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Numerical and Experimental Investigation on the
Self-Healing Potential of Interpenetrating Metal-Ceramic

Composites

Dominik Horny,* Joél Schukraft, Carolin Pieper, Kay André Weidenmann,

and Katrin Schulz

An interpenetrating metal ceramic composite (IMCC) has been investigated
regarding the potential as well as the feasibility of self-healing. Triggered by
heating, cracks in the damaged composite located mainly in the Al,O3 ceramic or
at the interface could be filled and closed by the liquid AlSi10Mg metal alloy. This
healing procedure promises to reduce stress concentrations at crack tips and
to improve the mechanical properties compared to the predamaged composite.
Two different numerical approaches have been introduced to investigate this
assumption and the potential of self-healed IMCCs for a best case scenario:
1) A simple 2D model to analyze the reduction of stress concentrations in front
of a crack tip within the ceramic due to healing and 2) a 3D model based on
CT-scan reconstructed microstructures to study how macroscopic mechanical
properties can be restored depending on the amount of predamage. Further, the
self-healing approach has been investigated experimentally for the same com-
posite. Despite the fact that experimental self-healing of the investigated IMCC is
only moderately feasible so far, the study shows the great potential that can still

1. Introduction

With regard to the advancing climate
change, a high level of sustainability is a
major component of successful engineer-
ing today. Therefore, highly durable light-
weight materials for structural applications
play a key role in reducing greenhouse
gases, especially in the mobility sector.!"
For safety relevant components, damage
tolerance is another important feature
which is provided, e.g., by light-weight met-
als. It has been shown that reinforcing
these metals with ceramics can be used
to tailor the mechanical and thermal prop-
erties. The resulting metal matrix compos-
ite (MMC) can outperform the pure metal
regarding, e.g., strength, stiffness, hard-

be exploited in order to extend the service life time of IMCC engineering
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ness, and wear resistance, to enhance the
reliability and the life cycle of the compo-
nents.!”! Besides the raw material combina-
tion, also the reinforcement morphology
has a major impact on the properties of
an MMC.P! Composites with an advanced,
interpenetrating (also bi- or co-continuous) microstructure
allows for an enhancement of various properties such as stift-
ness,[**! strength,[® toughness,”! wear,®? as well as thermal
expansion.*’! In particular, the possibility to combine and
optimize two or more different features simulataneously, e.g.,
mechanical strength and thermal expansion or thermal/electrical
conductivity,[“'lz] thus creating multifunctional materials makes
interpenetrating composites stand out compared to classical par-
ticle or fiber-reinforced MMCs.

Under a sufficiently high load (mechanical, thermal, etc.), even
advanced high-performance materials will eventually undergo
damage. Besides a good recyclability, restoring the functionality
of damaged components and extending their service life time
become increasingly relevant for sustainable engineering
applications. Inspired by the ability of natural materials, like
human bones or skin, to recover from physical damage by biologi-
cal healing processes,” first concepts for engineering materials
with self-healing capabilities were introduced over 20 years ago
using hollow fibers!" or capsules™ containing a healing agent.
They are based on encapsulated reactive fluids that are released
upon crack intrusion and polymerize in the cracked areas
(triggered by embedded catalysts). Besides these pioneering

© 2023 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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concepts, other techniques have been developed, using reversible
cross-links, "% interdiffusion (already investigated in the 1980s),"”!
shape memory components,'® electrical conductivity, multiphase
morphologies,™ nanoparticle migration,”” and co-deposition*"
to accomplish healing. For an overview of the numerous
approaches, we refer to the following review papers.'**224

As most of the presented healing concepts are well compatible
with the energetic properties of polymers, the research on
self-healing materials is dominated by polymer systems.?"!
However, from a mechanical perspective, self-healing polymers
inevitably lack sufficient mechanical strength to be used as struc-
tural materials in many engineering components.***”) In this
regard, research on the self-healing of metals and MMCs has
been of interest in the past years. Similar to polymer materials,
concepts like encapsulation of a metallic solder, shape-memory
alloys, or electro(-chemical) healing can be used in metals as
well.”®! However, a much higher external energy trigger is
necessary, e.g., to break metallic bonds and transport the healing
agent to the cracks.”®! According to Gosh et al.,*! self-healing in
metals can therefore be mainly classified as nonautonomous as
an external intervention, i.e., by means of heat, is necessary.
Materials that can heal damages without external triggers are
defined as autonomic self-healing materials (so far exclusively
polymers). The most studied concept for metals is precipitation
healing, which is based on supersaturated metal alloys. Voids
formed during the damage phase are preferred nucleation
locations for precipitates of the solute atoms which close
these voids.”>! However, this works only for very small voids
on the nanometer length scale. A more promising approach is
the introduction of ceramic capsules or tubes containing a
low-melting metal into the metallic matrix. In case of damage,
the ceramic shell is broken, and the contained metal flows into
the crack upon heating to its melting temperature %"

Although the investigation on self-healing strategies for
metals has been increased in the past decade, it is still in its
infancy,” and there is even less knowledge in the field of
metal-ceramic composites. In all previous studies in this
field, the materials have been specifically designed to have a
self-healing capability. On the contrary, this does not apply to
the Al,03/AlSi10Mg lightweight composite investigated in this
study. However, the big difference in melting temperatures
between the metal and in the ceramic and the fact that cracks
in MMCs initiate in the high melting ceramic phase offer a
self-healing potential for these materials the material class.
This applies in particular to interpenetrating metal ceramic
composites, as the interconnected ceramic serves as a backbone
for mechanical stability even if the metal is re-molten. Therefore,
the authors think that healing of the composite might be a
special, additional feature of the material due to its interpenetrat-
ing microstructure which can be seen as a lot of connected,
low-melting tubes or a vascular network of Al-alloy within a
ceramic.

This study serves as a first approach to investigate the
(self-)healing potential of interpenetrating metal-ceramic
composites numerically using idealized assumptions to reveal
the upper limit for the restoration of mechanical properties.
It underlines the great opportunities that healing approaches
potentially offer to extend the lifetime of predamaged IMMC
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engineering components and motivate further research in this
field. In addition, first attempts at experimental feasibility are
presented, and possible key points for future investigations
are discussed.

2. Materials and Approaches

2.1. Composite Material

The investigated material is a macroscopically homogeneous,
interpenetrating metal ceramic composite (IMCC) containing
an Al,O; ceramic and an AlSi10Mg metallic phase. It is manu-
factured by gas pressure infiltration of the molten aluminum
alloy into a highly porous open-cell alumina foam. The porous
ceramic preform with a relative density of approx. 26% is pro-
vided by Morgan Advanced Materials Haldenwanger GmbH.??
A detailed description of the infiltration process and a character-
ization of the microstructure are provided elsewhere.**** For
the numerical simulations, the material microstructure has been
reconstructed, filtered, and mashed based on X-ray CT-scans as
described in ref. [35].

2.2. Self-Healing Concept

As recent studies on the interpenetrating Al,0;/AlSi10Mg com-
posite have shown, first cracks mainly occur in the ceramic or at
the interface when loaded under compression.***> The idea is to
heal these cracks by using the AlSil0Mg as the low-melting
filler. Therefore, heat is applied as a trigger to melt the close
eutectic aluminum alloy (T, 550°C), whereas the ceramic
foam remains unaffected by this temperature. If all of the cracks
in the ceramic could be healed in this procedure, this would ide-
ally result in a material that is comparable to the pristine
composite.

However, the physical properties of the investigated material
system have to be considered in order to develop a successful
healing approach. The combination of aluminum oxide and
aluminum alloy is well known for poor wetting,*® i.e., negative
capillary pressure. Hence, gas pressure is necessary to force
the aluminum melt into the porous ceramic foam during material
manufacturing. Therefore, it can be concluded that penetration of
cracks by the molten alloy is only possible with external gas pres-
sure support. The experimental investigations aim to analyze the
influence of the these challenges on the (self-)healing success.

Complementary to this, the numerical investigations aim
to investigate the differences in the mechanical behavior of
pristine, damaged and healed composites under the assumption
of optimal healing success. The focus is to determine the extent
to which healing can reduce stress concentrations in front of
cracks and restore mechanical properties of the composite
at best.

