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Abstract

An interpenetrating metal-ceramic composite of AlSilOMg and an open porous alumina
foam, with residual porosity is investigated for the material damage under compressive
load within an X-ray CT in-situ load stage. The focus of the research is on damage detec-
tion and evaluation with the commercial Avizo® software by ThermoFisher Scientific.
Four different approaches are used to detect the material damage and compared afterward
on their efficiency in detecting the material damage volume but not the porosity within the
material. Image Stack Processing combined with different filtering techniques, as well as
Digital Volume Correlation is used in this work to separate the material porosity and the
material damage. For the here investigated material system with mainly spherical pores, a
geometrical filter was very successful to separate porosity and damage. Nevertheless, the
Digital Volume Correlation based approach showed many advantages in damage detection
and turned out to be the approach of choice regarding damage onset.

Keywords X-ray computed tomography (CT) - 3D visualization - Analysis of damage
evolution - Digital Volume Correlation (DVC) - Interpenetrating phase composite (IPC)

1 Introduction

For composite materials, constantly increasing requirements in performance are demanded
to meet the current challenges with new approaches to solutions and for progress with an
economic and environmental benefit. Therefore, a better understanding of the mechanisms
in the material and the damage behavior for precise engineering and (structural) compo-
nent design is necessary [1]. To investigate the damage evolution in composites, different
methods are in use. X-ray computed tomography (CT) based in-situ experiments became a
much-chosen method in the last decade, for material investigation, as the Review of Maire
and Withers [2] and the paper of Salvo et al. [3] show. Advantages of the method are the
3-dimensional visualization of cracks and the inner of the material [4]. Landis and Keane

P< Joél Schukraft
joel.schukraft@mrm.uni-augsburg.de

' Institute of Materials Resource Management, Augsburg University, Am Technologiezentrum 8,

86159 Augsburg, Germany

@ Springer


http://orcid.org/0000-0002-4955-152X
http://crossmark.crossref.org/dialog/?doi=10.1007/s10443-023-10115-x&domain=pdf

816 Applied Composite Materials (2023) 30:815-831

[5] give an insight to the background and the possibilities of high flux monochromatic
X-ray microtomography. Different studies on 2D and 3D crack detection have been made,
and a variety of approaches arose.

Metal associated materials for crack detection, were investigated by Kastner et al. [6]
who investigated the 3D microstructure of cast Al-alloys. For processing the data, they
used local and global grey value thresholds, provided by VGStudio MAX 2.0. For a certain
alloy (Al1Zn8Mg2Cu2) they used a growing algorithm for segmenting the pores. Kastner
et al. [7] investigated a thermo-mechanically treated Mg-alloy with high resolution X-ray
computed tomography. Phase transition, increase of porosity and crack-growth is detected
under compression at temperatures between 250 and 350 °C. Data processing was carried
out with VGStudio MAX 2.2.

For composites, especially fiber reinforced composites, various progresses have been
made. An overview is given by the review of Garcea et al. [8]. Yu et al. [9] investigated
different approaches of crack detection in a glass-fiber reinforced composite material, exam-
ined via X-ray CT. In their approaches they focus on spatial resolution, contrast, signal-to-
noise ratio, full width at half maximum, user friendliness and measurement time. Scott et al.
[1] investigated an carbon fiber epoxy composite and the influence of void on the damage
mechanism in a multi-scale CT and the correlation to fiber break probability. For segmen-
tation of the voids, they used a trainable segmentation tool, implemented in Fiji™. A fur-
ther development of the software can be found in Arganda-Carreras et al. [10]. Gigliotti
et al. [11] investigated a 3D woven carbon fiber epoxy composite with residual porosity.
The damage occurring in their studies has lighter gray values than the porosity. Therefore,
segmentation of the pores from the rest of the material could be carried out with the Avizo®
segmentation editor. A region growing algorithm could be applied to detect the cracks semi-
manual in the same software.

A ceramic-matrix-composite, investigated in literature is a SiC/SiC composite, investi-
gated by Saucedo-Mora et al. [12]. They used an intensity threshold to segment the poros-
ity from the material within the Avizo® software, as the contrast between the material and
the pores is sufficient high. During tensile testing it was not possible to resolve damage
in the microstructure with a resolution of 17,5 nether 1,75 pm. The crack detection is not
described in detail. Crack location was determined by evaluating the strain field in the sam-
ple during mechanical testing via digital volume correlation (DVC). The LaVision DaVis
software was used for DVC evaluation with anisotropic interrogation subsets, due to the
thin wall thickness. The subset size was 128 X 128 x 256 voxels. As reference, the initial
unloaded specimen scan was taken. The error in displacement magnitude is stated to 8,5
um (also compare Vertyagina et al. [13]. Polygranular graphite was investigated by Marrow
et al. [14] via in-situ X-ray as well as neutron diffraction and DVC evaluation to determine
the strains within the mechanically loaded sample. A phase retrieval algorithm was not
used in their study to separate the porosity. The LaVision DaVis software was used for
DVC evaluation with a subset size of 256 X 256 x 256 voxels. The reference tomograph
was recorded at a preload of 10 N.

