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Abstract

Layered ceramic architectures with alternating material layers with tailored microstructures
have been demonstrated as effective approach for optimizing the mechanical behaviour of
advanced ceramics. Due to the different coefficients of thermal expansions within the combined
multi-material layer regions, alternating tensile as well as compressive residual stresses are
generated after cooling down from the sintering temperature. For instance, in designs where the
compressive residual stresses are located within the top surface layer regions, a significant
increase in the strength can be achieved. In cases where damage tolerance is pursued, the in-
plane compressive residual stresses may be embedded within the ceramic architecture aiming
to provide “crack arrest” of propagating surface cracks. In addition to the architectural design
approach for layered ceramic systems (laminates), recent research has demonstrated that
orienting the microstructure (“texturing”) along the [0001] basal directions within specific layer
regions may further improve the fracture resistance of alumina-based laminates through energy-
dissipating deflection mechanisms during the fracture process. This approach resembles some

natural systems, as in seashells and is often referred to as bioinspired design concept.

The fracture behaviour and the underlying mechanisms of such textured alumina-based ceramic
laminates have not been fully understood yet. In this thesis, the micro-scale fracture toughness
of individual textured alumina grain and grain boundaries is investigated through micro-
cantilever bending tests. The investigation on the micro-scale level may be used for better
understanding the macroscopic fracture behaviour of layered alumina-based laminates with
textured microstructures. Furthermore, the Hertzian contact damage behaviour of alumina-
based laminates with internal textured regions is assessed and the corresponding surface as well
as sub-surface damage are studied in detail. In addition, the high-temperature fracture behaviour
of layered alumina ceramics with textured microstructures are explored by performing
(uniaxial) bending tests up to temperatures of 1200 °C, which may be paramount for assessing

their potential for high-temperature applications.

Another important aspect is that although such alumina-based 2D-architectures (planar
structures fabricated through tape casting) may show high potentials in designing mechanical
resistant or damage-tolerant systems, the application of the multi-material design concepts with
residual stresses on more complex-shaped components has not been investigated yet. Therefore,
the potentials of designing alumina-based 3D-multi-material architectures through

stereolithographic printing and their mechanical performance is studied. Firstly, the mechanical



strength of 3D-printed alumina is tailored by embedding alumina-zirconia layers between outer
pure alumina surface layers with significant compressive residual stresses. Secondly, the
thermal shock behaviour of 3D-printed multi-material ceramics with embedded alumina
(protective) regions under compressive residual stresses is explored. Based on the damage-
tolerant design concept, a first demonstrator component (i.e. ceramic turbine blade) with
complex shapes is designed through the multi-material design approach and its effectiveness

for arresting thermal shock cracks is demonstrated.

Keywords: Alumina, Laminates, Residual stress, 3D-printing, Fracture behaviour



Kurzfassung

Keramische Schichtarchitekturen mit abwechselnden Materialien und gezielt eingestelltem
internen Geflige haben sich als besonders effektiv hinsichtlich der Optimierung des
mechanischen  Verhaltens von Hochleistungskeramiken erwiesen. Aufgrund der
unterschiedlichen thermischen Ausdehnungskoeffizienten zwischen den kombinierenden
Multi-Material-Regionen, werden abwechselnde Zug- als auch Druckeigenspannungen nach
dem Abkiihlen von der Sintertemperatur eingestellt. In Schichtdesigns mit maflgeschneiderten
Druckeigenspannungen an den Oberflichenregionen kann eine wesentliche Erhohung der
mechanischen Festigkeit erzielt werden. In Anwendungen wo hingegen eine hohe
Schadenstoleranz gefragt ist, konnen die Schichten die unter Druckeigenspannungen stehen in
der Schichtarchitektur eingebettet werden, sodass es zu einem erwiinschten Rissstopp von
fortschreitenden Oberfldchenrissen kommen kann. Zusitzlich zu den Designstrategien von
Architekturen keramischer Laminate, konnte in neueren Forschungsarbeiten eine gezielte
Verbesserung der Schadenstoleranz von Aluminiumoxid-basierenden Laminaten durch
Texturierung des Gefiiges in die [0001] Basal-Richtung, welche auf energiefreisetzenden
Ablenkungsmechanismen der Risse wihrend des Bruchvorganges zuriickzufiihren ist,
nachgewiesen werden. Dieser Ansatz ermdglicht es die Bauweise von natiirlichen Materialien,
wie dieser einer Muschel, nachzuahmen und kann dem bioinspirierten Designkonzept

zugeordnet werden.

