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Superalloy materials exhibit susceptibility to fracture failures stemming from the influence of
thermomechanical factors. To comprehensively understand the fracture mechanisms, material
properties, root causes of failure, and the subsequent optimization of alloys, a detailed analysis of the
internal fracture process and the morphological traits of the fracture surface is imperative. Traditional
analysis of fracture surfaces solely relies on 2D images, thus lacking crucial 3D information. Although
in situ experiments can capture the fracture process, their effectiveness is confined to the specimen’s
surface, precluding insight into internal changes. Here we introduce an integrated framework
encompassing the process of 3D reconstruction of fracture surfaces, aiming to enhance the visual
information obtained with micron-level accuracy, visual intuitiveness and sense of depth. Additionally,
this framework also facilitates the scrutiny and inference of internal fracture processes. These results
demonstrate that under specific service conditions, material deformation fracture probably stems
from a combination of surface cracking and internal cracking rather than exclusively one or the other.
Overall, our description and analysis of internally initiated cracking due to defects within the specimens

can be beneficial in guiding future alloy design and optimization efforts.

Superalloys have gained notable prominence in the aerospace and energy
fields"* due to their advantageous properties such as high-temperature
strength, oxidation and corrosion resistance, fatigue properties, and notable
fracture toughness™". Analysis of fracture processes in superalloy specimens
is of critical importance®” in the field of superalloy research. When an alloy
specimen fractures, it results in two matching fracture surfaces, and the
study of their appearance’ and location holds great value. The fracture
phenomenon typically occurs in regions of the metal with the least strength,
and the analysis of the fracture process is useful*"” for gaining insights into
mechanical and thermal properties and corrosion resistance of superalloys
in extreme environments'""?, such as high temperature and high pressure’.
Deep insights can be obtained through detailed analysis of the fracture
morphology, structure, and composition of superalloys. Researchers use this
as a basis to guide the design of superalloy materials to enhance their
strength and plasticity, further applying them to manufacturing and
applications"’.

Typical fracture analysis methods for superalloys include optical
microscopy (OM)"“", scanning electron microscopy (SEM)'*", x-ray dif-
fraction (XRD)"™", energy dispersive spectroscopy (EDS)**”, et al.

Appropriate methods and equipment selection depend on the actual needs
and research objectives. Among all these methods, SEM has become an
essential instrument for analyzing fracture surface morphology and
microstructure due to its high resolution, considerable depth of field, and
good stereoscopic effect”. SEM can directly observe the very rough surface
of the specimen as well as the raw fracture of the material. The imaging
principle of SEM is that the electron beam excites various physical signals on
the specimen surface, such as secondary electrons(SE) and backscattered
electrons(BSE), and these signals are acquired through the corresponding
detectors to form an image”. SEM images are, however, only two-
dimensional (2D) intensity maps of the scattered electrons, and lack
inherent three-dimensional (3D) information*’. This may lead to mis-
interpretations about the surface morphology of the specimen, as the 2D
images do not accurately represent the true 3D nature of the specimen®. For
instance, in metallic materials, 2D images of grain and grain boundary
morphologies are commonly depicted as polygons, while their 3D repre-
sentations exhibit complex and irregular polyhedral geometries. To address
this limitation, a suitable method for supplementing the 3D information of

the specimen fracture surface is required"**.
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Reconstructing 3D models from 2D SEM images has emerged as a
prominent research area in microscopy. This approach improves the visual
representation of the analyzed micro-objects and increases the accessibility
of measurable data. The acquisition of a 3D model can be broadly cate-
gorized into two types, namely, destructive, and non-destructive, depending
on the extent of potential damage caused to the specimen.

Destructive techniques such as serial block-face imaging (SBF)”,
metallographic serial polishing (MSP)* and focused ion beam (FIB)* capture
layer-by-layer images of the specimen and thus such a process is irreversible.
These techniques share the standard approach of capturing layer-by-layer
images of the specimens, yet the process is irreversible. Careful selection of
appropriate slicing methods based on the specimen and the research criteria is
crucial, ensuring minimal damage while managing cost, time, reconstruction
scope, and accuracy considerations. Furthermore, these techniques are better
suited for reconstructing within cuboid regions, but they are not ideal for
objects such as fractures with substantial surface profiles.