Next to fiber reinforced composites, concrete structures stood in focus of investigation
and improvement of damage detection in the last decade. As concrete structures also con-
tain a certain amount of porosity, a selection of research results is mentioned here. Sev-
eral successful approaches were made and the investigations yielded a variety of achieve-
ments. Ehrig et al. [15] tested the quality of template matching, sheet filter computed from
the eigenvalues of the Hessian matrix and the perlocation algorithm for different concrete
materials and compared it with a manual evaluated sample. The 3D extended sheet filter
had the lowest false discovery rate, thick cracks as well as bending and branching of cracks
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were detected reliably. Fujita et al. [16] describe detailed a method for crack detection
in concrete structures. Pre-processing of the images, followed by a line filter and a final
thresholding process lead to success in their studies. Next to these methods, intelligent and
self-learning systems were included in the research in recent years. Several studies focus
on the development of convolutional neural networks (cnn) for automated crack detec-
tion, as Dorafshan et al. [17], Dong et al. [18] and Tian et al. [19] for example. Especially
for systematic crack pattern, breakthroughs could be achieved. But a lot of data is neces-
sary, as well as training time and manual work [18] and control of the network: Paetsch for
example, who discussed the possibilities and limitations of automatic feature extraction in
3D-CT images of concrete specimen, states, that a parameter-free out-of-the-box detection
of cracks with the method he presented is not recommendable [20]. Next to the question
of effort of cnn’s, also the microstructure of the investigated material, as well as the dam-
age development plays a role for the success of the approach. On the one hand, pattern in
the microstructure, for example built by anisotropic structures as fiber reinforcements, as
well as certain crack pattern or propagation direction support the evaluation and make spe-
cific strategies and simplifications possible. Restrictions in the evaluation on certain mate-
rial system and the exclusion of more general or isotropic material systems accompany
with this evaluation approaches, which makes it difficult for most of interpenetrating phase
composites (IPC). In the investigation of Paetsch [20] for example, the machine learning
approach requires a clear crack structure. Tian et al. [19] state, next to their achievements
in segmentation limitations of the algorithm in image resolution, shape, and size. A mini-
mal crack size of 100 um is required for detection. Variations in image resolution and com-
plex geometries influence the segmentation quality of the algorithm. Zou et al. [21] men-
tion intense computation for big volumes, as e.g. the here presented volume. The problem
of cracks with a gray scale in the range of one of the materials also appears here in their
study, while binary thresholding is required for their segmentation process.

While the grey scale values of cracks and damage differ for most composites signifi-
cantly from the image background [22], residual porosity in the material complicates the
evaluation process for crack detection. For the here investigated material group of inter-
penetrating metal ceramic composites, no publication could be found on this topic, for the
best knowledge of the authors. Previous investigations have shown, the grey scale value of
cracks and porosity have the same range [23] and so automated evaluation makes it diffi-
cult to differentiate.

Therefore, this study focuses on standardized methods of CT image evaluation, with
a minimal effort in computation resources and evaluation time and investigates different
approaches within the commercial Avizo® software by ThermoFisher Scientific to com-
pare the success and quantitative significance of each and show up the possibility of differ-
ent segmentation processes on the damage evolution in an interpenetrating metal-ceramic
composite with residual porosity.

2 Experimental
2.1 Material
The investigated material system, consisting of an open porous alumina foam and an

AlSi10Mg light-weight aluminum alloy is fabricated via gas pressure infiltration tech-
nique. Due to its similarity in X-ray absorption, between the metallic aluminum phase and
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the ceramic alumina and the correlated challenge in phase differentiation, it is chosen for
this investigation. The ceramic preform is manufactured by Morgan Advanced Materials
Haldenwanger GmbH, Waldkraiburg, Germany, in a patented process [24]. The homoge-
neous porosity has a median pore radius of 10 um and a mean pore radius of 14,4 um, as
characterized in advance [25]. The liquid metal infiltration under support of gas-pressure
is schematically described by the authors in [25]. Heating up the ceramic preform in an
evacuated vessel (residual pressure of maximum 2-102 mbar) with A1Si10Mg slabs up to
700 °C, melts the metallic alloy so it surrounds the ceramic preform within the crucible.
With a pressure of Argon gas up to 60 bar, the liquid metal is then infiltrated into the
open-porous structure under hold temperature. After a dwell time of 10 min, cooling of the
vessel is initiated, and the infiltrated composite could be removed from the vessel after the
pressure is released at room temperature. Samples were produced, by cutting sample slices
of approximately 5 mm thickness out of the infiltrated sample block with a cutting machine
“Servocut® 301 - MA” by Metkon, Bursa, Turkey. With a diamond hollow drill, manufac-
tured by Giinther Diamantwerkzeuge, Idar-Oberstein, Germany and the dimensions of 3
mm as an outer diameter, the cylindrical samples were cut out of the sample slices. The
microstructure with the ceramic and metallic phase, residual porosity and superficial dam-
age under compression is presented in the SEM image in Fig. 1.