2.3. Healing Efficiency

In order to measure the (self-) healing success, a quantitative
description is necessary. In the literature, various definitions
for the so-called healing efficiency # exist. The most common
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proposal (see e.g.)?” " is to use the ratio of the healed (1) and the
pristine (p) material property

fh
o
where f1is the property of interest. Another definition to quantify

healing according to Blaizik et al.”? uses the ratio of material
property changes

fh _fd
s

where the superscript d denotes the damaged material.

m(f) 1)

m(f) 2)

3. Modeling

Two different numerical models are used to investigate the self-
healing potential of the IMCC: A simplified 2D model to analyze
how stress concentrations in front of a crack tip within a ceramic
rod of the composite can be reduced and a 3D microstructure
model to investigate the restorability of mechanical properties
depending on the amount of predamage.

3.1. 2D Crack Tip Model

As mentioned in Section 2.1, investigation on the damage behav-
ior has shown that cracks start to initiate at the boundary of the
ceramic rods close to the interface at the top and the bottom of
the AlSi10Mg filled cavities. Considering such cracks as a bound-
ary notch in a ceramic cuboid (or plate in 2D), the stress field
resulting from external loading can be described by means of
linear elastic fracture mechanics (LEFM) using the stress inten-
sity factors (SIFs) introduced by Irwin.***!

(Self-)healing aims to prevent crack growth upon loading and
extend the materials lifetime by closing cracks, thus reducing the
SIF in front of sharp crack tips. However, most numerical (self-)
healing studies focus either on stress concentrations during the
initial damage (prior to healing),™>*¥ the healing process
itself,*>**=*") or on the material properties after healing.!**~**!
Only a few studies by Xue and coworkers®®*!) investigate local
stress distributions in healed concrete structures.

In ref. [50], the interface crack initiation and propagation
behavior of concrete healed with different healing agents are
studied in three-point bending simulations. In ref. [51], the bond-
ing behavior of the interface between healing agent and concrete
crack has been investigated by analyzing the local stress distribu-
tions at the interface.

However, the question remains to what extend stress concen-
trations at notch tips are reduced by the healing. The 2D model
presented in the following aims to answer this question for
cracks in Al,O; healed with an AlSi10Mg alloy.

To investigate the stress concentration in the ceramic caused
by an initial crack, a simplified 2D geometry with a V-shaped
notch of length a and opening angle a has been modeled within
a ceramic rod of width w and height 2h with h = w as depicted in
Figure 1 on the left. Using symmetry boundary conditions at the
center
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Figure 1. Schemes of the notch model with a crack (left) and a healed
crack (right) in the Al,O3 ceramic used to investigate the stress concen-
tration infront of the crack tip.

u, ®, =0, at y=0 3)

with a fixed displacement in y-direction u, and no rotation
around the x-axis @, only the upper half of the rod has been used
in the numerical calculations. A tensile load in y-direction
perpendicular to the crack 6 = 100 MPa representing the most
critical loading condition for crack propagation (mode 1) is
applied at the top. The mechanical stresses are subsequently
evaluated at a distance r in front of the crack tip depending
on the angle ¢.

The potential reduction of stresses in front of the tip due to
healing is investigated by replacing a certain amount of the initial
crack area A, with AlSi10Mg as shown in Figure 1 on the right.
It is assumed that the crack is healed by the metal alloy from the
remote side of the tip showing a concave front. The healed area
Ay, and the remaining damage cavity A4 at the crack tip add up to
the initial crack volume A, = Ay, + Ay. The metal-ceramic inter-
face is assumed to be perfectly tied. By varying the amount of crack
healing Ay /A. € {0.5, 0.6, 0.7, 0.8, 0.9, 1.0}, the crack length
ratio a/w € {0.2, 0.3, 0.4, 0.5, 0.6}, and the crack opening
angle a € {7.5°, 15°, 22.5°, 30°, 37.5°, 45°}, it is studied how
healing affects the stresses in the ceramic depending on the heal-
ing success, the predamage levels, and different crack shapes.

Linear, elastic, isotropic behavior is considered for the Al,Os,
whereas the AlSi10Mg is modeled using an elasto-plastic behav-
ior assuming J, plasticity, isotropic hardening with the yield
function

flok)=5—k=0 (4)

including the equivalent stress = /3], the second invariant of
the stress tensor J, and the yield stress k.

A rate independent Swift hardening law® is used to describe
the evolution of k with respect to the equivalent plastic strain &y
reading

k(gpl) = A(gpl - SO)n ()

with the hardening parameters {A, &, n}. All relevant material
parameters are listed in Table 1.
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Table 1. Material input parameter. Tensile strength o} and yield strength
o, are uniquely defined for the Al,O; and the AISi10Mg, respectively. Yield
strength 6, corresponds to yield stress at zero plastic strain k(g = 0).

Parameter Unit Al,O3 AISi10OMg
Young's modulus E GPa 350 70
Poisson ratio v - 0.23 0.32
Tensile/yield strength ol/o, MPa 450 201.22
Fracture energy Gt Jm2 50 -
Hardening parameter A MPa - 442.67

£ - - 0.001

n - - 0.112

3.2. 3D Microstructure Model

Reconstructions from X-ray CT-sans of the microstructure are
the basis for the geometrical representation of the 3D numerical
model. Within the scanned samples, a region of interest (ROI)
with an edge length of approx. 2 mm has been chosen and the
ROI images have been binarized, segmented and filtered accord-
ing to ref. [33]. A cubic cutout of the ROI with an edge length of
133 pm and a ceramic volume fraction of 26% have been randomly
chosen, smoothed, and meshed as described in ref. [35].
Regarding the constitutive behavior, the aluminum alloy is mod-
eled as described in Section 3.1 (see Equation (4) and (5)). For the
ceramic, a Rankine damage initiation criterion depending on the
tensile strength 6! and a regularized continuum damage model with
multidirectional smeared cracking assumption describing the linear
softening depending on the fracture energy G} is introduced in addi-
tion to the isotropic, linear elastic behavior up to of. The general
relation between G}, 6{ and the crack opening displacement u reads

qz/dm ©)

If u reaches uo with uy = 2G}(s1)7!, i.e., the stiffness reaches
zero, the respective element is considered to be completely failed
and is excluded from the calculation in order to avoid nonphysi-
cal distortions.

A compressive load with a strain rate of £,= 10" is applied on
the cubic composite volume using two rigid plates both on top
(moving) and on the bottom (fixed), see also.***> No friction is
assumed between the plates and the material and the interface
between ceramic and aluminum is considered to be perfectly
tied. The investigated microstructure and the boundary
conditions are shown in Figure 2. As a first step, the pristine
(undamaged) composite is compressed up to a total stain of
3% and steadily undergoes increasing damage. At five different
damage stages, all finite elements that failed are considered to be
cracks which can potentially be healed. In a numerical healing
routine, the failed ceramic elements are replaced by AlSi10Mg
as depicted schematically in Figure 3. Like the pristine IMCC,
the damaged and the healed microstructures are (re-)loaded
up to a total stain of 3%. From the results, healing efficiencies
according to Equation (1) and (2) are derived for different
mechanical characteristics.
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Figure 2. Boundary conditions for the 3D microstructure compression
model.

(b) cracks

loading

B aluminum healing
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healed
cracks

pristine IMCC

healed IMCC

Figure 3. Schematic visualization of the numerical healing procedure.
a) First, the pristine interpenetrating Al,03/AISi10Mg composite is loaded
up to a certain strain. b) The ceramic phase undergoes damage and
completely failed elements are considered to be cracks that can potentially
be healed by metal infiltration. ) In a numerical routine, the cracks are
identified and healed by inserting the AlSi10Mg phase. d) The healed
ceramic phase is combined with the original metal phase to create a
FE-model of the healed IMCC.

4. Experimental Section

In order to test self-healing feasibility of the material experimen-
tally, damage had to be introduced to the samples first. Then, the
samples had been subjected to different healing attempts. The
microstructure of the specimens had been examined by com-
puted tomography in the damaged state and after the healing
experiments, in order to evaluate the effectiveness of the (self-)
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healing approaches. Within the Avizo software framework, an
algorithm has been developed to enable the 3D visualization
and quantification of crack volumes in the interpenetrating com-
posite. Finally, the elastic stiffness in compression direction had
been measured using ultrasound phase spectroscopy to determine
the healing efficiency with respect to the mechanical properties.

4.1. Sample Preparation

Specimens were extracted from the infiltrated material with a dia-
mond wire saw DWS 250 by Diamond WireTec GmbH & Co. KG
and a hollow diamond drill. The cylindrical specimens used for
the self-healing approach, and the soldering attempt had a mean
diameter of 3.8 mm; a height of approx. 8mm and parallel
polished end faces according to DIN 50134.°% For the alloy-
supported healing approach, a parallelepiped measuring
30 x 23 x 5 mm? has been cut, surface grinded and then drilled
into the surface extension using a hollow diamond drill with a
diameter of 18 mm. Images of the sample geometries are shown
in Figure 4.