Standard non-destructive testing techniques in structural analysis
encompass X-ray computed tomography (CT) and the utilization of 3D
computer vision algorithms to analyze and process 2D images. CT tech-
nology allows for acquiring a sequence of cross-sectional images of the
specimen through non-invasive tomographic scans, which are then amal-
gamated to form a 3D structural model for internal assessment™. Never-
theless, CT technology is constricted by radiation exposure, high expenses,
and limited resolution. In contrast to in situ SEM observations, CT out-
comes lack morphological details, rendering them more applicable for
quantitative evaluations of structural volume but less convenient for multi-
scale observations. Techniques utilizing 3D computer vision algorithms to
analyze and process 2D images”' offer the notable advantage of preserving
the integrity of the specimens and facilitating subsequent analysis. Fur-
thermore, it enables a broader reconstruction scope and faster speed'”***,

Among these methods, 3DSEM, based on the photogrammetric
reconstruction of SEM images, is widely adopted due to its low cost and ease
of use®. The technique involves capturing images from multiple perspec-
tives by moving the detector around the specimen or rotating and tilting the
specimen within the field of view’*”. This capability is particularly suitable
for reconstructing the surfaces of specimens with marked variations, such as
fractured specimens. Identifying and matching features in these images
enables the calculation of a point cloud, which is further used to generate a
surface model. Post-processing techniques, including noise reduction,
smoothing, and repair, are applied to the surface model to improve the
accuracy of the 3D model™”’. However, this method has certain limitations.
For instance, the model’s completeness directly relies on the availability of
comprehensive feature information on the fracture surface and the speci-
men surface in the original images. Therefore, enhancing the data acquisi-
tion method is necessary to obtain additional height feature data for
complex features. In addition, unlike traditional photogrammetric techni-
ques, the electronic microscope images on which this method is based lack
information about the camera’s internal and external parameters during the
imaging process. Consequently, the overall dimensions of the resulting 3D
model may need to be more accurately scaled up or down in proportion.

In this work, we introduce an innovative framework to infer the
superalloy fracture process, utilizing 3D model overlap analysis to examine
the deformation failure progression in alloy specimens. Notably, our 3D
fracture morphology models are reconstructed exclusively from SEM images,
thus effectively controlling expenses, and simplifying the operational proce-
dure. These 3D fracture morphology models provide a comprehensive
representation of the morphology and intricate details of the specimens in 3D
space, overcome difficulties related to cross-section matching and boundary
information observation, and include precise dimensional information.
Different fracture regions exhibit variational extension during tensile defor-
mation due to differing stress durations. Overlap analysis of the individual 3D
fracture morphology models is carried out to elucidate the comprehensive
internal fracture mechanism of the specimens. Our results reveal a char-
acteristic material deformation pattern, highlighting the interplay between
surface cracking and internal fissures, challenging the notion of these

phenomena as isolated occurrences. These conclusions have been subse-
quently verified and detailed through in situ experiments, showcasing prac-
tical and innovative advantages in real-world applications.

Results

Framework of SFPI

We develop a superalloys fracture process inference (SFPI) framework
consisting of multiple steps (Fig. 1). The framework aims to reconstruct 3D
models of the fracture surface of experimental specimens after tensile testing
and provide a comprehensive observation and inference of the fracture
process. We conducted in situ tensile experiments on two IN718 specimens at
room temperature (RT) and 650 "C high temperature (HT). After conducting
the in situ experiments, we proceeded with the 3D reconstruction and scale
calibration of the fracture surfaces, which yielded 3D models named Fracture
A and Fracture B after the HT in situ tensile testing, as well as 3D models
named Fracture C and Fracture D after the RT in situ tensile testing.