The investigation of this composite is relevant to improve the application field of light
weight metals. Higher stiffness, strength and wear resistance could already be achieved for
metal matrix composites in propeller shafts, engine blocks, brakes, piston rings or connect-
ing rods, e.g. Interpenetrating phase composites outperform these properties [26], promis-
ing higher hardness and additionally have an adjustable coefficient of thermal expansion
which is relevant at elevated temperatures at 200 °C and above. Previous studies on the
mechanical characterization of the composite material can be found elsewhere [23, 25, 27].

2.2 In-situ X-ray CT Scanning

The data was obtained using a Phoenix Nanotom 180 m tomograph, GE Sensing & Inspec-
tion Technologies GmbH, Wunstorf, Germany, equipped with a diamond target. By dam-
aging specimens inside the computed tomograph with a specially designed in-situ load
stage, different damage states could directly be investigated, holding the sample under load
and therefore the developed cracks open. The 3 mm diameter sample is hold on one of the

Fig. 1 SEM image of the
composite material with residual
porosity and compression dam-
age after failure, close to the
compression stamp (right in the
image). The load axis is hori-
zontal in the image. The metallic
phase has a dark gray appear-
ance, including metallic precipi-
tations, the ceramic phase is light
gray/white and residual porosity
as well as damage black. Cracks
grow in the ceramic phase, the
interface and the metallic phase.
A scale bar and beam parameters
are given in the image
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alumina compression stamps with molten rosin. The second compression stamp is brought
onto the sample with a preload of 40 N, after the in-situ stage is mounted. The load faces
are only fixed by friction and allow shearing of the sample, as the results show. The influ-
ence of the rosin is negligible. The setup is shown in Fig. 2 and a detailed description of
the load stage can be found in Thum et al. [28].

To investigate different damage states the specimen was loaded to a certain extent, fol-
lowed by a CT measurement of the loaded sample. The compressive testing was then con-
tinued until reaching the next load step. Compression testing was chosen, to generate stabile
damage in form of cracks, which are opened during the investigation of each load step. In
this study, two pre-scans were taken, before loading the sample (scan 01 and scan 02), and
the scans of four different load steps are analyzed (load step 1: 235 MPa, load step 2 before
the stress maximum: 370 MPa, load step 3: 360 MPa, load step 4: 290 MPa, each after the
stress maximum). The beam source was operated at 80 kV and 180 pA and the integration
time was set at 2000 ms, averaging five images for each of the 2000 positions/360°. With a
focus-object distance (FOD) of 13.8 mm and a focus-detector distance (FDD) of 600 mm,
the resulting CT data had a voxel size of (2,3 um)>. Before starting the CT measurement, an
observation area (ROI) was defined in the sample free scanning field for background correc-
tions. Additionally, the Shift Correction and Auto Scan Optimizer provided in the acquisi-
tion software Phoenix data sx2 (GE Sensing & Inspection Technologies GmbH, Wunstorf,
Germany) were activated. To reconstruct a 3D image from the CT data, the corresponding
Phoenix data sx2 reconstruction software was used, setting the beam hardening correction
factor to 8.6 and applying the provided ScanOptimizer and reconstruction filters. Avizo®
software by ThermoFisher Scientific, Waltham, USA was used for 3D image evaluation of
the scanned data and is described in the following subchapter.

2.3 3D Image Evaluation Approaches

The hardware of the computer, used for this study is an Intel(R) Xeon(R) W-2145 CPU with
3,70 GHz and 8 cores. The RAM has 256 GB and a GPU by NVIDIA of type Quadro P5000
16 GB and 288 GB/s bandwidth. The evaluation was carried out in Avizo®, by ThermoFisher
Scientific, Waltham, USA. System requirements depend on the size of the processed data
and the workflow. Regarding ThermoFisher Scientific [29], the CPU performance increases

CFRP tube

load cell beam source

compression
stamp

| ¢=—sample holder
support

_—

stroke
spindle
attachement

stepper motor gear box X-, y-, z- sample stage

Fig.2 In-situ X-ray CT set-up (left) with magnification of the sample, fixed with rosin on the compression
stamp (right)
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almost linear up to 8 cores. Minimum requirements are 1 GB GPU, 6 to 8 times of the data
size for RAM and solid state drives are recommended for fast transfer rates [29].