Jedoch wurde das Bruchverhalten und die dahinterstehenden Mechanismen von keramischen
Aluminiumoxid-basierenden texturierten Laminaten noch nicht vollstindig verstanden. In
dieser Arbeit, wurden die Bruchzédhigkeiten von individuellen texturierten Aluminiumoxid-
Koérnern und Korngrenzen in der Mikroebene durch Cantilever-Biegeversuchen weitgehend
untersucht. Diese Untersuchungen konnen wesentlich zum Verstindnis des makroskopischen
Bruchvorganges von Aluminiumoxid-basierenden Laminaten mit texturiertem Gefiige
beitragen. Des Weiteren wurde das Hertz’sche Kontaktschddigungsverhalten von solchen
keramischen texturierten Schichtarchitekturen mit den damit verbunden oberflichennahen
Schiadigungsmechanismen erforscht. Das Hochtemperaturbruchverhalten von keramischen
Laminaten mit texturiertem Gefiige wurde im Rahmen von uniaxialen Biegeversuchen bis zu
Temperaturen von 1200 °C studiert, welches sehr wesentlich fiir die Anwendung solcher im

Hochtemperatursektor wére.
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Ein weiterer wichtiger Aspekt ist, dass solch Aluminiumoxid-basierende 2D-
Schichtarchitekturen (plane Schichten hergestellt mittels Tape Casting) zwar sehr hohes
Potential hinsichtlich dem Design von mechanisch-resistenten oder schadenstoleranten
Systemen aufweisen, die Erweiterung des Multi-Material-Konzeptes mit Eigenspannungen an
Komponenten mit komplexer Geometrie wurde bis dahingehend noch nicht erreicht. Deshalb
wird in weiterer Folge das Potential zum Designen von Aluminiumoxid-basierenden 3D-Multi-
Material-Architekturen mittels stereolithographischem Druck und deren mechanische
Performance weitgehend beurteilt. Die Erhéhung der mechanischen Festigkeit von 3D-
gedrucktem Aluminiumoxid durch das Einbetten von Aluminiumoxid-Zirkonoxid-Schichten
zwischen Aluminiumoxid-AufBlenschichten unter Druckeigenspannungen in einem Multi-
Material-Laminat wird erforscht. Des Weiteren wird das Thermoschockverhalten von Multi-
Material-Keramiken mit internen Aluminiumoxid-(Schutz)schichten unter
Druckeigenspannungen untersucht. Basierend auf dieses schadenstolerante Konzept, kann
erstmalig ein geometrisch-komplexer Demonstrator (Keramik-Turbinenschaufel) unter
Anwendung der Multi-Materialtheorie entwickelt und eine Effektivitit zum Stoppen von

Thermoschockrissen nachgewiesen werden.

Schliisselworter: Aluminiumoxid, Laminate, FEigenspannungen, Additive Fertigung,

Bruchverhalten
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Josef Schlacher Dissertation Introduction and motivation

1. Introduction and motivation

Designing structural components for many demanding fields (i.e. medical sector, space
engineering, high temperature application, etc.) requires the use of exceptional materials.
Advanced ceramics show a variety of attractive properties, such as corrosion resistance, high-
temperature stability, biocompatibility, and the high-stiffness-to-weight-ratio, which are

paramount for their application in modern sectors [1,2].

One limitation on the use of ceramic components is the lack of reliability and damage tolerance
upon mechanical loading associated with the absence of plasticity. The inherent brittleness (low
fracture toughness) and the scatter in mechanical strength of advanced ceramics are the main
limiting factors for preventing their use in applications where high safety is sought [3]. One
strategy to overcoming this lack of plasticity may be provided by mimicking the “brick-mortar”
structure as found in seashells [4,5]. Following the “bio-inspired” design concept may lead to
tougher and more reliable ceramic architectures, as presented in “nacre-like” alumina ceramics
[6]. Such nacre-like alumina ceramics exhibit enhanced fracture toughness; however, the
strength may be compromised by the rather weak secondary phases, especially at elevated
temperatures. Another promising strategy has been demonstrated by designing layered
architectures of different ceramic regions with “strong” interfaces, leading to alternating
residual stresses through the differences of the thermal expansion coefficients (CTE) by cooling
down from the sintering temperature [7]. Depending on the final application, the compressive
residual stresses can be either located in the top-surface layers (mechanical-resistant design) or
within the embedded layer regions (damage-tolerant system), to provide crack shielding
mechanisms [8,9]. The first approach may increase the strength of ceramic parts by the
magnitude of the corresponding in-plane compressive residual stresses in the surface region
[10-13]. In the second design concept, the strategy of embedding barriers against crack
propagation reduces significantly the strength variability and enhances their fracture resistance,

yielding an increased damage tolerance of the ceramic part [8,14—17].

To improve the mechanical properties of ceramic laminates, microstructure tailoring of each
layer region has been established as additional strategy. For instance, the addition of zirconia
to alumina (zirconia-toughened alumina (ZTA)) combined with alumina layers, allows the
tailoring of the mismatch of thermal expansion coefficient, which is paramount for adjusting
the magnitude of corresponding residual stresses [18]. In recent research, orienting the

microstructure (“texturing”) by “templated grain growth (TGG)” exploited in the embedded

2
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layer regions has been pursued to further improve the fracture resistance (damage tolerance) of
ceramic architectures, associated with energy-dissipating deflection mechanisms [19-21].
Besides the major advances in the field of “textured” ceramic laminates, there is still open
research for assessing their potential in special applications. For instance, the link from the
micro- to the macro-scale level has to be explored for understanding the fracture process of
layered textured alumina ceramics. Another important factor is assessing the damage tolerance

of textured alumina laminates under severe conditions (i.e. high-temperature environment).