4.2. Predamaging

The samples were systematically predamaged compression tests
in the universal testing machine ZwickRoell Z1464 with a nomi-
nal strain rate of 0.06 1s~'. Different extents of damage were
introduced, similar to the modelled load stages in Section 3.2.
Based on previous experiments on the damage behavior of the
material system,**** four different damage states have been
selected in order to introduce cracks with varying thickness.
For the first damage state, the test was aborted after reaching
a stress of 350 MPa, which is generally below the materials’ aver-
age compressive strength of 400 MPa. Higher levels of damage
were induced by stopping the test after reaching the compressive
strength at force drops of 1%, 5%, and 7% with respect to the
maximum force. Due to the experimental course of the healing
approaches, the damage state had no significant influence on the
results and was therefore not considered further.

4.3. (Self)-Healing Experiments
Various healing procedures were tested and investigated on

the predamaged specimens. The definition of the term self-
healing™ includes the application of different kinds of external

@)

www.aem-journal.com

triggers but excludes the addition of alloy to achieve healing.
Because of that the performed experiments can be further
divided into self-healing and healing treatments, the latter involv-
ing the addition of alloy. Besides that, soldering of cracks has
been investigated (cf. Table 2). Some of the cylindrical samples
have been coated with boron nitride and/or embedded in plaster
prior to the (self-)healing approach. The top surface of the speci-
men was left uncovered from plaster as shown in Figure 4.

4.3.1. Preliminary Test and Self-Healing Approach

In the preliminary test (cf. Table 2, P-A-1-650), only thermal
energy was used as healing activator. A predamaged cylindrical
sample was heated at 10 Kmin™" to a maximum temperature of
650 °C in a conventional furnace by Nabertherm. After a holding
time of 5 min, the sample was cooled to room temperature.

Temperature and pressure-assisted self-healing was carried
out in the gas pressure infiltration device described by the
authors in Horny et al.®3! The original setup was altered for
the purpose of sample healing (see Figure 5).

The sample was placed in a crucible together with calcined
kaolin powder as support material. For an accurate temperature
control, the thermocouple was positioned as close as possible
to the sample. Similar to the manufacturing of the composite,
a vacuum of 0.06 mbar was used during heating with a heating
rate of 10 K min™". At a temperature of 550 °C, just before reach-
ing the solidus temperature of the alloy, a prepressure was
applied. Then, heating was continued up to a certain maximum
temperature above the liquidus temperature of the alloy and
additional gas pressure up to 60 bar was applied. Finally, cooling
was performed while maintaining the maximum pressure. For
the self-healing experiments performed in vacuum, no pressure
was applied, and the vacuum was maintained for the whole pro-
cess. The atmosphere, temperature, and pressure were varied in
different experiments for plaster-embedded and raw samples.
Detailed experimental conditions are given in Table 2.

4.3.2. Alloy-Supported Healing Approach

A sufficient amount of AlSi10Mg alloy was placed on the top
surface of the parallelepiped prior to temperature and pressure-
assisted healing in the gas pressure infiltration setup. The
aluminum-supported healing experiments were carried out simi-
lar to the description in Section 4.3.1, but without any prepressure.

Figure 4. Pictures of a) cylindrical samples and b) parallelepiped samples used for the (self-)healing approaches. A plaster-embedded cylindrical sample

is shown in c).
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Table 2. Overview of the tested samples and parameter variation for healing and self-healing approaches.

Experimental Sample name Sample BN- Plaster- Additional ~ Atmosphere  Prepressure Max. Max.

approach geometry Coating embedding alloy [bar] pressure  temp. [°C]
[bar]

Preliminary test P-A-1-650 Cylinder X X X Air - - 650

Self-healing approach SH-Ar-P5_60-650 Cylinder X X X Argon Five 60 650

SH-Vac-0-630 Cylinder X X X Vacuum - - 630

SH-N-P5_60-630 Cylinder X X X Nitrogen Five 60 630

SH-Ar-P5_60-630 Cylinder 4 X X Argon Five 60 630

SH-Ar-P10_60-700 Cylinder v 4 X Argon 10 60 700

SH-Ar-P15_60-700 Cylinder v v X Argon 15 60 700

Healing approach H-Ar-60-700 Parallel-epiped X X v Argon - 60 700

Soldering of the cracks SC-A-1-500 Cylinder X X v Air - - 500

Sample one Cylinder X X v Air - - 500

Sample two Cylinder X X v Air - - 500

Sample three Cylinder X X v Air - - 500

Sample four Cylinder X X v Air - - 500

''''''''''''''''''' i

o

Figure 5. Gas pressure infiltration setup for pressure-assisted (self-)healing experiments according to ref. [64].

4.3.3. Crack Soldering

A soldering attempt was carried out to investigate the influence
of the alloy passivating layer on the healing success. For this pur-
pose, a capillary-driven S-ZnAl22 solder wire (AF 665 NH by
Fontargen) filled with noncorrosive flux was used as healing
agent. After heating both the sample and the wire to the solders’
melting temperature (420480 °C), the entire surface of the pre-
damaged sample was covered with the solder melt until crack
filling could be observed.
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4.4, Microstructural Characterization and Evaluation

An X-ray computer tomography system (Phoenix Nanotom M) by
General Flectrics equipped with a diamond target was used for
microstructural characterization. The software components
Phoenix data sx2 acquisition and Phoenix data sx2 reconstruction,
both by GE Sensing & Inspection Technologies GmbH, were
applied to process the data and reconstruct a 3D image of the sam-
ple. The beam source was operated at 80kV and 180 pA, and the
integration time was set to 2000 ms, averaging three images for
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each of the 1000 positions per 360°. A detector sensitivity of two
was selected to increase the contrast between the sample and the
background. With a focus-object distance (FOD) of 10.5mm and a
focus-detector distance (FDD) of 300 mm for cylindrical shaped
specimens, the resulting CT data had a voxel size of 3.5 pum?>.
Other scanning parameters had to be used for sample H-Ar-60-
700 due to the different dimensions: An FOD of 24mm and
an FDD of 480 mm were chosen, yielding a voxel size of 5pm’.

Each specimen was scanned three times: In the undamaged
state, immediately after predamage, and after the healing attempt.
For the CT-scans of the solder-healed samples, a tin sheet of 0,
3mm thickness was placed behind the aperture to decrease the
beam hardening resulting from the tin consisting solder.

Evaluation of the CT data was carried out with the Avizo software
by ThermoFisher scientific. The aim was to compare the CT data of
a sample in predamaged and healed state considering changes in
crack volume. This was achieved by the following two major pro-
cedures, with the Avizo-specific operations displayed in italic letters.

The first procedure was required to align the 3D-data in the
coordinate system of the software and therefore ensure compa-
rability of both data sets. By applying Register Images, one of the
data sets was visually realigned with the second data set serving
as a reference. The module Resample Transformed Image gen-
erates a new data set corresponding to this alignment. By using
Extract Subvolume, the Bounding Box of the reference data set
was adapted to the one of the realigned data. The result of this
procedure is an identical position of both sample volumes
enabling a qualitative comparison of the sample microstructure.

For the quantitative analysis of the crack volume before and
after healing, further processing of the aligned datasets was nec-
essary. Step 1 was an Image Stack Processing workflow including
an AutoThresholding module as well as subsequent operations to
extract the darker grey values, which are representative for the
cracks but also for the pores and artifacts. Step 2 was applied
on the CT data of the predamaged sample only. In order to
remove artifacts and pores from the resulting data, first labeling
and then filter by measure range using the shape function
ShapeVA3d were applied. The value one of this function corre-
sponds to a perfect sphere, whereas higher values represent less
compact objects. By setting the minimum threshold of the func-
tion ShapeVA3d to a value of 50, most spherical objects, i.e.,
pores and artifacts, were removed from the 3D-data, with only
the crack volume of the predamaged sample remaining.

In step 3, the crack volume of the healed sample was obtained.
Using the tool Arithmetic, the overlap of the data set representing
the crack volume of the predamaged sample and the data of the
healed sample resulting from step 1 was calculated. By this, only
the objects of the healed samples data set, that are in the same area
as the crack volume are displayed. This ensured that porosity and
debonding in the crack area could be considered in the quantita-
tive comparisons. Step 4 included the crack volume calculation for
both data sets by using VolumeFraction. The entire crack segmen-
tation process is shown schematically in Figure 6.