Special commands and operations within the software will be given in italic letters in
the following. For equal grayscale distribution in all scans, the normalize grayscale mod-
ule was applied on every scan and gray values were distributed between 0 and 255 (8 bit).
Then a sub-volume of the scan was extracted, which contained the relevant sample volume.

Different approaches were made to investigate the quality and the quantitative reli-
ability of each crack detection method regarding the influence of the residual porosity
in the material. All relevant data (pre-load step scans as well as the scans at every load
step) were rearranged with the function register images in an iso-scale transformation
with metric correlation and the quasi-newton optimizer to compensate a possible shift
of the sample between the scans. In the new and for all regions of interest (ROI) identi-
cal position, the scans were resampled and interpolated with a Lanczos algorithm [30].
For approaches A, B and C (described below), an image stack process (ISP) was used,
which works slice-wise for optimized and automated processing and reduces computa-
tion time. The image stack was processed slice-wise, perpendicular to the load direc-
tion. The whole ISP consists of 11 steps, as given in Fig. 3. With the first 6 steps (on
the left side), the material sample was freed from beam artifacts and measuring setup, to
receive the relevant sample volume only: A thresholding process, followed by five vol-
ume manipulating operations were carried out. The erosion step, followed by the remove
small spots step, removed small artifacts around the sample volume. A dilation step, to
compensate the eroded volume and increase it over the original volume, combined with
a selective closing were used to delete inner vacancies within the sample volume. A
final erosion step reduced the original sample size volume about some voxels to avoid
surface artifacts occurring in the porosity detection. To detect the damage and porosity
of the sample within this sample volume, the thresholded data from above were taken
for the following 5 steps (compare right side of Fig. 3): Artifacts were removed with a
remove small holes and selective opening step and the volume was inverted after. With
a mask step, the received data are masked with the before prepared sample volume,
to detect damage and porosity inside the sample volume only and to remove all arti-
facts around the sample. Details, changed in the process for approach D digital volume

Fig.3 Overview of the Image Sample volume

Stack Processing (ISP) in Avizo (8 bit, gray-scale distributed)

with 6 steps to extract the sample

volume (compare left side) and 5 l

steps to detect the inner porosity Thresholding ~ =essssss)  Remove Small Holes

and damage of the sample (com-
pare right side). Input and output

data are colored in purple letters Erosion Selective Opening
Remove Small Spots Invert
- Dilation Mask

!

Selective Closing Remove Small Spots

!

Erosion
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correlation (DVC), are described in the respective paragraph. The output data of the ISP
for each approach, is a defined volume of the isolated sample without any surroundings
as artifacts on the one hand and the volume of the inner low gray values of the sample,
representing the residual porosity and damage or a filtered variant, depending on the
approach, on the other hand.

(A)

(B)

©

D)

In the first approach, the porosity of the sample was determined within the ISP for the
unloaded sample, where no damage to the compression test did occur. For all the fur-
ther images, with the applied load on the sample, the porosity volume of the first image
was subtracted from the detected residual porosity and damage with the arithmetic
function. By subtracting the porosity of the material, only damage-induced porosity
should remain in the sample.

The second approach was to filter the porosity and the damage regarding geometrical
characteristics. Residual porosity in the material occurs often in a different shape
compared to the damage. For this material, the residual porosity has mainly spherical
shape and the damage of cracks a narrow and two-dimensional extended geometry.
The resulting data from the ISP were labeled in a 3D interpretation and then filtered
with the function filter by measure. The chosen filter criterion sphericity was applied
for different thresholds in the 3D voxel-based images. The perfectly and almost round
objects, with a sphericity of close to 1 were filtered away as “porosity”’, where objects
with smaller sphericity values and a higher surface to volume ratio (values from 0 up
to the threshold) were kept as damage. The thresholds were set to 0,5; 0,7; 0,8; 0,9 and
0,94 to study the influence of the threshold on the results. Comparisons for validation
were made in the preloaded sample scans, where no damage by compression occurred.
A third approach was to filter the size of the residual porosity during ISP with an addi-
tional final step of the function remove small spots and to investigate the influence of
filtered size on the damage volume ratio. The value was increased until the porosity of
the unloaded sample was not detected anymore, similar to approach B, and the influ-
ence of the total detected porosity was evaluated. Finally, the value was set to 50 pixels
for all scanned images.