Although these positive impacts of architectural designing of ceramic laminates together with
microstructure tailoring on its mechanical response have been reported [18,22], the
breakthrough of multi-material systems with tailored residual stresses as structural components
for industrial application may be hindered by the planar-structures (no design complexity) given
by the 2D-fabrication processes (i. e. tape casting). To overcome many limitations factors of
designing complex-ceramic-parts or components, the mechanical properties of alumina
ceramics fabricated by stereolithographic 3D-printing, such as Lithography-based Ceramic
Manufacturing (LCM) [23-25] was investigated in a previous work [26]. Beyond these research
activities, novel 3D-printing techniques may be also employed to enable designing of multi-
material-based concepts with high complexity [27]. Therefore, another question in this thesis
addresses whether it is possible to combine the architectural approach with tailored residual
stresses together with the advantages of novel LCM 3D-printing to design ceramic components

with superior mechanical properties.

The overarching goal of this thesis is to (i) deepen the understanding of the fracture behaviour
and the corresponding damage mechanisms under distinct loading scenarios as well as testing
conditions and (i1) assess the potential of design concepts with residual stresses for enhancing
the structural integrity of 3D-printed components. The effect of residual stresses and tailored
microstructures on the mechanical response of 2D (tape-casted) as well as 3D (additive
manufactured) ceramic architectures are studied under distinct loading scenarios (i.e. contact
loading, thermal shock, among others). As 2D-architectures, (i) laminates with alternating
(equiaxed) alumina-zirconia (or pure alumina) and textured alumina regions have been
investigated, whereas (ii) multi-material ceramics combining alumina and alumina-zirconia

layers have been considered for 3D-architectural designing (Fig. 1).

The main results of this doctoral thesis are discussed as an extended summary of the author’s
recent publications. A schematic overview of the research activities within the thesis is shown

in Fig. 1.
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The first design concepts are based on microstructure regions of randomly distributed alumina-
zirconia (or pure alumina) grains (euqiaxed) and textured alumina layer regions (elongated
grains oriented along [0001]-direction). To better understand the macroscopic fracture
behaviour of layered alumina-based ceramics with textured microstructures, the (localized)
micro-scale fracture toughness of individual textured alumina grains and grain boundaries are
compared in Publication A. From the macroscopic viewpoint, spherical indentation tests are
conducted to investigate the contact damage behaviour of alumina-based architectures with
textured layer regions (Publication B). Furthermore, the macroscopic fracture behaviour of
these architectures is investigated under uniaxial bending tests over a wide temperature range
(up to 1200°C) for assessing their structural integrity under severe conditions (Publication C).
The micro- and macro-scale results are correlated in Chapter 5.1 and 5.2, which may enhance
the understanding of the acting mechanisms within textured alumina laminates during the

fracture process.

Chapter 5.3 deals with the potentials of the stereolithographic 3D-printing for designing and
fabricating novel alumina-based multi-material ceramics with exceptional mechanical
resistance or damage tolerance. For these research studies multi-materials architectures are
designed based on alumina and alumina-zirconia (zirconia-toughened alumina (ZTA)) layer
regions. In Publication D, the feasibility of 3D-printing alumina with superior strength is
demonstrated by using the multi-material approach with compressive residual stresses in the
surface layers. Publication E discusses the effectiveness of the multi-material design to
enhance the reliability of 3D-printed ceramics by embedding protective regions, acting against
crack propagation. As final step, the first 3D-printed multi-material component of complex-
shaped geometry with outstanding damage tolerance is presented in Publication E, which may

open new pathways for novel industrial applications.
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Designing with residual stresses and tailored

microstructures
2D-architectures 3D-architectures
Alumina-zirconia or Alumina
(pure) alumina &
& Alumina-zirconia
Q Textured alumina g
Publication A Publication B Publication D
Understanding fracture of layered Potentials of additive

ceramics with textured microstructure: manufacturing in the field of
From micro- to macro-scale 3D-multi-material ceramics

Publication C
Q] ublication \Q Publication E

Effect of temperature on fracture
behaviour of textured ceramic First 3D-printed multi-
architectures material component

Fig. 1: Schematic overview of the research activities on layered alumina-based ceramics with

tailored residual stresses and microstructures.
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2. Theoretical background

In this Chapter, the theoretical background of the thesis is given, aiming to provide the reader
a comprehensive yet short overview on assessing the mechanical behaviour of ceramic
materials. The main focus here is on (i) the theory of brittle fracture and (ii) the contact damage
as well as (iii) thermal shock behaviour of advanced ceramics. Furthermore, the state of the art
of concepts for designing layered ceramic architectures as a strategy for improving their

mechanical properties is discussed in detail.

2.1. Mechanical behaviour of advanced ceramics
2.1.1. Fracture and strength of brittle materials

In general, the fracture of advanced ceramics initiates from rather small defects distributed
within the component or at its surface. Although these defects may exhibit an infinite volume,

they can be described as sharp cracks according to the Linear-elastic fracture mechanics [1,3].