After obtaining 3D models featuring precise dimensional dis-
continuities, the next step involves aligning these models to achieve a multi-
surface stereoscopic observation, enriching the visual data and ensuring
accurate scale information. To address the challenges posed by varying
extension rates in different regions during the stretching deformation
process, a periodic overlap and separation strategy is employed for the
corresponding 3D models. The periodic overlapping and separation of these
models reveal internal regions of the specimen, offering insights into the
chronological sequence of events during the fracture process. In Table 1, we
provide a comparative analysis of our proposed method with current
standard materials characterization and analysis techniques. As a result, our
innovative research involves previously inaccessible details about the spe-
cimen, including temporal evolution scales, a feat unattainable through
other existing methodologies.

Multi-surface stereoscopic observation

For traditional material fracture analysis, matching and seamlessly inte-
grating fracture surface and edge morphology is often necessary to com-
prehensively examine fracture processes and mechanisms. However, this
practice gives rise to two distinct challenges. The first challenge is that the
researcher manually matches the SEM images of the fracture surface and the
specimen surface to accurately compare and integrate the morphological
information. This task is laborious and subjective, leading to biased eva-
luation results. The second challenge is that analyzing the microstructure at
the interface between the specimen and fracture surfaces requires the
researcher to rely on their experience and knowledge. Furthermore, the
microstructure information, vital for the fracture analysis, must be recon-
structed from 2D images, leading to inherently subjective judgments and
prone to substantial errors, ultimately lacking in objective credibility. These
challenges primarily stem from the inherent limitations of 2D images, which
represent planar projections of 3D materials, thereby necessitating a richer
spatial dataset for a more comprehensive analysis.

The fracture models offer a more intuitive depiction of the specimen’s
overall morphology and specific details in 3D space (Fig. 2). Each fracture
model comprises a cross-section and four side surfaces. We can observe the
information from ten surfaces by aligning the corresponding fracture models.
This integration of multidimensional material features provides a more
comprehensive and precise visual depiction, particularly emphasizing the
morphological attributes at the interface and the elevation within the plane.
Fracture A and Fracture C in Fig. 2 demonstrate that our model, as it incor-
porates both surface and fracture morphology, enables researchers to analyze
these characteristics without tedious comparisons efficiently, ultimately
enhancing the accuracy of the analysis process. The model exhibits distinct
microscopic organizational structures at the interface junction, as denoted by
the white arrows, which are not observable in conventional 2D SEM images.

By leveraging these inherent characteristics, it is possible to provide a
more comprehensive and accurate description of the typical positions of
deformation and the mechanisms of fracture that occur during the process
of material fracture. For instance, in the case of the IN718 HT tensile test
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Fig. 1 | Overview of the proposed superalloys fracture process inference frame-
work. a Improved image acquisition process. Images of the fracture specimens from
different viewpoints were obtained by tilting the sample stage, and 3D reconstruc-
tion was performed to obtain the original 3D models. b Calculate the scaling factor to
complete the 3D model scale calibration through image sharpness evaluation.

¢ Calibrated 3D fracture morphology model in 3D coordinate system. d Multi-

visual and scale information

surface stereoscopic observation. Simultaneous observation of multiple surfaces
through a pair of 3D fracture morphology models to solve problems such as difficulty
in matching boundary features. e The internal fracture process of the sample was
obtained by inferring from the 3D model overlap analysis. The figure shows the area
where the internal cracking starts and the area where the fracture ends.

Table 1 | Proposed method compared with other methods of material characterization and analysis

Method Proposed In situ SEM observation***° In situ X-ray diffraction'®* Layer-by-layer slice’*°
Non-destructive v 4 v

3D feature 4 v v

Scale information v v v 4

Time dimension information v v v

Internal observation v v v

Morphology information v v v

Multi-scale observation 4 4

specimens, the surface patterns of Fracture A and Fracture B consist of
interlocking zig-zag shapes. The cross-section analysis reveals a higher
presence of intact grains, indicating that the primary fracture mechanism is
intergranular fracture (Fig. 2e). Conversely, the surfaces of Fracture C and
Fracture D of the IN718 RT tensile test specimens exhibit a smoother
appearance, suggesting that the dominant fracture mechanism in
these cases is transgranular fracture (Fig. 2f). The proposed method
offers an improved spatial representation of material properties by
providing 3D information. This renders it a valuable research tool for
the analysis of material fractures.