4.5. Ultrasonic Phase Spectroscopy

In order to investigate the influence of the healing procedure on
the mechanical properties, the elastic stiffness in compression
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Data Set 1 Data Set 2
(Pre-damaged) (Healed)

\ 4 $

Image Stack Image Stack
Processing Processing

[ 4 & [ 4 |

Volume Cracks, Pores & Cracks, Pores & Volume
Arifacts Arifacts
Labeling

4

Filter by Measure
Range

.’ b Arithmetic
Volume Fraction "

A'B
Ot Voliie Volume Fraction

(Pre-damaged) ‘

Crack Volume
(Healed)

Figure 6. Illustration of the algorithm developed in the Software Avizo to
obtain quantitative crack volumes from CT-data of predamaged and healed
specimens. Input and output data are colored in purple letters, and mod-
ule names are colored black.

direction has been measured via ultrasonic phase spectroscopy
(UPS). Elastic behavior is determined in the pristine
(c.f. Section 4.1), damaged (c.f. Section 4.2), and healed (c.f.
Section 4.3.3) state of the IMCC to evaluate the healing efficiency
(see Equation (1) and (2)). The measurements are performed
using an electronic network analyzer type R3754A by
Advantest (Tokyo, Japan). A dektop computer with the LabView
evaluation software by National Instrument (Austin, USA) com-
puter and longitudinal ultrasonic contact transducers V122-RM,
by Olympus Deutschland GmbH, (Hamburg, Germany) were
connected to the network analyzer.

For testing, the specimens were clamped between the trans-
mitting and receiving transducers, covered with a bubble-free,
thin layer of a coupling medium (treacle) and measured three
times in a frequency range of 10kHz-10 MHz. The resulting
squared sound velocity was multiplied by the density of the
respective sample (calculated from Archimedes principle meas-
urements) and averaged between the three measurements to
determine the elastic constant C,,. Further details on the method
can be found in Horny et al.?’!

5. Results
5.1. 2D Crack Tip Model

To validate the model assumptions as well as the FEM-mesh
used in the 2D crack tip model, mode I stress intensity factors
K; of the cracked ceramic (A,/A, = 0) for different a/w ratios
and angles a have been determined and compared to theoretical
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Figure 7. Stress intensity factors (SIF) for the cracked ceramic for different
a/w ratios depending on the crack opening angle a. Theoretical SIF values
for according to ref. [55] displayed for comparison.

values according to Liu et al.’® as shown in Figure 7. The K;
values have been calculated from the J-Integral according to
ref. [56]. It is found that K; values converge if more than eight
node contours around the crack tip are evaluated. It is observed
that the SIF is strongly dependent on the a/w ratio, as expected
from theoretical expressions. As the numerical model contains a
perfectly sharp V-notch, an infinitely high stress singularity is
introduced at the crack tip independent of the opening angle
a. Therefore, the dependence of K; on the opening angle «a is
negligible. However, a small decrease of Kj is observed with
increasing a for every a/w ratio.

As presented in Section 3.1, the healing effect on the damaged
ceramic phase is investigated by the stress reduction of the most
critical stress o, in front of the crack tip. It is found that the radial
stresses very close to the crack tip (within the first element con-
tour) exhibit nonphysical profiles. Therefore, a meaningful eval-
uation can only be made at a certain distance from the tip
(cf. Figure 1). Here, a distance of r with r/w=0.015 has been
chosen and the stresses of the cracked o5 and the healed o}
ceramic are compared regarding different healing ratios
Ap/A., crack length ratios a/w, and crack shapes a. It has to
be noted that the stress ratios coincide with those evaluated at
other distances r. The results are presented for selected parame-
ter sets in Figure 8 and 9.

1.0 — . . . =
o
'_zl/w': 0.2 o 75 < 30
0.8} : o
3 Eacy
Q >
O 06}
~
sbx B
04F
02}
0.0 1 1 1 1 1 1

Figure 8. Ratio of stresses in y-direction (mode 1) in the healed r:;‘ and
cracked o ceramic rod at a/w = 0.4 depending on the healing ratio
A,/A. for different angles a. Stress ratio ranges for a/w = 0.2 (red)
and a/w = 0.6 (blue) are displayed for comparison. All values have been

extracted at r = 0.15 and ¢ = 0.
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h
y/G

O

Figure 9. Ratio of stresses in y-direction (mode 1) in the healed 0; and
cracked o7 ceramic rod at a=22.5° depending on the healing ratio
A, /A for different a/w ratios. Stress ratio ranges for a= 7.5° (red) and
a= 45° (blue) are displayed for comparison. All values have been extracted

atr=0.15 and ¢ = 0.

Figure 8 shows the stress ratio o} /0§ for a fixed crack length
ratio a/w = 0.4 over the healing ratio Ay, /A, for different open-
ing angles a. The simulation results are plotted using points with
different marker shapes depending on a. The lines between the
markers serve for visualization purposes only. As expected, o7 /o
decreases with increasing Ay /A, for all a. For healing ratios
between 0.5 and 0.9 an almost constant decline in the stress ratio
is observed. Between 0.9 and the fully healed crack at
Ap/A. = 1.0, the slope decreases significantly. For example,
for an opening angle of 30° (downward triangle in Figure 8),
the stress ratio reduces from 0.66 at A,/A. = 0.5 to 0.45 at
Ap/A. =0.9. This results in a stress reduction range of
A oo = [o0/0S]3% — [oh/0$]3% = 0.21. Considering ol /o =
0.23 at a healing ratio of 1.0, almost the same stress reduction
range Ay ,,=0.22 is covered between A,/A =09 and
1.0 only.

Another observation is that the stress reduction due to healing
increases with decreasing opening angle « for all Ay /A, ratios.
Exemplary, the stress ratio at Ap/A. = 0.5 is approx. 0.76 for
a= 45" and decreases to 0.45 at a= 7.5°. As for the healing ratio
variation, a stress ratio range between a= 45° and a=7.5" at a
constant Ay, /A, can be defined. For A, /A, = 0.5, this range reads
Ags = [ob/o5]8% — [oh/05)73" = 0.31. At a healing ratio of 0.9,
this range reduces to AZ, =0.25 with [o}/c5]¢% = 0.54 and
[o /o575 = 0.29. The smallest range is observed at A, /A, = 1.0
where [0l /65]# = 0.30, o1 /o5)75" = 0.15 and Af, = 0.15.

For comparison, the of/o% ranges between a=7.5" and
a= 45" for the maximum and minimum crack length ratios
a/w=0.6 and a/w = 0.2 are plotted in Figure 8 as blue and
red areas, respectively. It can be noted that the stress ratio as well
as the healing ratio range A* decreases with increasing a/w ratio.
Further, the range ratio between small and large Ay /A, values
A§ . /A§, increases with increasing crack length.

Analogously to Figure 8, the stress ratio o} /o is plotted over
Ap/A. for a fixed angle a= 22.5° and varying a/w ratios in
Figure 9. Again, the slope of the stress ratio decreases for all
a/w ratios, most significantly for A, /A, ratios between 0.9
and 1.0. The crack length ratio has a significant impact on the
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stress reduction as the stress ratio range at a constant Ay, /A, ratio
a/w
An/A. T

angle a=22.5°, the ranges AYY =0.42 and AYY =030 are
larger than the respective ranges due to an opening angle varia-
tion at constant a/w (cf. Figure 9). The ranges for minimum and
maximum opening angles a= 7.5 and a= 45°, depicted as blue
and red areas in Figure 9, respectively, show that the influence of
the a/w ratio decreases for smaller angles (compared to the
respective range).

[h/a }Ah/A [ah/ay]A /s, imposes. For the chosen

5.2. 3D Microstructure Model

As described in Section 3.2, the pristine IMCC is loaded up to a
compressive strain of 3%. The mechanical stress—strain response
is displayed in Figure 10 as a black solid line. Values of the
characteristic properties, i.e., elastic modulus EP, compressive
strength 6h.x, and residual strength oes, of the pristine material
(superscript p) are given in Table 3. Here, o, is defined as the
strength at a compressive strain of € = 3.0%. During loading, the
ceramic phase undergoes a successive damage process as

— loading (pristine)
500 —o- unloading

[V Fyan - i
Aﬂ ~c\4a, o, | === reloading
400 A s e e o
D=
300 . =
} ﬁ if j
200 -o- damage stage I
/ f j jf j -o- damage stage II
100 Y -o- damage stage III
¥ -0~ damage stage IV
-o- damage stage V

0.0 0.5 1.0 1.5 2.0 2.5 3.0
strain € / %

stress o / MPa

Figure 10. Stress—strain curves of the pristine composite under compres-
sive loading (black solid line), unloading at different load/damage stages
I-V (colored lines with circle symbols) and reloading behavior of the dam-
aged composite (colored dashed lines).