For the fourth approach the DVC [31, 32] of Avizo® was used. As described above, all
data were registered and the ROIs resampled. To process the data uniformly, a bound-
ing box, with the coordinate origin always at the same corner was set to all investigated
data. Regarding Hild [33], different coarse to fine meshes were created and tested on
the geometry. The radial autocorrelation module [34] was used to investigate the cor-
relation length of the microstructure and the DVC accuracy function applied to control
the precision of the correlation for each mesh size. A global, finite-element-based
approach [35] was chosen to carry out DVC for each load step and to determine the
displacement field in comparison to the undeformed reference volume. Finally, a mesh
size of 350 um was considered to be purposeful and the carried out DVC calculation
converged within 500 iteration cycles, successfully. As a reference of the undeformed
sample and to control the quality of the scans and the correctly chosen parameter for
calculation, the two pre-scans were compared in the DVC module and their displace-
ment and strain investigated. As an output file of the DVC, a residuals file is calculated,
comparing the conformity of both scans and showing local discontinuities, as they
appear from damage in the material volume. Further output files of the DVC, less rel-
evant in this study, are the displacement and strain files and the mesh. The residuals file
is in a special way of interest for this damage approach, as it contains extreme values
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(black and white) where damage occurs in the material, whilst the deformed or still
undeformed areas appear in a uniform scalar field of noisy grayscales [35]. Therefore,
these values are used in the fourth approach, to determine sample damage within the
sample. An ISP, analog to the first three approaches, is used to separate the discontinui-
ties and display them three-dimensionally in the sample ROI. The threshold was set
regarding the noisy grayscale as described below and a remove small spots operation
with a maximum of 20 pixels was used, before the results were set as output.

3 Results

For evaluation and comparison of the different approaches, the damage volume of each
approach is given relative to the respective ROI volume at each load step. As reference, in
Fig. 4 a diagram of the ROI volume at each load step is given, as well as the overall volume
content of porosity and damage, from the ISP without any filtering or selection. As Fig. 4
shows, the volume of the ROI increases over the load steps, as well as the sum of the vol-
ume of porosity and damage.

In the following, the results of the before presented four approaches for damage evalu-
ation are compared regarding sensitivity of the method, quantitative reliability and the
influence due to the porosity on the detected damage content. A direct comparison of all
approaches with the total “porosity and damage” (compare Fig. 4) and the “corrected poros-
ity and damage” is given in Fig. 5. As scan 01 and scan 02 are captured from the undeformed
sample, there should be no damage in the sample yet. Therefore, the “corrected porosity and
damage” is the quantitative value of detected pore volume in scan 01, subtracted from scan
02 and all the other load steps to give a quantitative comparison of the increase in damage
content. Figure 5 shows the increase in detected damage with each approach for the best fit-
ted method. Closer details to each approach will be given in the following.

0,04
0,035
0,03
0,025

0,02
ROI volume
0,015

H porosity & damage
0,01
I I I I 0,005
0

Scan 01 Scan02 Load Load Load Load
Step1 Step2 Step3 Step4

Scan/Load Step

Volume in mm?

Fig.4 Volume evaluation of the investigated ROI over the load steps and volume content of porosity and damage
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% 0.3 ! m sphericity 0.7
M 0.2 ‘ ® truncated porosity
- - ‘ BDVC coarse thid
0.1 ) - - I I‘
oD D L Lo THED TN
Scan 01 Scan 02 Load Load Load Load

Stepl Step2 Step3  Step4
Scan/Load Step

Fig.5 Overview of the quantitative evaluation of the whole sample section for approaches A — D, as well as
the total detected “porosity and damage”, and the correction with the “porosity in scan 01” subtracted from
the “sum of porosity & damage* of each other load step, given as “porosity & damage “corrected””. For
approach B and D, only the best fitting parameter set is given

Like shown in Fig. 6A, approach A gives very low relative volume content of damage
for the second scan. An increase of damage is visible for each following load step. The
increase reaches almost the volume of the sum of damage and porosity for load step 4.

Different thresholds for approach B are given in Fig. 6B. For comparison, the sum of
damage and porosity is plotted in a corrected way also in the graph. Therefore, the value
of scan 01 — as it only should content porosity and no damage — is subtracted from every
other scan and load step result to free the value from porosity and show damage only. As
Fig. 6B shows, according to the chosen threshold, the given damage value varies in a wide
range. For the preloaded images, scan 01 and scan 02, the graph shows that an elimination
of detected damage is only possible for a sphericity threshold of 0,5. For the following load
steps the sphericity threshold of 0,5 lies under the value of the corrected sum of porosity
and damage graph. A sphericity threshold of 0,8 and higher results in higher values than
the corrected damage graph and detects a high portion of “damage” for scan 01 and scan
02. For a chosen sphericity threshold of 0,7 a small amount of damage is detected for scan
01 and scan 02. For the development over the four load steps the values follow the graph of
the corrected sum of porosity and damage graph and show a good agreement.