Reconstruction performance analysis of 3D models

The 3D fracture morphology models allow for precise visual observation of
the cross-sectional profiles of fractures and the morphology and roughness
of the four side surfaces. Furthermore, it facilitates the precise measurement
of grain size, ligamentous fossa depth, and other critical parameters. In order
to validate the accuracy of the 3D fracture reconstruction model, we

employed a hardness tester to create two indentations spaced 500 pm
apart along the horizontal direction on one side surface of Fracture A
prior to reconstruction. After reconstruction, we measured the dis-
tance between the centers of the two indentations using the mea-
surement tool in Meshlab software in the reconstructed 3D model
and compared it with the standard value, obtaining an error of less
than 1% (Fig. 2a).

The above method can verify the model’s accuracy. In addition, two
specific cases have been highlighted to better demonstrate the effectiveness
of the three-dimensional cross-sectional model in achieving precise mea-
surement and comprehensive observation. The first figure in Fig. 2g shows
the distance between two diagonals of grain in the original SEM image of
Fracture A, measured using the distance measurement function in Tescan
Essence $9200X Demo software, which is 29.16 pm. In the second figure in
Fig. 2g, the distance between two diagonals of the exact grain in the 3D
model within the same perspective was measured using the measurement
tool in the Meshlab software(v2022.02), which is 30.1396 pm, slightly larger
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Fig. 2 | Comparison of 2D images and 3D stereoscopic observation and ver-
ification of scale calibration results. a, b 3D fracture surface models of IN718 after
650 °C high temperature (HT) and room temperature (RT) tensile experiments with
an indentation spacing in the model. ¢, d Corresponding 2D Scanning Electron
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“ oy

Reconstructed 3D models

Fracture C

2D SEM image

3D model
(side perspective)

Microscope (SEM) images of the fracture surface. e Intergranular fracture at 650 "C.
f Transgranular fracture at RT g The distance between two diagonals of grain in an
SEM image and a 3D fracture morphology model. h The distance between two void
defects in an SEM image and a 3D fracture morphology model.

than the value in measured in SEM image. The difference in the number of
decimal places in the two sets of measurement results is due to the use of
different measurement software. By changing the viewing angle of the 3D
model, it can be determined that the reason for this phenomenon is the
surface of the grain is not horizontal but has a certain inclination angle. The
distance measured in the 2D SEM image is the projection of the actual
distance in the horizontal direction. The actual distance between the two
characteristic points should be calculated by dividing the distance measured
in the 2D SEM image by the cosine of the angle 6 formed by the line
connecting the two points and the horizontal plane. For the selected grain,
the angle 0 between the two diagonal lines and the horizontal direction is
approximately 15°. The measurement error induced by this angle is not
apparent in SEM images but is relatively more precise in the 3D model.

Figure 2h provides a more definitive example employing the same metho-
dology. In the SEM image of Fracture C, the measured distance between the
two void defects is significantly less than the distance measured from the 3D
model. This discrepancy is attributed to the substantial angle between the
fracture surface of the sample and the viewing perspective, further
demonstrating the superiority of 3D stereoscopic observation.

The model effectively reconstructs the microstructure, reflecting the
actual physical information of the material on the fracture surface. The
currently obtained 3D model accurately represents the spatial and physical
scales, offering precise references for further research. In order to obtain
more detailed information, the resolution and clarity of the original SEM
images can be enhanced, although it will also lead to increased computa-
tion time.
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Inference of the fracture process

Many experimental studies on IN718 tensile properties have revealed that
the fracture process is usually in transgranular mode at RT due to the stable
crystal structure and uniform strain distribution'. At HT, a more sig-
nificant number of grain boundary cracks appear as a result of reduced
interfacial strength. In addition, as the experimental temperature rises, more
slip and other localized deformations will occur within the specimens,
leading to uneven deformation in the local regions of polycrystalline
materials. However, this analysis is based solely on inferred material fracture
morphology analysis, lacking direct visualization and objectivity.