Based on the fundamental work of Griffith [28], where the brittle fracture behaviour is
described using an energy approach, it is shown that an existing crack a under applied stress o
may extend to (a + da) within a plate of thickness ¢, when the mechanical work done through
the crack growth (W) is equal or exceeds the contribution of changes in the stored elastic

energy (0U,;) and that in the fracture energy (G.) for creating new fracture surfaces (04 = tda)

[1,29,30]:

oW > U, + G,tda. (1)

Assuming an edge crack within a fixed (infinite) plate, the corresponding strength or can be

derived from the relation as [30]:

2
GE (2)
% = ma ’
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where E is the Young’s modulus of the material and G. the critical energy release rate. In
general, depending on the loading condition and the geometry of the crack as well as the

specimen, a so-called geometry factor ¥ can be defined and the strain energy release rate G may

be calculated as [30]:

¢ =(""0/) ma, 3

In any case where the G exceeds G, fracture might occur, which is known as failure criterion

[30]:

G >G,, 4)

In the year 1957, Irwin [31] introduced the concept of the stress intensity factor K =+ GE (plane

. ’ GE . . . . . .
stress condition) or K = — (plane strain condition). An important loading mode in ceramics

takes place when the applied forces are perpendicular to the crack planes. In such case, the well-

known Griffith/Irwin failure criterion can be defined as [1,29,30]:

K, = oYV ma =K, (5)

where o is the applied stress, a is the crack size and K the “critical” stress intensity factor or
fracture toughness of the material. In this regard, the stress at failure (fracture strength), o7, may
be calculated from the failure criterion, with a. as the critical “Griffith” defect size, as follows

[30]:

K¢ (6)
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In the fracture analysis (fractography [32]) of ceramics, it might be helpful to estimate the
critical sizes of flaws (i.e. pores, agglomerates, surface cracks, etc.) distributed within the

volume or at the surface. Therefore, Eq. 6 can be rearranged as follows [30]:

o1 K\’ (7
¢ mw\Yor )’

Since the strength of ceramics mainly depends on defect distributions, fracture statistics has to
be applied for evaluating their strength parameters [33]. A statistical fracture theory for brittle
materials with homogenous defect densities, was proposed by Weibull [34,35], based on the
“weakest-link” hypothesis, where fracture initiates from a single critical flaw. The Weibull
distribution in its original 3-parameter form of the probabilities of failures (P), which is

depending of the volume (/) and the applied stress state (), can be written as:

|4

P(o,V) =1—exp l—7<
0

g - Uu>m*l ®)

op*

where 0" and m” are materials parameters and V) the scaling volume, and o is a lower bond of
the strength [36]. In cases of small sample sets and where gy is unknown, the fitting of the 3-
parameter distribution may remain unstable [37]. It is important to emphasize; however, that
the effect of residual stresses on the mechanical behaviour of ceramic laminates can be
described using the 3-parameter form for the statistical evaluation, where the total stress state
can be determined as superposition of the applied stress and the contribution of residual stress,

so that the lower bound is well known (ou= —ores) [13].

Nevertheless, in most of the practical cases, the lower bound can be set to zero (ou = 0), leading

to the well-known 2-parameter Weibull distribution [36]:

P(o,V) = 1—exp [_VKO((%)’"] ©)
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where oy is the characteristic strength and m the Weibull modulus of the material. In this regard,
the Weibull modulus (m) describes the width of the distribution (scatter of strength data) and
the characteristic strength (o) is related to the stress state, where the probability of failure P is
approx. 63 % with the specimen volume (V) equal to a reference volume Vy (V=Vy) [36].
Noteworthy to mention, Danzer [36] stated that this well-known 2-parameter Weibull
distribution can be considered as special case of a more general distribution function of

inhomogeneous defects.

2.1.2. Contact damage in ceramics

In 1881, H. Hertz [38] first reported a work about the contact scenarios between elastic bodies,
which was the beginning of the scientific field of contact mechanics. In the Hertz theory, the

following assumptions were made [39,40]:

(1) Both contacting bodies may be considered as half elastic-space. Therefore, the curvatures of

the solids are relatively large compared to the contact radius a.
(1) The contact radius a is relatively small compared to the dimensions of the contacting solids.

(ii1) The contact between the two bodies can be considered as frictionless [39,40].

A prominent contact scenario may be the one of a rigid sphere (i.e. spherical indenter) on a flat
(specimen) surface, which is also from high interest in this work. According to Hertz, the

contact radius a can be determined as [39,40]:

WE (10)

_ (SPR)
=\

where P is the applied load, R the radius of the spherical indenter, and £~ is the combined elastic
modulus taking into account the elastic moduli as well as Poisson’s ratio of the indenter (v, E)

and the specimen (v, E), respectively [39,40]:
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1 _(1—v2)+(1—v’2 (11)
E*  E E’

In the contact region, the (normalized) surface pressure distribution can be written as [39,40]:

N (12)
_Z=__(1__> r<a

with o, as the axial stress and pm as the mean contact pressure (pm = P/ma’) for spherical
indentation [39,40]. Details about the Hertzian stress fields, the resulting contours of equal
principal stresses as well as the corresponding stress trajectories, can be found in the book of

Fischer-Cripps [39].