Approach C shows a detected damage volume, following the course of the sum of dam-
age and porosity. With a value of the double compared with approach B and a sphericity
threshold of 0,7, the detected damage for the undeformed sample is quite high and lies
above the corrected sum of porosity and damage. For higher loads, the value decreases
relatively to the sum of porosity and damage value, as Fig. 6C shows.

Approach D is given for a coarse and fine thresholding. The noisy grayscale results
of the DVC are gaussian distributed. Nevertheless, the question arises, where to set
the threshold correctly for a correct visualization of damage. The “fine” thresholding
therefore is set near the full width at half maximum of the gaussian bell. The “coarse”
thresholding on the other hand is set with a small distance, outside of the gaussian bell,
to detect absolute extrema only. As the diagram in Fig. 6D shows, the choice of the
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Fig.6 Overview of the quantitative results of the different approaches. Top left: Results of detected damage
in approach A, compared with the “sum of porosity & damage”. Top right: Results of detected damage in
approach B, compared with the corrected porosity & damage (“porosity in scan 01” subtracted from the
“sum of porosity & damage® is given as “porosity & damage “corrected’””). Bottom left: Results of detected
damage in , compared with the “sum of porosity & damage” and the calculated difference
between both values. Bottom right: Results of approach D, compared with the “sum of porosity & damage”

threshold position has a big influence on the detected damage volume. For the DVC
comparison of scan 01 and scan 02, both thresholds for this approach doesn’t show a
markable proportion of damage until load step 2. The fine thresholding then increases
strongly and overgoes the sum of porosity and damage with a factor of 4 for load step
3 and load step 4. The coarse thresholding is also increasing but stays beyond the sum
of porosity and damage but reaches it almost for load step 4. In comparison to the cor-
rected sum of porosity and damage, the coarse thresholding value of approach D lies 1/3
above it for load step 4 (compare values in Figs. 5 and 7).

To consider the local dissolution of the pores next to the quantitative determination,
2D sections of load step 4 are compared in Fig. 7. Exemplary, the sphericity approach is
shown for several filtering thresholds to be discussed in detail.

Figure 7 shows the gray-scale distributed image of the composite, where the lighter
grey structures represent the alumina and the slightly darker grey represent the alu-
minum alloy (in 2D the aluminum phase builds round structures). The white spots
within the metallic phase represent the precipitations of the aluminum alloy, contain-
ing heavy elements as iron e.g. The dark grey values close to black represent the inner,
residual porosity of the material, due to closed porosity in the ceramic foam and infil-
tration faults during gas pressure infiltration (compare Horny et al. [25]. The damage
in the sample ranges over a wide range of grey scale values. As given in the green box
in the upper row, the damage can be detected by the evaluation method. The darker the
gray scale in the crack is, the better it can be detected. Cracks close to the resolution
limit are visible by eye but not detectable by the ISP anymore. On the right side in the
green box, the approach of the truncated porosity is given, to get a visual impression of
the filtering and falsifying of the microstructural damage.
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Spericity 0,0 2D-grey scale section porosity & damage truncated porosity Sphericity 1,0

250 pm 250 pm 250 pm

500 pm

500 pm 500 pm 500 pm 500 pm

Sphericity 0,5 Sphericity 0,7 Sphericity 0,8 Sphericity 0,9 Sphericity 0,94

Fig. 7 Representative transverse 2D slices of the specimen cylinder, perpendicular to the load direction of
the CT-sample at load step 4. In the upper row, in the green box, sections of higher magnification are given
for the CT raw data (left), the detected porosity and damage, as described above (center) and the trun-
cated porosity (right). Around the box, the values of the sphericity approach are varied exemplary for all
approaches. Arrows mark relevant differences in comparison to the next lower value

Next to this, the sphericity filtering threshold is given for all the presented values (0,0
and 1,0 are added to get a reference of the unlabeled and total labeled damage and poros-
ity). From sphericity 0,0 to sphericity 1,0 the stepwise increase of detected cracks is vis-
ible. The green arrow in the sphericity 0,7 image highlights the added smaller cracks in
comparison to sphericity 0,5. In the next step, for sphericity 0,8 the addition of a bigger
amount of porosity with the increase of the value is highlighted with the respective arrow.
For a further increase of the value, more of the spherical shaped pores are included within
the threshold and added to the porosity, as seen in the figure for sphericity 0,9, sphericity
0,94 sphericity 1,0 (no filtering).