In this work, we have reconstructed and calibrated fracture models for
IN718 at both RT and 650 °C. It is important to note that the two fracture
surfaces were obtained from in situ tensile experiments, which allows for
observing surface morphology evolution during the tensile process. During
the tensile deformation process, local stress concentrations arise in the
material due to the incomplete uniformity of grain orientation and size and
the presence of second-phase particles'>*. This results in the preferential

== 160pm

Fig. 3 | Inferred results of specimens fracture processes in IN718 650 °C high
temperature (HT) and room temperature (RT) tensile experiments. a Results of
HT fracture process inference. b Results of RT fracture process inference. ¢ Statistical

cracking of certain grains characterized by reduced elongation. The non-
cracked regions experience axial load and further elongate during sub-
sequent stretching. As a result, the fracture surface exhibits varying elon-
gation rates across its local features, rendering complete macroscopic
alignment unachievable. Ultimately, the portion that fractures finally
exhibits the highest elongation rate, resulting in its initial contact during the
alignment process, while the initially cracked parts remain the farthest apart.
We inferred the tensile deformation process of the specimens by con-
structing 3D fracture morphology models and considering the perspective
of material fracture.

Our inference method, combined with the model morphology from a
fractured perspective, allows for a detailed analysis of the dynamic process of
IN718 tensile deformation at both RT and HT. Figure 3 illustrates the
inference results of the two sets of experiments, with each image showing a
projection of the overlapping portion of the fracture models at different
tensile displacements. This overcomes the limitations of traditional fracture
analysis and facilitates a transition from traditional inferential analysis to a
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analysis of the ratio of crack area between the results of HT and RT fracture process
inference under different stretching displacements.
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more intuitive visual observation. By comparing Fig. 3a and b, it becomes
evident that there are substantial differences in material cracking between
RT and HT tensile deformation. There are more localized plastic cracking
regions with smaller areas in HT conditions, indicating that the local non-
uniform deformation phenomenon is more evident. This observation is also
consistent with traditional theory.

In RT fracture process inference results, the transition from localized
cracking to final fracture occurs at a tensile displacement of 100 pm. Con-
versely, in the HT fracture process inference results, this transition occurs at
a more extended tensile displacement of 160 um. Furthermore, Fig. 3¢
comparison reveals that RT tensile deformation results in a larger cracking
area (overall statistical area) under the same strain, indicating poorer plas-
ticity. This phenomenon cannot be directly observed through traditional
fracture analysis techniques. Through the overlap analysis method of the 3D
model, the observation and analysis of the fracture process become more
intuitive and accurate, effectively solving the limitations of the traditional
theory. With further improvements in spatial resolution, it can also be
widely used for more microscopic observations and analysis.

Description of the internal fracture process and comparison with
in situ experiments

When grain deformation occurs in polycrystalline materials, it will coor-
dinate deformation with surrounding grains. Researchers categorize grains
into internal and external grains based on their positions as they experience

distinct mechanical constraints*. Surface grains possess certain free sur-
faces. Comparatively, fewer grains deform in coordination. Thus, the con-
tributions of these two-grain types to mechanical deformation are different.

Based on the discussion in the previous section, it has been identified
that the tensile fracture of the material is not limited to simple surface or
internal cracking but rather involves a comprehensive combination of both.
Traditional fracture offset analysis fails to provide a direct understanding of
the deformation process, while in situ SEM characterization solely captures
the evolution of surface morphology. The method proposed in this paper
not only focuses on surface evolution but also simulates the occurrence of
internal cracking. This allows for precise determination of the fracture
location, whether it emerges internally or on the surface. Notably, previous
methodologies have been unable to accomplish this.

