone. It should also be noted that the observed dis
tribution may include contributions from both local 
physical variability and the measurement and extrac
tion procedures. Although the sensitivity analyses 
indicated that the broad distribution was maintained 
under the examined detection conditions, the indivi
dual contributions of physical variability and measure
ment-related uncertainty could not be fully separated 
in the present study.

Next, the spatial variation in critical strain that was 
not explained by the central temperature-dependent 
tendency was evaluated. The critical-strain residual, 
εres;i, at observation point i was defined by subtracting 
the median critical strain of the corresponding tem
perature bin, ~εcrit;b ið Þ, from the critical strain at that 
point, εcrit;i, as follows: 

where b ið Þ denotes the temperature bin containing 
observation point i. This residual represents the 
extent to which the critical strain at each observation 
point is higher or lower than the median of the 
corresponding temperature bin. Thus, a positive 
residual indicates that the critical strain at that posi
tion is higher than the bin median, whereas 
a negative residual indicates that it is lower. This 
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procedure enabled the relative variation in critical 
strain, after removal of the central temperature- 
dependent tendency, to be evaluated at each position 
along the crack path.

Figure 9(b) shows the critical-strain residuals overlaid 
on the X-ray transmission image along the entire crack 

path, including both the Main and Sub branches. The 
residuals changed between positive and negative values 
depending on position, and regions in which residuals of 
the same sign or similar magnitude persisted over a finite 
distance were also observed. In addition, some locations 
at which the residual changed appeared to correspond to 
changes in the combination of grains facing each other 
across the crack. These observations suggest that the 
variation remaining after subtraction of the temperature- 
bin median was not spatially uniform and may have been 
influenced by position-dependent factors, including the 
local microstructural arrangement. However, the present 
analysis does not identify the physical origin of this 
spatial variation. Position along the crack path may be 
associated with multiple local factors, including the 
microstructural state, thermal and mechanical condi
tions, solid–liquid interface morphology, dendrite- 
bridging condition, and solute segregation. Because 
these factors were not measured independently, the 
observed spatial variation in the residual cannot be 
attributed to a particular grain combination or to any 
single microstructural factor.

Overall, the critical strain at solidification-crack 
initiation exhibited a temperature-dependent central 
tendency together with a broad distribution within 
each temperature range. The variation remaining 
after removal of this temperature dependence was 
spatially nonuniform along the crack path. Although 
local microstructural arrangements, including the 
combination of grains facing each other across the 
crack, may contribute to this variation, their effects 
could not be separated from those of other position- 
dependent factors. Thus, the critical strain should be 
regarded as a temperature-dependent distribution 
rather than a single-valued curve. Further work is 
required to identify the physical factors governing 
the distribution width and its spatial variation.

3.3.3. Comparison with the equivalent-strain 
distribution under the non-cracking condition
In the preceding section, the critical strain at solidifica
tion-crack initiation in Case 1 was shown to exhibit 
a temperature-dependent central tendency together 
with a broad distribution within the same temperature 
range. The residual variation after removal of this tem
perature dependence was also shown to be spatially 
nonuniform along the crack path. In this section, the 
equivalent-strain distribution in Case 2, in which no 
crack occurred, was compared with the critical-strain 
distribution obtained for Case 1 to examine their con
sistency at the distribution level. Because no crack initia
tion event occurred in Case 2, however, a critical value 
cannot be defined for this case, and the present compar
ison should not be regarded as an independent validation 
of the critical-strain distribution obtained from Case 1.

Figure 10 compares the distribution of critical 
equivalent strain at crack initiation in Case 1 with 

Figure 9. Temperature-dependent distribution and spatial 
variation of critical strain in Case 1. (a) Relationship between 
critical temperature and critical equivalent strain for the com
bined Main and Sub branches. The solid line indicates the 
median in each 30°C temperature bin, and the dark- and light- 
shaded regions indicate the 25th–75th and 10th–90th percen
tile ranges, respectively. (b) Spatial distribution of the critical- 
strain residual along the crack path overlaid on the X-ray 
transmission image. The residual was calculated by subtract
ing the median critical strain of the corresponding tempera
ture bin from the critical strain at each position. The yellow 
dashed lines indicate grain boundaries adjacent to the crack 
path.
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the equivalent-strain distribution under the non- 
cracking condition in Case 2. For Case 1, the median 
and 10th–90th percentile range of the critical strain 
obtained for each temperature bin in Figure 9(a) are 
shown. For Case 2, the equivalent-strain values 
obtained at all times and positions at temperatures of 
1000°C or higher were grouped into the same 30°C 
temperature bins used for Case 1, and the median, 
90th percentile, and 99th percentile were calculated 
for each bin. The 90th and 99th percentiles were used 
to characterize the upper part of the Case 2 distribu
tion and to determine how closely the locally high 
strain values approached the critical-strain distribu
tion observed in Case 1. Overall, the equivalent strain 
in Case 2 was lower than the critical strain in Case 1. In 
particular, the median and 90th percentile of Case 2 
remained below the 10th percentile of Case 1 over 
almost the entire temperature range. This result indi
cates that, at most locations in Case 2, the equivalent 
strain did not reach even the lower part of the critical- 
strain distribution observed at crack initiation in 
Case 1. This overall relationship is consistent with 
the absence of solidification cracking in Case 2. In 
contrast, the 99th percentile of Case 2 approached 
the 10th percentile of Case 1 in some temperature 
ranges and partially overlapped the 10th–90th percen
tile range of Case 1. Nevertheless, no solidification 
cracking was observed in Case 2. This result indicates 
that the 10th percentile of Case 1 cannot be treated as 
a deterministic crack-initiation limit governed by tem
perature alone. In other words, even when the equiva
lent strain at a certain location reaches the lower part 