For comparison of the visual results and local dissolution of cracks in 3D of each approach,
Fig. 8 shows the detected damage for the load steps 2 and 4 as well as the unloaded sample
scan 02 in comparison.

4 Discussion

As the results have shown, the different approaches are sensitive to several influences and
the quantitative result differs for each method (compare for instance Fig. 5).

Figure 3 shows, the absolute volume increase of the investigated ROI is decades larger
than the detected sum of the volume of porosity and damage. During compression testing,
the poisons ratio increases the volume of the ROI, because the ROI height is restricted geo-
metrically while the diameter is limited by the sample surface only. For load steps 3 and
4 also the incipient shearing of the sample increases the volume within the ROI addition-
ally. It becomes obvious that the absolute damage increase is only a fraction of the volume
increase and the main part is given by the transverse expansion of the compression. In
relative terms, however, the increase in porosity and damage is up to 280% way bigger than
the relative volume increase of 6,8%. This justifies the consideration of relative damage
volume of each approach regarding the respective ROI volume and includes the additional
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Fig.8 Overview of the visual damage detection with the different investigated approaches of the unloaded
sample (scan 02), 370 MPa (load step 2) and 290 MPa (load step 4) of the whole 3D ROI with transpar-
ent volume (gray). Additional information about the ROI volume, as well as the detected relative damage
volume of each approach are given (A: subtraction of initial porosity, B: geometrical filtering, C: “cut off”
porosity and D: DVC detection of discontinuities). For comparison the detection of the sum of porosity and
damage are given, including corrected numbers, where the initial porosity of scan 01 is subtracted from
every other value

porosity and damage, appearing for high loads in the ROI, which have been outside of it
before loading the sample.

In the following the quantitative aspects as well as the local dissolution of damage
should be discussed, in order of the approaches.

Approach A is a precise method for small deformations. A good result could be
achieved for the values of scan 02 and the load step 1. The differences to zero for the
second scan, as well as the fine dispersed and very small detected damage, visible in
Fig. 8, can be explained by the partial volume effect, leading to local differences in the
grey value and the resulting local changes in the detection of the ISP (cf. Fig. 8, scan 02
for approach A). For increasing deformation, the deviation of the method and the ineffi-
ciency in the separation of porosity and arising damage can be explained by the shift of
the porosity due to deformation of the sample (compare for load step 4, Fig. 7 right side
in the green box and the values of the relative volume for approach A in Fig. 8). With
increasing deformation, an increase of detected damage and also increasing proportion
of porosity detected as damage can be recognized, which finally reaches the sum of the
detected damage and porosity in the ROI (compare Figs. 5 and 6A). This shows that for
big deformation almost all pores changed the position of their main volume regarding
the first scan.
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Approach B is strongly dependent on the filtering threshold. In literature also in other
scientific contexts, this approach is used as a simple and robust technique, like given for
example by Ouzounis et al. [36] for medical technology or by Du Plessis et al. [37] for
additive manufacturing monitoring of unmolten particles in laser sintering. To eliminate
the detection of porosity as damage in the unloaded scans, a sphericity threshold of 0,5 or
less is required. For the following load steps the sphericity threshold of 0,5 underestimates
the damage in the ROI, as the comparison with the corrected sum of porosity and damage
shows (compare Fig. 6B). This can partly be explained by the detection of the damage with
the ISP, where thin cracks cannot be detected as a related object, caused by the resolution
limit of the scan (see Fig. 7). Therefore small, limited, and spherical objects appear instead
of 2D expanded cracks before the crack size overwhelms the resolution limit of the CT
scan and can be detected correctly by the ISP. A sphericity threshold of 0,8 and higher,
overestimates the damage over the whole range and includes also for scan 01 and scan 02
a relevant portion of porosity, which distorts the value (see Fig. 6B). This can be justified
in the range of sphericity, the main part of the porosity in the investigated material lies in.
The higher the threshold is set, the higher is the portion of porosity detected as damage
over the whole investigation range. A chosen sphericity threshold of 0,7 also includes a
small amount of porosity for the first scans but matches very well for the further damage
evolution with the corrected graph of the sum of damage and porosity. Next to the quan-
titative point of view, the 2D section of the microstructure shows (highlighted with the
green arrows in Fig. 7 for sphericity 0,7 and 0,8), the sphericity threshold of 0,7 contains
the relevant amount of damage but only includes a minor fraction of porosity. This makes
it an adequate candidate for detection of damage with this method for the differentiation
of pores and damage in the case of different geometrical appearance, for materials where
microdamage is beneficial in increasing ductility and energy absorption. As the compari-
son of the 3D depicted ROIs show, the detected porosity in the unloaded scans is restricted
to the bigger, infiltration caused pores, which extend sickle-shaped in the phase boundary
between the ceramic struts and the metal-filled pores of the ceramic foam.