According to the results of the HT fracture process inference, we have
selected four regions within the specimen that experienced cracking first to
describe further. Figure 4 displays a scanning image of Fracture A, high-
lighting the four selected regions using different colored circles. It can be
observed that Region 1 does not show any typical defects. However, a crack
is visible at the corresponding position on the opposite side of the fracture
surface, potentially leading to cracking within the specimen. Similarly,
Region 4 exhibits a comparable scenario, wherein multiple void defects can
be observed at the corresponding position on the opposite side of the
fracture surface. An inclusion is detected within Region 2. Further analysis
using EDS reveals it is a titanium compound. Furthermore, Region 3 directly

Fig. 4 | Description of internal cracks. a Based on the results of 650 "C high tem-
perature (HT) fracture process inference, four regions were randomly selected for
further analysis. The four regions are distinguished by different colors. b Scanning
electron microscope (SEM) images of fracture A and four regions are shown along

with additional images to illustrate internal defects. The opposite side in the addi-
tional images of Region 1 and Region 4 indicates the corresponding position of the
images acquired in Fracture B. The additional images of Region 2 indicate the results
of the energy dispersive spectrometer (EDS) analysis.
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Fig. 5 | The morphology of surface cracks occurring during the in situ experiment under 650 °C high temperature (HT) tensile conditions. a 200x. b 500x. ¢ 2kx.

displays two void defects. The dimples in the fracture surface images indi-
cate significant plastic deformation within these regions, which is mani-
fested macroscopically as excellent ductility. These defects may precipitate
the initiation of cracks in these regions during tensile testing. Notably, the
observed defects correspond to the regions where initial cracking was
identified during the fracture process analysis, thereby enhancing the
credibility of the overall inferential process. These findings, which rely on
this study’s fracture model and analysis method, offer compelling evidence
of their distinct advantages and crucial significance in material fracture
research.

In addition, we provide a detailed analysis of the distinct deformation
processes of surface grains and internal during the tensile deformation of
IN718 by comparing the results with the in situ experiments, with the results
of HT fracture process inference serving as an illustrative example. The
fracture process inference results depicted in Fig. 3 demonstrate that cracks
occur at a strain of 140-160 um before the specimen’s final fracture strain.
During the in situ experiment, images were captured to document the
deformation length of the specimen. Figure 5a—c depicts the morphology of
surface cracks occurring during the in situ experiment under HT tensile
conditions. Notably, surface cracks (precisely grain boundary cracks) were
observed to occur at 110 um of strain before the strain reached the final
fracture strain of the specimen under HT conditions. This suggests that
internal cracking occurs before the manifestation of surface cracks, a phe-
nomenon not previously observed in direct material observations. These
empirical findings demonstrate the substantial distinction between surface
and internal grains. Additionally, it implies that the surface phenomena
observed through in situ SEM exhibit a delay compared to the actual
material deformation.

Discussion

This study delves into advanced methodologies dedicated to unraveling the
intricate superalloy fracture processes through the comprehensive analysis
of overlapping 3D models. We introduce and implement an optimized
image acquisition scheme tailored for the three-dimensional reconstruction
of SEM images. The resulting calibrated 3D models not only endow our
alloy fracture analysis with a wealth of visual details but also ensure a high
degree of precision in scale information. By meticulously analyzing these
overlapping 3D models, we can infer the initial position of specimen
cracking and the evolution of crack paths during the tensile process. Our
findings reveal a notable insight: under HT tensile experimental conditions,
it is probable that internal defects within the specimens lead to internal
cracking before surface cracking. This discovery aligns seamlessly with the
outcomes of our in situ experiments, corroborating its validity. Looking
ahead, this speculative methodology holds great promise for enriching our
understanding of alloy fracture mechanisms, consequently facilitating the
design and optimization of alloy performance. Furthermore, we acknowl-
edge the challenges and opportunities ahead, particularly in the realms of
enhancing the clarity of 3D fracture morphology models and advancing
in situ 3D reconstruction techniques, both of which will considerably shape
the trajectory of our future research efforts.

Methods

In situ tensile testing and reconstruction of 3D fracture
morphology models

Two sets of in situ tensile experiments on IN718 were conducted to address
specific issues. The in situ tensile specimens were designed in a dog-bone
shape with a unique structure to enable easy observation during the
experiments. Comprehensive information about the composition of the
materials (Supplementary Tables 1-2), processing techniques, dimensions
and structure of the specimens (Supplementary Fig. 1), and corrosion
treatment can be found in the Supplementary Information.