Table 3. Elastic modulus E, compressive strength 6,,, , and residual
strength o, (at a strain of & = 3.0%) of the pristine and the healed
microstructure at different healing stages |-V (analogous to damage
stages) and corresponding healing efficiency coefficients #; for each
parameter.

Parameter Healing Stage
Pristine | 1} 1l v \

E [GPa] 119.9 119.8 118.9 114.7 110.2 107.1
Omax [MPa] 493.8 492.9 492.0 480.5 466.3 443.2
Ores [MPa] 326.2 3313 343.4 355.1 379.8 384.5
m (E) - 0.999 0.992 0.957 0.919 0.893
11 (Crmax) — 0.998 0.996 0.973 0.944 0.898
M (Oves) - 1.016 1.053 1.089 1.164 1.179
72 (E) - 0.966 0.851 0.634 0.529 0.543
N2 (Cmax) - 0.880 0.891 0.799 0.742 0.670
M2 (Ores) - —1.68 —4.38 —8.03 54.60 26.35
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described in the authors’ previous works.?***! The fraction of
damaged ceramic elements (i.e., elements in which the
Rankine damage initiation criterion is met) and the failed
ceramic elements (i.e., elements that are fully damaged accord-
ing to Equation (6) and lost their load carrying capability) plotted
over the loading strain of the pristine IMCC are shown in
Figure 11.

For the investigation of the healing efficiency in dependence
of a varying predamage, five damage stages marked -V and
highlighted with colored circles in Figure 11 are picked.
Damage stage [ at a total strain of ¢ = 0.6% and a failed ceramic
fraction of vy =0.001 are located before the compressive
strength of the pristine material at & = 0.99% (cf. Figure 11
and 10). Stage II with ¢ = 0.9% and vy = 0.013 is chosen to
be approximately at the compressive strength of the pristine
IMCC. Damage stages III, IV, and V are located in the softening
regime of the composite at strains of 1.2%, 1.5¢ and 1.8% and
failed ceramic fractions of 0.066, 0.134, and 0.185, respectively.

Unloading up to the initial state (¢ = 0) of the IMCC was sim-
ulated at the five stages in order to determine the reduction of
elastic stiffness due to damage of the ceramic. The unloading
behavior is depicted in Figure 10 as colored lines with circle sym-
bols. A linear stress decay is observed directly after the load
change, as expected by theoretical considerations. However,
approaching ¢ = 0, the unloading curves of all damage stages
exhibit nonlinearities. They are caused by the penalty contact for-
mulation when the rigid plates loose contact to the IMCC and
due to the fact that a small amount of damage occurs in the
ceramic during unloading caused by the elastic spring back of
the metal phase. From the linear part of the curves, elastic mod-
uli of 117.0, 113.2, 105.7, 99.3, and 91.9 GPa have been deter-
mined for the damaged composite at the stages I-V, respectively.

After complete unloading, a reloading up to a strain of 3% has

2 and the

residual strength 6% of the damaged composite (superscript d) at
all stages (s=1I— V). In Figure 10, the reloading curves are
plotted as colored dashed lines. The reloading behavior of the
damaged composites equals the unloading behavior upon a cer-
tain point. This point varies for the different damage stages.
At stage I, the reloading almost perfectly coincides with the

been simulated to obtam the compressive strength o

o [TH I
failed \

83 B damaged -

0.6

0.5

0.4
0.3
0.2
0.1

0.0
0.0 0.5 1.0 1.5 2.0 2.5 3.0

strain € / %

ceramic fraction v,

Figure 11. Fraction of ceramic exhibiting first damage (damage initiation
criterion is met) and fully failed ceramic fraction (complete loss of stiff-
ness) over the compressive strain for the first loading of the pristine com-
posite. The colored circles mark the damage stages |-V shown in
Figure 10.
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unloading, and only a slight nonlinear deviation of the curve is
observed just before the strain prior to the unloading £ = 0.6% is
reached. Subsequently, the stress—strain response is comparable
to the pristine IMCC up to the compressive strength, except for

the lower compressive strength of o-max = 487.7MPa. For dam-
age stage II, the deviation close to &€ = 0.9% is more pronounced

and the compressive stress peak amax = 486.3 MPa is shifted to
higher strains, i.e., ¢ = 1.13% compared to the pristine compos-
ite (0hax = 493.8 MPa at & = 0.99%). The compressive strength
of the damaged material at stage II is lower compared to the pris-
tine composite; however, it is higher than the stress at the point
of unloading initiation ¢ = 477.3 MPa. For the stages III-V, the
initial nonlinear deviation shifts to lower stresses for increasing
predamage both in terms of absolute values and in relative man-
ner compared to the respective unloading point. The maximum
compressive stresses of the reloaded structures 427.7, 387.1, and
340.6 MPa are all below the unloading point stresses 45.02, 408.7,
and 390.9 MPa for the damage stages III, IV, and V, respectively.
The residual strengths upon reloading 328.1, 329.4, 329.4, 325.2,
and 323.9 MPa for all stages I~V coincide with otes = 326.2 MPa
within a range of +1%.

As described in Section 3.2, a numerical healing routine has
been applied to microstructures at all damage stages I-V in
which the failed ceramic elements have been replaced with
AlSi10Mg. Here, the state of failed elements at the beginning
of the unloading (cf. Figure 11) is used as a basis for the numer-
ical healing procedure. Since the real experimental healing rou-
tine includes a heating up to the melting point of the metal
phase, the loading history of the aluminum alloy is ignored,
ie., residual stresses and plastic deformations are neglected.
The mechanical behavior of the healed microstructures at the dif-
ferent predamage stages under compressive load is depicted in
Figure 12. The healing stages I-V correspond to the respective
damage stages shown in Figure 10 and 11. The key properties

EPs, 68, and obs for the healed (superscript h) microstructures
at every healing stage (s = I — V) are summarized in Table 3.
In general, a decrease of the elastic stiffness and the compressive
strength as well as an increase of residual strength can be
observed with increasing healing stage.

For stages I and II, the mechanical properties of the pristine
material can be restored to a high degree with healing efficiencies
of 71 (E, Opmax> Ores) > 0.99 (see Table 3). Starting from stage I1I,
the healed structures show a successive reduction of o,,,,, a shift

500

— pristine|
3 :’,é --- healed

A
N .
S ]

T
R ‘%'}AM’\” —5 :‘: ;4

=== healing stage I
-=-- healing stage Il [
=== healing stage Il
--- healing stage IV
--- healing stage V

0 i i

0.0 0.5 1.0 1.5 2.0 2.5 3.0

strain €/ %

400

300

200

stress 6 / MPa

100

Figure 12. Compressive stress strain behavior of microstructures healed
at the different damage stages |-V shown in Figure 10 and 11.
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of the peak stress value to higher strains and increasing o,,;. Up
to stage V, the healing efficiencies compared to the pristine
IMMC reduce to 7;(E) = 0.893 and 7 (6.) = 0.898 for stiff-
ness and compressive strength and increase to #7;(oys) =
1.179 for the residual strength. The healing efficiencies #;(f),
12 (f) for f = {E, 6nax, 6res } at all and healing stages are summa-
rized in Table 3.

5.3. Experimental Results

5.3.1. Preliminary Test and Self-Healing Approaches

The first healing attempt, triggered by temperature only
(P-A-1-650, c.f Table 2), effected an outflow of the aluminum
alloy contained in the sample. This could be concluded from
an alloy accumulation on the sample surface (see Figure 13)
on the one hand and from the CT examinations on the other
hand: As CT-imaging revealed, this healing approach resulted
in an 2.5-fold increase of porosity compared to the unprocessed
state. Furthermore, a pore-rearrangement occurred, i.e., some
pores that were already present in the material before the healing
attempt could no longer be found at the same location after-
wards. Such a pore closure is marked with a blue arrow in
Figure 13. A more detailed analysis of the pore distribution is
shown in Figure 14. The porosity of the unprocessed sample
is colored green, whereas the porosity after healing is colored
red. Only slight changes could be observed regarding the crack
thickness displayed in Figure 13: Some crack parts became thin-
ner (green arrow), e.g., shows a decrease in crack width from 13.5
to 6.5 pm, whereas other cracks widened (red arrow), e.g., from

500 um

Figure 13. CT-images of a crack and the corresponding sample P-A-1-650
according to ref. [64]: a) in predamaged state and b) after self-healing. The
cross-sections show in dark gray the metallic phase, in lighter gray the
ceramic phase, and cracks and porosity are given in black. The blue arrows
pointing on a pore disappearing after self-healing, the red and green arrows
marking crack positions that became bigger/smaller due to self-healing.
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1 mm 1 mm

I mm

Figure 14. CT images of specimen SH-Vac-0-630 a) before and b) after
self-healing. ¢) lllustration of porosity before (red) and after self-healing
(green) indicating porosity-rearrangement.