According to the Hertzian theory, the maximum tensile stress (i.e. first principal radial stress)

associated with crack initiation at the contact region can be calculated as [39]:

p (13)
Omax = (1 —2v) )

Furthermore, the maximum shear stresses Tmax, occurring in the sub-surface region (depth ~ 0.5

X a), can be correlated with the mean contact pressure as follows [41]:

Tmax = 0.48 pp, (14)

In general, two main damage patterns can be distinguished under spherical indentation, namely
(1) the classical Hertzian ring and cone cracking (see Fig. 2a) as typically found in homogenous
polycrystalline ceramics or glasses and (i1) the quasi-plastic damage within the sub-surface (Fig.
2b) of specific ceramics with controlled microstructures [41,42]. In case of the former damage

mode, it is interesting to note that the propagation of deleterious cone cracks is favoured along

10
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the stress trajectory of the “third” principal stress due to its orthogonality to the “first” principal

stress in radial direction [39].

The formation of the quasi-plastic sub-surface damage zones can be explained by shear-
fault/wing crack mechanisms within microstructural features (micro-cracks) of tailored
ceramics [41]. Many researchers have reported the successful introduction of quasi-plastic
shear faulting within ceramic architectures with tailored microstructures, yielding increased
contact damage resistance. For instance, grain coarsening [43,44] or increasing the level of
porosities [45] within polycrystalline ceramic microstructures could favour the quasi-plastic
damage pattern. In addition, interface designing has been reported as exceptional approach for
micro-crack formation within sub-surface damage zones. Belmonte et al. [46] found micro-
cracking as main mechanisms along the weak interfaces of second phases trough adding
graphene nanofillers in silicon carbide ceramics (Fig. 2d). In the work of Cai et al. [47], sub-
surface shear faulting through sliding mechanisms along mica/glass interfaces is also an
interesting way for triggering quasi-plasticity (Fig. 2c). Based on the multi-layer concept,
alumina systems with embedded calcium-hexaluminate interfaces [48,49] or the design with
brittle coatings [50,51] have been investigated in literature for enhancing their contact damage

resistance.

It is worth highlighting that the formation of quasi-plastic damage is associated with the
maximum shear stresses (see Eq. 14) acting within the sub-surface zone, whereby its location

(centre) has to be taken into account for designing multi-layer systems.

11
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Fig. 2: (a) Classical Hertzian ring/cone cracking in fine-grained as well as (b) quasi-plastic
damage zone within rather coarse-grained silicon nitride ceramics. Adapted from [44] with
permission from Wiley. (¢) Sub-surface shear faulting in mica-glass ceramics. Reproduced
with permission from Springer Nature [47]. (d) Micro-crack formation along the
matrix/graphene interface of silicon carbide composites. Adapted from [46] with permission

from Elsevier.

2.1.3. Thermal shock behaviour

Thermal shock associated with rapid heating or cooling has been found to be one of the most
critical loading conditions in ceramic materials. The corresponding thermals stresses generated
due to the sudden temperature changes could lead to severe degradation and/or failure of the

ceramic part or component [1,52].

Assuming a ceramic bar with heating from the temperature 7o to 771 fixed on its ends
(constrained), the total strain € becomes zero with the compensation of thermal strains em

through the development of elastic strains €. within the bar, so that it may be written [1]:

E=€u+eu =0 (15)

12
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where the thermal strains em can be expressed with a as the thermal expansion coefficient

(CTE), as follows [1]:

gn = a(Ty — Tp) (16)

The constraint in the thermal expansion may cause the elastic strains ee responsible for the
creation of stresses. By assuming £ as the elastic constant, the thermal stress ow can be written

as [1]:

O = E€oy = —E&y, = —Ea(T; — Ty) = —EaAT (17)

The magnitude of these thermal stresses are strongly affected by many physical materials
properties, such as elastic constants, thermal expansion coefficients, thermal conductivity,
among others. These physical properties are also considered in the thermal shock parameters,

which may allow the design of thermal shock resistant ceramics [1,53].

Assuming a plate geometry, the maximum thermal stresses as arising from rapid cooling (7o to

T1) within a medium, under consideration of the Poisson’s ratio v may be written as [1,29]:

aE aE (18)
1—VAT_ _1—V(T1_TO)

Considering the Biot concept, the heat transfer coefficient & between cooling medium and

sample may be included in the Biot number B as [1]:

hd (19)

13



Josef Schlacher Dissertation Theoretical background

where A is the thermal conductivity and d is the characteristic length of the specimen. The Biot-
modulus B may be expressed in a dimensionless normalized stress ¢, with the maximum

tensile stresses as [1,54]:

a

E E
=Ty~ T,) 0°(B) = - — BT 0" (B) G0

Ots =

1

The Biot-modulus and the corresponding normalized stress ¢° depend on the geometry of the
considered specimen. In Ahard thermal shock (worst case scenario), the assumed infinite B may
result in a corresponding ¢ (B) of 1, whereas in soft shocking conditions, both B and ¢"(B) may

be much smaller than 1 [54].

Therefore, the critical temperature difference A7, where first cracking may occur can be

expressed for perfect cooling conditions (worst-case thermal shock) as [1]:

B or(1—v) (21)
B ak R

AT,

where ot is the strength prior to thermal shock. The critical temperature difference may be also
denoted as the first thermal shock parameter R [1]. More information about the different thermal
shock parameters for assessing the sensitivity of ceramics to thermal shock can be found in

[53,55-57].

It is worth highlighting that for the accurate prediction of the critical temperature difference A7
the heat transfer coefficient / has to be considered. However, 4 is strongly depending on the

actual testing condition and difficult to determine [54].