of the critical-strain distribution observed in Case 1, 
crack initiation does not necessarily occur. The differ
ence between Cases 1 and 2 may have been influenced 
by differences in local thermal history, temperature 
gradient, cooling rate, mechanical constraint, strain 
rate, solid–liquid interface morphology, liquid-film 
connectivity, dendrite-bridging condition, solute seg
regation, and local microstructural arrangement. 
Variations in these local conditions may alter the 
amount of strain that can be accommodated before 
crack initiation at the same temperature. However, 
because these factors were not measured indepen
dently in the present study, the difference between 
the two cases cannot be attributed to any specific 
factor.

Overall, most of the Case 2 strain distribution lay 
below the critical-strain distribution in Case 1, which 
was broadly consistent with the non-cracking condi
tion. However, the upper part of the Case 2 distribu
tion partially overlapped the critical-strain 
distribution in Case 1. Therefore, the crack-initiation 
limit cannot be defined as either a single temperature- 
dependent curve or a particular percentile of the 
Case 1 distribution. Predicting solidification-crack 
initiation will require consideration not only of the 
temperature-dependent critical-strain distribution, 
but also of a position-dependent crack-initiation 
limit that varies with the local thermal, mechanical, 
and microstructural conditions.

3.4. Limitations

By combining synchrotron X-ray transmission imaging 
with analyses of the local strain and temperature fields, 
the present study showed that the critical strain at 
solidification-crack initiation exhibited a temperature- 
dependent central tendency together with a broad dis
tribution within the same temperature range. The cri
tical-strain residuals obtained after removal of the 
temperature-dependent tendency were also spatially 
nonuniform along the crack path. In addition, the 
upper part of the strain distribution under the non- 
cracking condition in Case 2 partially overlapped the 
critical-strain distribution obtained in Case 1. 
Nevertheless, the present study has several limitations.

Firstly, the physical factors governing the width and 
spatial variation of the critical-strain distribution 
could not be identified. Local thermal history, tem
perature gradient, cooling rate, mechanical constraint, 
strain rate, solid–liquid interface morphology, liquid- 
film connectivity, dendrite-bridging condition, solute 
segregation, and local microstructural arrangement 
were not measured independently. Therefore, the spa
tial variation in the critical-strain residuals observed in 
Figure 9(b) cannot be attributed to a particular grain 
combination or to any single microstructural factor. 
Future studies should evaluate these local factors 

Figure 10. Comparison of the equivalent-strain distributions in 
cases 1 and 2 as functions of temperature. For Case 1, the solid 
line and shaded region indicate the median and the 10th–90th 
percentile range, respectively, of the critical equivalent strain 
at crack initiation obtained from the combined Main- and Sub- 
branch data. For Case 2, the gray points represent all pixel- 
level equivalent-strain data under the non-cracking condition, 
while the solid, dashed, and dotted lines indicate the median, 
90th percentile, and 99th percentile, respectively. The same 
30°C temperature bins were used for both cases.
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independently or simultaneously and examine their 
relationships with the critical-strain distribution.

Secondly, the extracted critical temperatures and 
critical strains contain uncertainties associated with 
the image-processing conditions and the identification 
of crack-initiation timing. In the present study, sensi
tivity analyses were performed by varying the thresh
old used for the MAD difference and by shifting the 
crack-initiation time by ±1 frame relative to the base
line time. A shift of one frame resulted in changes of 
approximately ±16°C in critical temperature and 
±0.0043 in critical strain. These values indicate the 
representative variation associated with the temporal 
resolution of the extraction procedure. However, they 
do not provide a complete uncertainty budget that 
includes the temperature field, strain field, image 
registration, and crack-detection procedure. Future 
work should quantify these uncertainty sources indi
vidually and combine them into an integrated uncer
tainty assessment.