8.6 to 15.1pm by the thermally activated healing approach.
Healing success regarding Equation (2) shows values of #;(d) =
51.8% and n,(d) = —75.6%. In general, the healing procedure
has an influence on the crack morphology, as the cracks seem
to have a more rounded shape after the preliminary test.

It was expected that an application of gas pressure during the
temperature driven healing would prevent the alloy outflow and
force the aluminum melt into the cracks. However, the samples
healed with an additional gas pressure showed similar behavior
as the specimen healed without gas pressure (temperature only).
An outflow of aluminum alloy as well as increased porosity and
only slight changes in crack thickness could be observed. Various
adjustments of atmosphere, prepressure, and temperature did
not improve the microstructural results. Also, the BN-coating
and the plaster shell (c.f. Table 2) did not impede the alloy melt
from leaving the sample. The aluminum either gathered on the
top surface which was not covered by plaster or infiltrated the
porous plaster shell.

5.3.2. Healing Approach

By adding AlSi10Mg alloy prior to temperature- and pressure-
assisted healing, partial crack closure could be observed in

Adv. Eng. Mater. 2023, 25, 2300259 2300259 (11 of 17)

Figure 15. Magnified CT-images of sample H-Ar-60-700 a) before and
b) after the healing approach with additional alloy. Both CT-images are
overlapped in c), where the porosity after healing is highlighted blue.

sample H-Ar-60-700 (c.f. Table 2). The 3D CT data evaluation
method described in Section 4.4 gives insights into the decrease
of crack volume (compare Figure 15 and 16) and the partial for-
mation of porosity in the former crack area. The evaluation of the
CT data revealed a crack volume of only 0.6 vol% for the healed
sample, whereas the predamaged, unhealed sample exhibited a
crack volume of 2.8 vol% (compare green highlighted area on the
left side in Figure 16). Nevertheless, some parts of the crack
remained unfilled after healing. Besides that, porosity could
be detected in the surrounding areas of the crack as shown in

(a)

Figure 16. Crack volumes (left) and corresponding CT-image sections
(right) of sample H-Ar-60-700 a) in predamaged state and b) after healing
with additional alloy according to ref. [64].
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Figure 15. As this porosity cannot be found in the CT images
prior to healing, a pore formation due to healing can be con-
cluded. However, the cavities in the healed specimen have a cir-
cular shape, and sharp crack tips are no longer present in the
sample. Figure 16 shows the 3D-volume of the crack before
and after healing of sample H-Ar-60-700, clearly indicating a
strong decrease in crack volume.

5.3.3. Soldering of the Crack

The most promising results were obtained with the flux and sol-
der supported healing approach. Figure 17 shows CT image sec-
tions of the corresponding sample SC-A-1-500 after healing,
where the bright white regions represent the tin-based solder.
The high density of tin enables a clear distinction between
IMCC and solder, as tin absorbs almost all X-rays. It can clearly
be detected that not only the wide shear crack was healed, but
even small debonding cavities were filled by the solder.
However, some hardly accessible cracks were not filled
completely by the solder, leaving the crack tips open as shown
in the magnified areas of Figure 17.

To analyze the influence of the healing experiments on the
mechanical properties, the elastic constant in compression direc-
tion has been measured in the undamaged, damaged, and healed
state after crack soldering. Four samples have been tested, and
the results are shown as relative stiffness values compared to C,,
of the respective undamaged sample in Figure 18. All samples
show a clear decrease in stiffness due to damage, and the mean
value of the stiffness loss is 12% with a standard deviation of
5.0%. As the given experiments were stopped at a certain force
drop (compare Section 4.2), the amount of damage introduced to
each sample cannot be adjusted exactly, and the damaged stift-
ness varies between 81.7% and 92.5% of the original stiffness.

An increase of the elastic constant after crack soldering is
determined for three of the four samples. As the microstructural
investigations showed, sample three has a very different damage
structure compared to the other samples. This infuences the
behavior during soldering, which can explain the lack of stiffness

[ mm . T mm

Figure 17. Horizontal and vertical CT-image sections of sample SC-A-1-
500 healed by soldering. Due to the high X-ray absorption of the solder,
the sample and the cracks are given in dark grey and black. The solder is
represented by the bright phase. Open crack tips, not filled by the solder,
can be observed in the magnified areas framed orange.
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Figure 18. Relative stiffness in loading direction Cy, for the undamaged,
damaged, and solder healed composite compared to undamaged sample.
Results of four different samples as well as the average value and the stan-
dard deviation are shown, respectively.

increase after solder healing. Therefore, the sample is not taken
into account for the further comparison. The healed samples
exhibit 85.6% up to 96.3% of the original stiffness resulting
in a mean value of 91.8% with a standard deviation of 5.5%
(for the adjusted evaluation. Including all four samples, a mean
value of 90.0% with a standard deviation of 5.9% results, as given
in Figure 18). The microstructural CT-observation shows that
cracks get healed from the surface, analogous to Figure 17.
Cracks in the inner part of the sample are likely to remain open
as they are inaccessible for the solder entering from the outside.
With the results presented in Figure 18, the mean experimental
healing efficiencies for the elastic stiffness in compression can be
quantified as 7;(C,;) = 0.918 (ranging from 0.856 up to 0.963)
and 7,(C,;) = 0.317 (ranging from 0.214 up to 0.504).

6. Discussion

6.1. Simulation

The results of the 2D model presented in Section 5.1 showed the
dependencies of stress reduction in front of a crack tip under
tensile load. As expected, the stress reduction increases with
increasing healing ratio Ay, /A, and crack length ratio a/w as well
as with a decreasing crack opening angle a. Within the chosen
parameter range, the a/w ratio shows major influence on the
oy /0. ratio. This can be explained by the absolute increase of
the boundary length at the bottom (y = 0). It increases with
increasing a/w ratio, which improves the distribution of the
acroscopic load 4. Similar explanation can be used to
describe the influence of the healing ratio within a range of
Ay /A, =0.5—-0.9 on the stress reduction. Compared to the
a/w ratio, the influence is slightly smaller. Considering a crack
of a certain length healed to a certain amount this means: for
stress reduction improvement, it is more beneficial to heal a
longer crack with the same healing ratio A,/A. than a crack
of the same length to a higher A, /A ratio.

However, it is different for a complete crack healing, i.e.,
Ap /A, = 1.0. The stress concentration due to the sharp V-notch
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gets significantly reduced when aluminum is present directly at
the tip, which is not the case for healing ratios lower than 1.0.
Compared to the effects of crack length and healing ratio, the
opening angle has minor influence on the 6}, /0, ratio, especially
for high values of a. Using a geometrically sharp V-notch in the
simulation model results in almost the same stress concentration
in front of the crack tip independently of the opening angle, at
least for the chosen a-range in this study. Therefore, the stress
reduction is mainly a result of the influence of a on the bottom
boundary length, analogous to the a/w ratio. Extending the a-
range to larger angles would result in decreasing stress concen-
trations at the tip and therefore show a larger impact on the ¢}, /o,
ratio.’”) However, it should be noted that only an angle range up
to 45° has been considered in this study to investigate the most
probable and critical crack shapes that occur in the ceramic.
The transfer to a 3D microstructure including damage initia-
tion and progression in the ceramic presented in Section 5.2
reveals the influence of healing on the IMCC overall mechanical
properties depending on the damage stage. As assumed, the elas-
tic modulus E and the compressive strength o, of the reloaded
microstructures decrease with increasing damage stage -V due
to the increasing amount of failed ceramic phase (cf. Figure 11).
For the reloading behavior of the predamaged IMCCs, two
groups can be identified: 1) preloading up to the maximum com-
pressive strength ohy.x at € = 0.99% containing stage I and II and
2) preloading beyond & > 0.99% including stages III-V. For

group (1), the initial unloading stress is lower than the respective

afﬂix at reloading. Further, FE and o, show only a minor reduc-

tion compared to the pristine microstructure, i.e., in the ratio
between damaged and pristine elastic modulus E4*/EP at stage
s is 0.976 and 0.944 for stages I and II, respectively. The corre-

sponding maximum strength ratios afﬁgx/aﬂlax =0.985 and

0%t /0Pax = 0.967 are very close to 1 as well. For group (2),

the initial unloading stress is higher than the respective oty
at reloading, and the stress—strain curves do not exhibit a clear
stress maximum peak. The elastic and strength ratios decrease to

E4V/EP = 0.766 and oY /6max = 0.690 at stage V. These differ-
ences can be explained by the enhanced increase of failed
ceramic fraction starting after healing stage II. The reason is a
change of damage mechanism in the ceramic from crack initia-
tion before o, to crack growth and coalescence beyond o, as
described in ref. [34].