Additionally, it is evident that the sample size (dimension) strongly affects the critical
temperature difference 47.. For instance, decreasing the dimension lead to larger A7: of the
same material, as experimentally validated in [58,59]. This fact should be considered by the
engineers when designing with ceramics for applications where rapid temperature changes may

arise.

14



Josef Schlacher Dissertation Theoretical background
2.2. Multi-material design concepts

In novel multi-material ceramics the positive aspects of (i) architectural designing by
introducing alternating in plane residual stresses, together with the concept of (ii)
microstructure tailoring have been effectively combined for significantly enhancing their

overall (mechanical) properties, aiming to open new application fields in the future [8].

2.2.1. Architectural design

In case of architectural designing, layered ceramics can be distinguished in systems with (i)
rather weak or (i1) strong interfaces of the adjacent layer regions [9]. The first concept is based
on the work of Clegg et al. [60], where weak graphite interfaces have been introduced within
silicon carbide ceramics with higher reported fracture energies. The so-called “graceful failure”
is associated with deflection of the propagating crack along the interfaces (interface
delamination) during the fracture process. Other studies have shown promising results in
enhancing the fracture energies of structural ceramics by interface weakening of laminates

through porous interlayers [61,62].

As second approach, layered ceramic architectures with strong interfaces and alternating
ceramic/ceramic regions have been proven to be very effective for tailoring the mechanical
and/or fracture resistance through the presence of in-plane compressive residual stresses. These
residual stresses may be generated due to the strain mismatch of the adjacent layer regions
caused by their different thermal expansion coefficients (CTE’s) after cooling from sintering
temperature [7]. Due to the relatively strong interfaces, alternating (in-plane) tensile and
compressive residual stresses may develop within the layers of the ceramic laminate [63]. Based
on the classical laminate theory [64,65], the magnitude of the residual stresses within each layer

region (oresi) can be analytically estimated as [63,66]:

E;

Ores,i = 1 — v, (@ — a))AT (22)
i

where E; is the Young’s modulus, ai the CTE and vi the Poisson’s ratio of each i layer region.
The temperature difference, AT = To — Trer can be calculated from the room temperature (7o)

and the reference temperature (7rer). The corresponding reference temperature, also known as
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so-called stress-free temperature above which the laminate may be considered as free of
residual stresses, needs to be estimated for the specific materials system in advance. For
instance, in case of alumina-based ceramic laminates 7Trer has been determined in the work of
Chlup et al. [67], as ~1470 °C. The average coefficient of thermal expansion can be calculated

in the following [63,66]:

v Eitia;

— 21’:1 1 —_ Vl'
*= v _Eit; (23)

i=11 — Vi

where £ is the thickness of the i layer and N the number of layers. Considering a ceramic
laminate consisting of two alternating materials regions (i.e. material 4 and B), the magnitude
of the (in-plane) residual stresses may depend on the materials properties (Ea, EB, aa, o) and
the corresponding volume ratio (¥8/Va). The volume ratio (¥8/Va) can be also expressed as
ratio of the total thicknesses (78/7Ta = ZfB,i/ Xta,i) of the contributing material regions, so that

Eq. 22 can be written as [63]:

Ures,i = fl <2121 tB’j Z?Al tA,j) = fl (TB/TA) = fl (VB/VA) (24)

From this correlation, it is clear that the magnitude of the in-plane residual stresses does not
depend on the individual layer thicknesses i; however, they can be tailored by their total layer
thickness or volume ratio of material A to B, as it has been addressed in the work of Sestakova

et al. [63].

In order to describe the crack propagation within layered ceramic architectures, theoretical
models based on weight function approximation methods (or finite element analysis) have been
provided in literature [63,66,68,69], explaining the shielding effect associated with the
compressive residual stresses. The interpretation of these models plotting the “apparent fracture
toughness” Kr as function of the crack lengths a for laminates with external as well as internal
compressive residual stresses is well explained in the articles [8,9,63] and summarized in the
following: In layered ceramics, the stress intensity factor at the crack tip (Kup) can be defined
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as the superposition of the external (applied) stress intensity factor (Kappi) and the stress intensity

factor considering the contribution of the residual stresses (Kies) [8,9,63]:

Ktip (a) = Kappl(a) + Kres(a) (25)

By assuming an external (applied) stress field aappi, the corresponding applied stress intensity

factor Kapp can be written as [8,9,63]:

Kappi(@) = 0gppi YV a (26)

where Y is the geometry factor depending on loading configuration as well as crack shape and
a is the cack length. Considering Eq. 25 together with the Griffith/Irwin failure criterion [28,31]
(see Section 2.1.1) leads to the condition [8,9,63]:

Kappl(a) > Kjc — Kres(a) = Kg(a) (27)

where K is the fracture toughness of the material. The “apparent fracture toughness” Kr can

be calculated, for instance, using the Weight function approach as follows [9]:

Kr(a) = Ko — fah(x, a)0yes(x) dx (28)
0

with Ko as the (intrinsic) fracture toughness of each layer region, ores(x) as residual stress field
at the distance x, a the crack depth and /4(x,a) as weight function [9]. The weight function 4(x,a)

for propagating (surface) edge cracks within a bar can be found in [70,71].
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As can be seen from the Eqs. 27 and 28, acting compressive residual stresses (gres < 0 — Kies <
0) may lead to the condition Kr(a) > K1, thus, proposing an increase in the R-curve (shielding
effect), whereas tensile residual stresses (ores > 0 — Kres > 0) may result in a decreasing of Kr

with crack extension (anti-shielding effect) [8,9,63].