The equipment used for conducting in situ tensile testing was devel-
oped by our research group and has been extensively described in previous
work™*. The concrete figure and the schematic cross-section of the working
parts of the experimental equipment are shown in Supplementary Fig. 3-4.
The testing equipment facilitates in situ tensile testing ranging from RT to
1200 °C, meeting high-resolution SEM image acquisition requirements. The
experimental conditions and data results strongly support the findings of
this research. Two specific sets of in situ tensile experiments were conducted:
RT testing and on 650 *C IN718. Each set of in situ uniaxial tensile experi-
ments was conducted at a constant tensile rate of 1 um/s until fracture was
evident. Real-time changes in the morphology of the SEM images are
continuously monitored during the tensile process. Photographs are cap-
tured at distinctive intervals to record the corresponding displacement in the
tensile curve. HT tensile testing at 650 °C necessitates a gradual temperature
increase to a specific level, followed by a 30-minute dwell time to minimize
temperature fluctuations and non-uniformity in the pre-marked section
before the actual tensile testing. These details have been thoroughly elabo-
rated on in previous studies and have reached a high level of applicability™*’.

In the 3DSEM™, images are obtained by tilting the sample stage to a
fixed angle and capturing images at different angles by rotating the stage.
However, this approach results in information loss due to surface features on
the fractured surface, which resemble peaks and valleys and are more sen-
sitive to gradient information. To address this concern, we propose an
optimized method for image acquisition (Supplementary Fig. 5a), where
tilting is employed instead of rotating the sample stage. In this method, the
specimen is fixed on the stage inside the SEM chamber, and the tilt angle and
field of view are adjusted to achieve optimal focus and ensure a clear and
centered view of the specimen cross-section.

Image acquisition was realized with a Tescan Mira4 SEM. Considering
the reconstruction effectiveness and data collection efficiency, the image
acquisition scheme applied in this article is as follows: the sample stage is
tilted along the X-axis and the Y-axis, capturing images at 5’ intervals within
the —30° to 30° range. The relative positions of the detector and the spe-
cimen throughout the image acquisition process are shown in Supple-
mentary Fig. 5b. We used an SE detector to obtain 25 sets of raw image data
at different angles, with each image being 2048 x 1024 pixels, and was saved
in the TIF format. Throughout the entire image collection and recon-
struction process, we only used Photoshop 2020 software to crop out the
SEM information from the raw images and saved them in JPG format. The
acquisition of the 3D model was achieved by processing the image sequence
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using Agisoft Metashape software(v1.8.4) to complete the reconstruction
process.

Since accurate camera parameters are not available in advance, the
reconstructed 3D models are usually scaled up or down proportionally and
thus require scale calibration. In order to obtain the scaling factor, standard
measurement methods involve the use of other equipment, such as white
light interferometers'®"’, white light chromatic sensors*, and atomic force
microscopes®’. However, cost and time control are difficult for objects with
large volumes and characteristic features like alloy fractures. We propose a
scale calibration method for accurate scale calibration and adjustment of 3D
models using only SEM images.

We aim to identify two marked points in the cross-section on the
fracture surface, dotl and dot2 (Supplementary Fig. 6a), each exhibiting
distinctive features. By utilizing a 10 kx magnification, we meticulously
observe and optimize the focus of dotl to ensure image clarity. While
maintaining a fixed focus, we incrementally adjust the height Z of the sample
stage in 10 um steps. This procedure allows us to capture a sequence of
images that exhibit an increasing and subsequently decreasing level of
sharpness (Supplementary Fig. 6b). We employ an identical method to
obtain a sequential set of images for the position of dot2. Efficaciously, the
entire process is completed in approximately 30 min.