In contrast, the residual strength for all damage stages coin-
cides with ok of the pristine composite. Here, the volume frac-
tion and microstructure of the aluminum alloy, which is equal
for all stages, are determinants for the mechanical behavior.
Small deviations between pristine and predamaged microstruc-
tures can be explained by slight variations in the damage pattern
due to numerical fluctuations.

The healed composite exhibits improved mechanical proper-
ties compared to the predamaged IMCC in every damage stage.
The residual strength of the healed IMCC is even higher than the
pristine otes due to the added AlSi10Mg fraction and increases
with the healing stage number (I-V). Similar to the damaged
microstructures, the healing stages can be divided into two
groups, 1) I & II; and 2) ITI-V. According to the healing efficien-
cies 77 in Table 3 and the stress—strain curves in Figure 12,
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microstructures at stage I and II show almost similar mechanical
characteristics as the pristine IMCC, whereas stages I1I-V exhibit
a clear reduction of E and o,,,,. Although the absolute values are
much lower, the same tendencies can be observed for 7,(E) and
72(0max). The healing efficiency #,(0.s) yields values that are
either very high (see Table 3 stages IV and V) or negative (stages
I-1II) and therefore physically not meaningful. This is due to the

fact that o5 is very close to ok for every stage s. Subsequently,
the denominator in Equation (2) is either a small positive
or negative number, leading to healing efficiencies without
significance.

To compare the findings of the 3D microstructure and the 2D
crack tip model, the ratio of compressive strength between the

healed and damaged microstructure Ulfr’lzx / afﬁzx at a stage
s=1—V is contrasted to the stress reduction at the crack tip

0]}} /6§. This ratio is minimal for stage I a},ligx /dﬂigx =1.01 and
maximal at stage V where the healed microstructure can with-

stand macroscopic stresses that are 30% higher compared to

damaged microstructure with a}&‘lgx afﬁ!x = 1.30. This is less than

the stress reduction prediction in the 2D model at A /A, =1
in the worst case for a/w=0.2 and a=45 with
[0;‘/05 Z/:ugo.z = 0.536. The discrepancy can be explained by
numerous reasons: First, the load condition at crack tips in
the 3D microstructure is different from the idealized 2D model.
Second, cracks do not form only perpendicular to the ceramic
rods but are triggered by maximum principal stresses which
depend on the geometry of the microstructure. In contrast to
the idealized 2D model, this can lead to cracks that are not
aligned with the macroscopic load direction, i.e., at the ceramic
aluminum interface. There can also be multiple cracks within a
ceramic rod that interact with each other, which is not covered by
the 2D model. Further, due to the chosen load §, the AlSi10Mg
deforms only elastically in the 2D model. However, in the 3D
model, plasticity of the aluminum becomes relevant and reduces

the stress reduction in the ceramic in the vicinity of crack tips.

hs [ d, .
Therefore, o}/0§ and onax/omax do not correlate directly.

However, the range that is covered by the maximum and the

. . . hV AV hl o, dl
minimum compressive strength ratio opjax/6max — Omax/Omax =

0.29 is comparable to [6} /65]+5 = 0.30. This shows that the find-
ings of the 2D model can help to understand the behavior in the
3D composite although there are many more factors influencing
the local behavior in the complex microstructure.

6.2. (Self-)Healing Experiments

While the simulation intended to show the effects of complete
healing on the material properties, the experimental investiga-
tions served to determine to what extent crack healing can be
realized in the interpenetrating composite. In this context, the
definition of (self-)healing should be discussed, considering
the applicability to IMCCs. The differentiation between autono-
mous and nonautonomous self-healing according to Gosh
et al.”” cannot be transferred to IMCCs because activation from
an external trigger is always required for the metallic phase to
perform healing. Instead, a more extensive distinction can be
made. According to its definition, the term self-healing includes
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the application of external energy, but not the addition of mate-
rial. Keeping this in mind, the alloy-supported experiments
described in Section 4.3.2 and 4.3.3 can be defined as healing
experiments, whereas experiments without additional alloy
(c.f. Section 4.3.1) can be defined as self-healing approaches.
Considering the results of crack healing presented in Chapter
5.3, the healing success i, mentioned in chapter 2.3 can be deter-
mined. For the healing approach, the crack volume evaluated
from CT-imaging (see Figure 16) served as a property of interest
for the calculation of the healing efficiency, labeled 7, (V) in the
following. This evaluation was not possible for the preliminary
test and self-healing approaches due to the accompanying
increase of porosity. Therefore, the changes in crack thickness
shown in Figure 13 were used for the determination of #,(d)
in case of the self-healing experiments. As already mentioned,
the majority of cracks did not change, although some cracks parts
became thinner or wider. As a result, different values for ,(d)
could be obtained. For example, the widening of the crack
marked with the red arrow in Figure 13 results in a negative heal-
ing success of 1,(d) = —0.756, whereas the crack part marked
with a green arrow became thinner, showing a healing success
of ,(d) = 0.518. The reason for the increased porosity and little
crack changes in the self-healed samples is the outflow of alumi-
num, which is caused by the poor wetting of the material system.

267 -
b= O-Ll ;os@ )
2

The capillary pressure p depends on the surface tension o1, the
crack diameter d, and predominantly on the contact angle 6
between alloy melt and ceramic. The wetting angle 6 defines
whether a liquid fills a capillary independently or not. For the
nonwetting material combination of alumina and aluminum,
the value of @ is greater than 90°,°¥! resulting in a negative capil-
lary pressure p according to Equation (7). The high capillary resis-
tance makes it more beneficial for the aluminum melt to leave
the specimen than entering narrow cracks. This is confirmed by
the unsuccessful preliminary test, resulting in an outflow of alloy
instead of self-healing.

However, in contrast to theory,”® the capillary resistance
could not be overcome by applying gas pressure up to 60 bar dur-
ing the self-healing experiments. Even barriers against an alloy
outflow in form of boron nitride coating and plaster embedding
could not make crack penetration more favorable. The most
probable reasons for these observations can be found in the phys-
ical characteristics of the aluminum alloy. First, the natural oxide
layer of aluminum alloys must be considered, which not only
represents a surface resistancel®® but also worsens wetting with
increasing layer thickness: Experiments showed a minimization
of contact angle 0 down to 90° with decreasing oxide layer thick-
ness.[°” At temperatures above 500 °C, oxide layer is 1000 times
thicker form than at correspondingly lower temperatures.*® It
can be concluded that during heating up to the healing tempera-
ture of 650 °C, an oxide layer of high thickness has formed within
the cracks, inhibiting wetting and self-healing. Another reason
for the insufficient self-healing success can be found in the ther-
mal expansion of aluminum. Skirl et al.®" investigated the ther-
mal expansion behavior of alumina-aluminum interpenetrating
composites and noticed a temperature- dependent strain
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hysteresis of the material. They suggested that the alloy flows
back and forth in the ceramic surface channels upon cooling
and heating, respectively. In combination with the oxide layer
covering the crack surface, it can be assumed that it is more
favorable for the aluminum melt to expand by leaving the
ceramic foam rather than filling the cracks within the sample.

The healing and solder approaches served to prove these
assumptions. By adding additional AlSil0Mg aluminum alloy,
a counterpressure acted on the sample surface upon thermal
expansion of the alloy. With the help of gas pressure, the addi-
tional alloy infiltrated the cracks, resulting in an evenly distrib-
uted healing with a healing success of #,(V) = 0.786 regarding
the crack volume V. Another benefit may be the geometry of the
parallelepiped sample, making the crack more accessible for the
additional alloy melt compared to the cylindrical samples.
The residual porosity within the filled crack is probably the result
of alloy shrinkage during cooling.