Depending on the location of the in-plane compressive residual stresses (external or internal),
two main design approaches can be pursued, yielding either mechanical-resistant or damage-

tolerant laminates [8,9].

Approach I — Layered architectures with external compressive residual stresses

In case of designing ceramic laminates with compressive residual stresses induced in the
external (top surface) layers, the positive shielding effect [68,69] may yield a rise in the R (crack
growth resistance [72])-curve within the first (top-surface) layer region [63]. Figure 3 illustrates
a diagram where the apparent fracture toughness Kr as well as the applied stress intensity factor
Kapp are plotted as function of the “crack length parameter” for laminates with external
compressive residual stresses. To explain the effect of shielding, two laminates (ECS1 and
ECS2) with different stress magnitude as well as layer thicknesses (distinct volume ratios) are
compared in the following, as discussed in the works [9,63]: As schematically illustrated in Fig.
3, the outer layer region (yellow — A) (compressive residual stresses) of ECS1 may be thicker
than that of the ECS2-laminate; however, the compressive residual stresses designed in the
outer A-region of ECS1 are lower, yet showing significant rise of the curve (shielding effect)
for both systems. The inner layer region (blue — B) of ECS1 is designed to be thinner than that
of ECS2 with larger tensile residual stresses in the former. In the following, the different applied
stresses (aappl), corresponding to the slopes of the grey lines 1-4, may result in different applied
stress intensity factors (Kapp1). Assuming cracks with the dimensions of those in the shaded bar,
and at rather low applied stresses (i.e. line 1 and 2) the condition Kappl < Kr might hold, so that
the crack cannot extend in both systems ECS1 and ECS2. Considering the ECS1 laminate under
higher applied stresses (i.e. line 3), it could be seen that the larger flaws within dashed bar may
fulfil the condition Kappl = KR, resulting in extension of the crack; however, for the smaller
defects crack propagation might not occur. In case of ECS2, all cracks within the shaded bar
are too small to favour the crack extension. An increase in the applied stresses (line 4) may
yield crack propagation within ECS2 only for the largest flaw (i.e. right end of the shaded bar),
corresponding to a crack depth of the size of the first layer region A (A/B-interface). It is
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important to emphasize that the maximum shielding might be achieved at the A/B-interface
depth with the highest peak in the apparent fracture toughness (Krpeak), indicating a so-called
threshold strength (lower limit) for the laminates below failure might not occur. In contrast to
that, the lowest strength of the monolithic ceramic correspond to the (intrinsic) fracture
toughness Kic of the material where the defects are located (dashed grey line) [9,63]. As it has
been concluded in the study of Sestakova et al. [63], the laminates with external compressive
residual stresses have to be designed in a way that the first (top surface) outer layers are as thin

as possible; however, thick enough to cover all possible processing flaws.

ECS2 A

A

A

18 4 3 2

Apparent toughness, KR (MF’a.m”2

T
0.05 0.06

(m1 /2)

T T T L
0.00 0.01 0.02 0.03 0.04

Crack length parameter, 1 .12(7(6)”2

Fig. 3: Apparent fracture toughness of laminates with external (top surface) layers under

compressive residual stresses [9,63]. Adapted from [9] with permission from Elsevier.

Approach Il — Layered architectures with internal compressive residual stresses

The damage-tolerant design approach, where (protective) layers stresses are embedded within
the ceramic architecture, has been proven to be very effective for acting against crack
propagation (‘“crack arresting” phenomena) by taking advantage of the shielding effect
[8,63,66,68,69] associated with the in-plane compressive residual stresses [63]. Figure 4a
shows the model of the apparent fracture toughness Kr as well as the applied stress intensity

factor Kappi as a function of crack length for a periodic (constant thickness of A and B-regions,
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respectively) ceramic architecture with internal compressive layers. As explained in [8,9,63], it
might be extracted from such diagrams whether a propagating crack may be arrested (stopped)
or not within the internal compressive layers under certain conditions. For instance, assuming
a layered ceramic architecture with an artificial pre-crack within the first (surface) A-layer
(blue), unstable crack propagation (pop-in event) through this tensile-layer may be predicted as
long as the condition Kappl (see dashed line) > Kr holds. After entering the embedded
compressive layer region, the extending crack may be arrested (stopped) since the condition
Kappt < KR 1s likely to be fulfilled (see second intersection of dashed line with the rising curve)
[8,9,63]. The phenomena of crack arrest within laminates of the embedded compressive layers
is associated with the shielding effect and has been experimentally proven in various works (see
[14-16,73]). Further increase in the applied stresses (or Kappl) may lead to stable crack
propagation up to the highest peak (Kr, max) where the bold line intersects this maximum point,
followed by unstable extension until failure of the laminate. Therefore, the slope of the bold
line might correspond to the threshold strength (lower bound) (omin) below failure does not
occur. In this regard, the lower bound (omin) as well as the highest toughness (Kr max) can be
predicted from the apparent toughness over crack length parameter plot for each specific

layered architectures with embedded compressive layer regions [8,9,63].