Marturi’®* et al. evaluated the efficacy of standard sharpness functions
in accurately determining the clarity of SEM images. They identified that the
normalized variance equation effectively balances speed and accuracy trade-
offs. The formula employed for calculating the normalized variance,
denoted as s(I), is presented below:

M N
ZZ i(u,v) — 1)

u=1 v=1

s(h) = LIS
MN u
where M and N are the length and width of the input image, respectively,
i(u, v) is the pixel intensity at coordinate (1, v), and y is the average intensity
of all pixels in the input image.

The sharpness score curve for the two markers in Fracture A can be
found in Supplementary Fig. 6¢. It is important to note that the displacement
of the specimen is equivalent to the displacement of the sample stage under a
constant focal length, as they are fixed relative to each other. The 3D
coordinates of the sample stage were determined at the point of highest
clarity. Image sharpness assessment curves for four fracture models are
shown in Supplementary Fig. 7. The distance d between dot1 and dot2 is:

dg = \/(xl -5+ 0, =)+ (@ —2) @

where x1, y1, 21, and x,, ¥,, 2, represent the XYZ axis coordinates of the
sample stage when observing dot1 and dof2, respectively.

8 =dy/dy (3)

Locate dotl and dot2 in the reconstructed 3D model, and measure and
calculate the distance d). Calculate the scaling factor § using equation (3),
and use the scaling factor to scale the final calibrated 3D model.

Superalloys fracture process inference method and validation

Using the overlap analysis of 3D fracture morphology models to infer the
fracture process of specimens, the specific method proceeds: firstly, the
corresponding fracture models are gradually brought together until they
overlap entirely (Supplementary Fig. 8a). To observe the projection of the
target fracture surface coinciding with the opposite fracture surface, it can be
observed from inside the opposite fracture. The complete morphology of the
target fracture surface can be seen when two fracture models are fully
overlapped (Supplementary Fig. 8d). This stage signifies the connected state
of the specimen during the actual tensile process prior to fracture initiation.
Subsequently, a gradual distancing from the associated model occurs with a
step size of 20 um (Supplementary Fig. 8b). During the tensile process, the

region where cracking initiates displays a notch in the projection figure due
to its reduced elongation rate (Supplementary Fig. 8e). With the increasing
separation of the corresponding model, the cracking process, encompassing
crack initiation, propagation, and ultimate fracture, become evident. After a
separation distance of 160 um, only the region within the black circle
exhibits overlapping between the corresponding models (Supplementary
Fig. 8¢), indicating the location of the fracture termination (Supplementary
Fig. 8f). The labeled distances in Fig. 3 represent the displacement at which
the corresponding model gradually moves away, equivalent to the tensile
displacement observed in actual tensile experiments. It should be noted that
our analysis method assumes that all local material points follow a uniaxial
tensile state.

To further validate the accuracy and effectiveness of the tensile fracture
process inference, we conducted an additional analysis using in situ tensile
experiments conducted on a new Ni-based wrought superalloy (NWS)*
specimen at RT. The material’s fracture process becomes increasingly
apparent as the deformation progresses. The position of the initial surface
cracking coincides with the fracture process inference results, thereby
providing robust evidence for the highly accurate fracture process inferred
by our framework (Supplementary Fig. 9).

Furthermore, we employed our proposed methodology to reconstruct
and analyze the ex-situ tensile fractures of circular cross-section specimens
made of IN718 to validate the method’s universality. Six typical stages of the
fracture process inference are shown (Supplementary Fig. 10a). The original
SEM images of the fractures are depicted, revealing the fundamental
characteristics of the morphology (Supplementary Fig. 10b). However, they
lack precise 3D perspective and quantitative analysis. Subsequently, the
results of the 3D reconstruction and registration of the fractures are
showcased (Supplementary Fig. 10c). The comparative study demonstrates
the practical application of our methodology to circular section specimens’
fractures, thereby affirming the universality of our framework.

Data availability

The source data and data folds in the four fractures of two specimens used in
this study are provided on the Zenodo at https://zenodo.org/records/
10430093.

Code availability
The source code for calculating image sharpness in SFPI is available on the
Zenodo at https://zenodo.org/records/10430093.
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