In this context, the increase in porosity after all (self-)healing
attempts has to be emphasized. A comparison of the pore loca-
tions before and after (self-)healing was carried out to identify
potential causes. Concerning the pore locations of the self-healed
samples, no patterns or regularities can be recognized, indicating
a random porosity formation and rearrangement process due to
alloy outflow as shown in Figure 14. In the healed sample
H-Ar-60-700, the outflow of the aluminum within the specimen
could be prevented by the added alloy. Figure 15 shows that the
majority of newly formed pores are located in the immediate
vicinity of the cracks. It can be assumed that a movement of
the specimen’s aluminum into adjacent cracks occurred, result-
ing in open pores in the crack surrounding areas. If this was the
case, one could speak of self-healing. However, it is not possible
to trace the flow movement of the melt during the healing
attempt, so this assumption cannot be proven.

The results of the soldering attempt shown in Figure 17 verify
the existence of an oxide layer within the crack. The solder flux
successfully removed the nonwetting passivation layer, enabling
the solder to fill wide cracks and small cavities. Even though the
solder material is much weaker than the AlSi10Mg, sharp crack
tips can be sealed by this approach, reducing local stress concen-
trations.”® Nevertheless, some crack tips were found to be not
completely filled (c.f. Figure 17), acting as potential locations for
crack propagation in case of reloading. The minimization of local
stress can also be observed after the healing approach: Although
the filled cracks contain some residual porosity, the resulting cav-
ities show a circular geometry and even former crack tips have
been rounded by the healing procedure. This effect can even be
detected in Figure 13, however, in a less pronounced way.

6.3. Comparison of Numerical and Experimental Investigations

In this study, the numerical investigations are based on idealized
model assumptions leading to possible deviations from the real
material behavior. For example, a complete healing of all cracks
in the 3D microstructure model and a perfectly bonded Al,Os/
AlSilOMg interface (in both models) have been assumed.
Further, the minimum thickness of healed cracks is limited to
the element size, as complete ceramic elements have been
replaced with metal in the numerical healing routine. This is
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a simplified assumption, which leads to different ceramic and
metal volume fractions in the pristine and the healed composite.
The elements in which damage initiation has started but has not
proceeded to complete failure (see Figure 11, gray) are neglected
in the healing algorithm, and their state of damage is lost in the
healed microstructures. Due to the random volume fraction and
arrangement of the pores after healing, it is very difficult to incor-
porate porosity in the simulations. Assumptions about pore
sizes, shapes, and locations would have to be made, which all
have an unknown impact on the simulation. Therefore, an ideal
composite without residual porosity has been investigated
numerically to reduce the amount of possible impact factors
and to get insights in to the dependencies of the other parame-
ters. All of these model assumptions lead to the best possible
restoration of mechanical properties that can be achieved by
(self-)healing.

Consequently, the healing efficiencies of mechanical proper-
ties in the experiments are expected to be lower than in the sim-
ulations. Using a test setup with a force drop criterion of 7% with
respect to the compressive strength (c.f. Section 4.3), the UPS
measurements shown in Section 5.3.3 are performed on a speci-
men with an amount of damage comparable to stage III of the
simulations. However, the healing efficiencies of the elastic prop-
erties values 7;(C,,) from experiments are lower as the respective
values determined numerically at stage III #;( E) and rather com-
parable to the results of higher damage stages. The range of
71(Cyy) from 0.856 to 0.963 covers the numerical healing effi-
ciencies from stage III (7;(E) =0.957) down to stage V
(n1(E) = 0.893), and the mean value 5,(Cy,) = 0.918 matches
very well with the simulation result for stage IV
(n1(E) = 0.919). For the healing coefficient #,, the difference
becomes even more evident. The whole experimental healing
efficiency range with a mean value of #,(C,;) = 0.317 is lower
than the numerical range, and only the coefficient for sample
one 7,(Cy;) = 0.504 is close to the values for stage IV #,(E) =
0.529 and V 5,(E) = 0.543 determined in the simulation.

The main reasons for this discrepancy are the residual poros-
ity and the incomplete crack filling upon solder healing in the
experiments. In contrast to the perfect healing in the simulation,
the solder experiment has shown a maximum crack volume heal-
ing success of #,(V.) = 0.786, due to the wetting issues of the
ceramic interface and the Al-alloy. Similar interface problems
have been reported by Lucci and coworkers®**! when healing
an aluminum matrix with Sn60Pb40 solder encapsulated in alu-
mina microtubes. It has to be mentioned that the lower stiffness
of the S-ZnAl22 solder used in the experiments compared to the
AlSi10Mg used in the simulations also has a negative effect on
the elastic properties after healing. Although no experimental
testing beyond the elastic range could be performed so far,
the residual porosity and the incomplete crack healing will affect
the other mechanical properties o, and o, as well. As shown
in Section 5.1, incomplete healing of a crack of any shape and
size strongly affects the stress ratio in front of the tip.

Nonetheless, the synergy of numerical and experimental
investigation leads to valuable insights. Despite the challenges
of the material combination for the experimental approach men-
tioned in Section 6.2, the range between current experimental
possibilities and idealized simulative results revealed the great
potential of the self-healing process worth further exploration.
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For purely metallic systems, this potential has already been
shown, e.g., by Leser et al.®” who used an 60/40 In-Sn solder
coating on a titanium specimen and could reduce crack growth
rates to the order of 50% after temperature triggered healing and
by Zheng et al.*” who could restore the ultimate tensile strength
o4 Of pure nickel by electrohealing with an efficiency up to
72(6ys) = 0.96. Further, the 2D model simulations can help
to understand the local load-bearing capacities of the soldered
crack experiments on sample SC-A-1-500 (cf. Figure 17).
Experimental investigations on the stress reduction for cracks
of different length and healing completeness are cumbersome,
but can easily be estimated by the model with correspondingly
adjusted parameters. Finally, both models can be used for the
investigation on the self-healing potentials of other interpenetrat-
ing composite systems to allow for a resource efficient and target-
oriented progress in the experimental methods.

7. Conclusion and Outlook

This study presented a first attempt to investigate (self-)healing
approaches on interpenetrating metal ceramic composites. It has
been shown that (self-)healing can be applied to IMCCs without
the need of a special microstructural design adaptation.

Numerical investigations have shown the importance of crack
geometry and the amount of healing on the stress reduction in
the damaged composite and the restoring of mechanical proper-
ties. The results showed an upper bound estimation revealing
very good healing efficiencies for the IMCC, particularly for early
damage stages prior to the compressive strength.

The experimental investigations show that healing can only be
implemented to a limited extent with the aluminum alloy con-
tained in the IMCC. The successful alloy and flux supported heal-
ing experiments prove that this is mainly due to the thermal
expansion mismatch of the material system as well as the pas-
sivating layer of aluminum, which is formed in oxygen environ-
ment and worsens wetting.

The key conclusions are summarized in the following:
1) Stress reduction increases with increasing healing ratio
Ap/A. and crack length ratio a/w as well as with a decreasing
crack opening angle a. For the chosen parameter range, the
ratios a/w and Ap/A. show a significantly greater influence
on the stress reduction than «; 2) It is beneficial to heal a longer
crack with the same healing ratio Ay, /A, than a crack of the same
length to a higher A, /A, ratio. However, full healing of a crack
up to A,/A. =1 reduces the stress significantly and can out-
weigh this correlation; 3) Great healing efficiencies of n; >
89% have been determined for the IMCC under compressive
loading in all investigated predamage stages I — V; 4) For the
mechanical behavior of the predamaged and the healed
IMCC, two groups could be identified depending on the preload-
ing strain and the amount of failed ceramic. Group (1), which
was preloaded up to the compressive strength of the healed mate-
rial is comparable to the pristine IMCC (; > 99%), whereas
group (2), which was preloaded beyond ohax exhibits a notable
reduction of the mechanical properties (7, < 97%); and
5) Experimental self-healing of the IMCC triggered by heat only
is not feasible due to the poor wetting behavior of the material
system. However, the investigated healing approaches adding

© 2023 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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supplementary AlSil0Mg alloy or using a low-melting solder
alloy (S-ZnAl22) yield promising results.

The presented simulation results indicate that the self-healing
potential of interpenetrating composites is promising. For exper-
imental realization, the tendency to surface oxidation in the
metallic phase and the repulsive surface interaction between
the two phases hinders self-healing in this material system.
By improving the material combination within the interpenetrat-
ing composite, a realization of experimental self-healing might
be achieved. This should be the focus of future research
work together with the influence of interface properties and
metal phase solidification/shrinkage on the properties of the
healed IMCC.
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