Approach C cuts of the damage from a certain size on and loses all information about
damage beyond that filtering threshold. In comparison to approach B, an increase in poros-
ity due to mechanical loading can be recognized, because the grown pore exceeded the
threshold then. For approach B, a growing, spherical-shaped pore would be filtered off for
all damage stages, nevertheless, an increase in size due to damage would occur. As Fig. 6C
shows, approach C cuts off a markable amount of damage in progressive damage stages,
but still includes porosity in the detected damage, as the undeformed value in scan 01 and
scan 02, as well as the 2D section of load step 4 on the right side in the green box in Fig. 7
shows. Analogous to approach B, the values can be shifted, related to the chosen threshold.
As the curve of approach C shows an overestimation of the damage in the early stage, a
higher cut-off threshold would be necessary. But as it underestimates the damage volume
here, as the “difference between “sum of porosity and damage” and approach C” shows in
Fig. 6C, a decrease in the cut-off threshold would be necessary. Therefore, the method is
only for qualitative description and quantitative tendencies of damage permissible and not
suitable for absolute quantitative crack evaluation or local dissolution of the total damage.

Approach D shows for the coarse thresholding as well as the fine a value almost zero for
the unloaded sample. The low numbers for the first load step correlate with the microstruc-
tural investigations of the sample and fit best, in comparison to the other approaches. This
precise determination of damage can be explained by the DVC based evaluation method
[35], which differs significantly from the other approaches and relies on the comparison
of the gray values and shifted pattern between the load levels. In literature, Saucedo-Mora
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et al. [12] used the DVC method for damage detection in composites. They detected the
location of damage, but no quantitative evaluation was carried out. In the discussion of the
filtering of growing porosity due to mechanical load, the DVC method is sensitive for this
phenomenon, because a difference to the before scanned load step occurs. It therefore has an
advantage over approach B and C. Also, in the visual detection of the damage (see Fig. 8),
a difference in localization between the approaches can be found and show the difference
in the underlying method, as well as the influence of falsely detected porosity in the dam-
age volume of the other approaches. For the progressive damage steps, the damage value in
this approach also increases and reaches unrealistic high values for the fine thresholding.
Reasons can be the local loss of correlation, as the local displacement gets in the range of
the correlation length (see Madi et al. [34]). Compared with approach B with a sphericity
threshold of 0,7 (see Fig. 5), the values of the graph as well as the local dissolution of dam-
age in Fig. 8, show a higher deviation from the corrected sum of damage and porosity.

Compared to the in literature presented methods given in the introduction, for the inter-
penetrating metal ceramic composite, the here presented investigation methods work with a
manageable time effort, hard- and software equipment and give good results for the cracks
in approach B, differing in their geometry from the spherical shaped porosity.

5 Summary and Conclusion

The evaluation of damage in the investigated IMCC material with the commercial Avizo®
software by ThermoFisher Scientific has shown the possibility of successful quantitative
evaluation of damage content in a material system with residual porosity. In comparison of
all approaches within this study, the necessity became obvious, to deal intensively with the
unfiltered data, occurring damage phenomena and the resolution limit of these, in order to
avoid excluding individual damage phenomena by filtering and thus systematically falsify-
ing the result. The chosen approaches show different sensitivity and accuracy for damage
and porosity separation. A big advantage of all approaches is the robust detection for cracks,
independent of the damage stage. The limiting factor lies in the quality of the raw data alone
and depends on the resolution, which determines the lower limit of crack visibility.

— To subtract the initial porosity of the sample from every following scan, turned out not
to be promising. On the one hand, displacement of the porosity leads to a high amount
of porosity detected as damage. On the other hand, partial volume effects influence the
porosity detection and lead to false identified pore outlines.

— To cut off the phenomena, in the range of the porosity and smaller can lead to strong
filtering of damage phenomena and loss of information, dependent on the ratio of the
pore size and the damage. Nevertheless, this approach might be promising for other
materials with a specific and known range of porosity outside the range of damage.

— For the investigated IMCC material with a mainly spherical-shaped porosity, the geo-
metrical approach with a sphericity threshold of 0,7 achieved the best results for the
entire damage area, even if a small amount of residual porosity remains (6,7-1072%) at
the beginning of the damage (compare Figs. 5 and 7).

— In this area, the DVC approach is more meaningful due to its underlying method of
absolute initial porosity exclusion. It can indicate the onset of damage more specifi-
cally and detect it more reliably. For the quantitative investigation of damage, it must be
considered, if the effort of DVC can outweigh the higher precision in comparison to the
fast and simple evaluation path of the sphericity threshold.
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