Thirdly, Cases 1 and 2 were each based on a single 
observation condition. Moreover, because no crack 
occurred in Case 2, the critical strain at crack initiation 
could not be directly defined for that case. Therefore, 
the comparison shown in Figure 10 does not consti
tute an independent validation of the critical-strain 
distribution obtained from Case 1, but rather 
a distribution-level consistency check against a non- 
cracking condition. It was also not confirmed that the 
local constraint and microstructural states were iden
tical between the two cases. Repeated experiments 
under multiple conditions are therefore required to 
evaluate the generality of the observed distributional 
relationship.

Fourthly, the critical-strain distribution obtained in 
this study may depend on the investigated Fe–Mn– 
Cr–Ni–Si alloy, specimen geometry, welding condi
tions, and observation conditions. Solidification- 
cracking susceptibility varies with alloy composition, 
segregation behavior, solidification microstructure, 
thermal history, and mechanical constraint. 
Consequently, the temperature-dependent distribu
tion obtained here cannot be directly transferred to 
other materials or processing conditions. Similar ana
lyses should therefore be conducted for different alloy 
compositions and welding conditions to distinguish 
common characteristics from material- and condi
tion-specific behavior.

Despite these limitations, the present study pro
vides experimental evidence that the critical strain at 
solidification-crack initiation is better represented as 
a temperature-dependent distribution than as a single- 
valued curve. The observed finite distribution width 
and spatially nonuniform residual variation provide 
a basis for considering local, position-dependent 
crack-initiation limits. Future work combining quan
titative measurements of local thermal, mechanical, 

and microstructural conditions with repeated in-situ 
observations will be required to identify the factors 
governing this distribution and to establish 
a predictive framework.

4. Conclusions

We have investigated the dendrite-scale distribution of 
critical strain associated with solidification-crack 
initiation in an Fe–Mn–Cr–Ni–Si alloy by combining 
synchrotron X-ray transmission imaging with local 
strain and temperature analyses. The principal find
ings are summarized as follows.

(1) In-situ X-ray imaging revealed the develop
ment of a major crack near the weld centerline, 
together with branched cracks and local solid 
bridges formed across the crack path. These 
observations demonstrated that crack propaga
tion was spatially heterogeneous at the dendrite 
scale.

(2) A local image-variability method based on the 
median absolute deviation was developed to 
identify the crack-initiation time at each posi
tion along the Main and Sub branches. The 
corresponding critical equivalent strain and cri
tical temperature were then extracted from the 
time-resolved strain and temperature fields. 
Sensitivity analyses showed that a shift of one 
frame in the detected crack-initiation time pro
duced typical variations of approximately 
±16°C in critical temperature and ±0.0043 in 
critical strain.

(3) Solidification-crack initiation occurred over 
approximately 1320–1000°C. The Scheil– 
Gulliver calculation indicated that this range 
corresponded to an increase in total solid frac
tion from approximately 0.5 to 0.97 and that 
residual liquid persisted below the equilibrium 
solidus temperature.

(4) The median critical strain was higher at lower 
temperatures and generally decreased toward 
higher temperatures. However, a broad critical- 
strain distribution remained within each 30°C 
temperature range, including a clear width in 
the central 25th–75th percentile range. Thus, 
temperature governed the central tendency of 
critical strain but did not uniquely determine 
the critical strain at an individual location.

(5) After subtraction of the temperature-bin med
ian, the remaining critical-strain variation was 
spatially nonuniform along the crack path. 
Although local microstructural arrangements 
may have contributed to this variation, their 
effects could not be separated from those of 
other local thermal, mechanical, and solidifica
tion-related factors.

Sci. Technol. Adv. Mater. 27 (2026) 16                                                                                                                                                    H. Kitano et al.



(6) Under the non-cracking condition of Case 2, 
most of the equivalent-strain distribution 
remained below the critical-strain distribution 
obtained in Case 1. However, the upper tail of 
the Case 2 distribution partially overlapped the 
lower part of the Case 1 distribution. Therefore, 
neither a single temperature-dependent curve nor 
a particular percentile of the Case 1 distribution 
can be regarded as a deterministic crack-initiation 
limit.

These results provide experimental evidence that the 
critical strain at solidification-crack initiation is better 
represented as a temperature-dependent distribution 
than as a single-valued curve. Further measurements 
of local thermal, mechanical, and microstructural con
ditions, together with repeated in-situ observations, 
will be required to identify the physical factors govern
ing the distribution width and its spatial variation and 
to establish a predictive framework for position- 
dependent crack-initiation limits.
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