To achieve the highest toughness (maximum shielding effect) together with (optimum)
threshold strengths, the layered periodic architecture may be designed with tailored volume
ratios resulting in relatively high magnitudes of residual stresses. Following this approach may
significantly affect the structural integrity of the layered ceramic architectures through cracking
(i.e. tunnelling and/or edge cracks [74,75]) of layer regions, limiting the design optimizations
by using periodic structures. Non-periodic (thickness of certain material regions are not
constant) architectures have been demonstrated as effective design approach for achieving
higher toughness as well as higher threshold strength than that of a periodic system with same
volume ratio (cp. Fig. 4b) [8,9,63]. In order to optimize the non-periodic laminate designs with
internal compressive layers, the first layer (tensile layer) might be selected relatively thin,
whereas the embedded (compressive) layer regions is recommended to be made as thick as

possible, as stated by Sestakova et al. [63].

20



Josef Schlacher Dissertation Theoretical background

a) Crack length, a [pm]
200 S0 200 500 1000 1500
_ — Apparent toughness, K I
2 164
g
%12- ....... s
of* >
B4
MN
().4
]
Q
5
ol i4 Crack arrest
a 5 NN
0.00 0.02 0.04 0.06 0.08 0.10

Crack length parameter, Y(_a)”2 [m"z]

b)

(]
=

| T Non-periodic (NP)
max,NP / ’ wn Periodic (P)

20

b (=)
1 1

Apparent toughness, K, [MPa.m"?]
et

000 002 004 006 008  0.10
Crack length parameter, Y(a)m [mm]

Fig. 4: Apparent fracture toughness of laminates with internal (embedded) layers under

compressive residual stresses [8,63]. Reprinted from [8] with permission from Elsevier.

2.2.2. Tailoring of microstructure

In order to design layered ceramic architectures with improved damage tolerance and/or higher
mechanical strength, the differences in the thermal expansion coefficient of the containing
materials regions must be high enough to induce in-plane compressive residual stresses for the
shielding effect; however, not too high to avoid cracking [74]. Therefore, it is from high

importance to select proper materials systems which might be combined in a layered multi-
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material architecture. Especially, alumina-zirconia-based systems have been exploited as
effective combination of materials for ceramic laminates, guaranteeing a minimum (threshold)

strength [76].

Another interesting approach to further enhance the fracture resistance of ceramic laminates
can be achieved by “texturing” their embedded layer regions inspired from biological systems
[8]. One outstanding material found in nature is nacre (or mother of pearl) containing of 95
vol.% aragonite (CaCOs) and 5 vol.% organic phases. Due to their hierarchical architecture and
the resulting toughening mechanisms acting over a wide length scale, nacre shows the optimum

toughness-to-strength relationship among all materials [6].

Mimicking the “brick-mortar” structure of nacre (see Fig. 5a) may show high potentials for
designing “tougher” ceramic systems, leading to the development of nacre-like alumina
[4,6,77—79]. Such nacre-like ceramics fabricated through ice-templating, magnetically-assisted
slip casting, etc., perfectly resemble the structure of mussels, where alumina may act as brick
and the second phases (i.e. Poly(methyl methacrylate) (PMMA), graphene, Ni/NiO, among
others) as mortar material [6]. In ceramic coatings, controlling the microstructure of alumina
could be achieved through the nucleation process during Chemical Vapour Deposition (CVD)
[80]. Besides that, orienting the microstructure (“texturing’) along preferred crystal orientations
during the sintering stage has been also established as promising “bio-inspired” design strategy
by taking advantage of the templated grain growth (TGG) process [81-83]. The preferred
alignment of high aspect-ratio platelets for the formation of textured alumina ceramics has been
attempted through the application of strong magnetic fields [84,85] and most commonly
through the gel/tape casting process [83,86]. During the TGG, oriented templates (“seeds”) are
favoured to grow under consumption of the finer surrounded particle matrix based on the effect
of Ostwald ripening [87], yielding rather dense (alumina) ceramics with textured
microstructures after sintering (Fig. 5b) [19,83]. It has been shown that in such textured
alumina ceramics rather high “texture” degrees are achievable highlighting the success of the

approach [88] .
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nacre-like delamination

inside textured layer

Fig. 5: (a) Fracture surface of nacre (“brick-mortar” structure). Reproduced with permission
from Springer Nature [78]. (b) Microstructure of textured alumina. Adapted from [19] with
permission from Elsevier. (¢) Fracture behaviour of alumina-based laminates with internal

textured layers [8,22]. Adapted from [8] with permission from Elsevier.

In recent research activities, the positive effect of microstructure texturing together with the
concept of residual stresses have been combined in layered ceramic architectures, resulting in
enhanced damage tolerances associated with favoured crack deflection mechanisms (see Fig.

5¢) during the fracture process [8,19,22].

In order to assess whether a propagating crack may deflect or penetrate at the interface of
dissimilar materials, predictions may be derived from the models of He, Hutchinson and Evans
[89,90], where the maximum interfacial fracture resistance favouring crack deflection
mechanisms may be correlated to the ratio of maximum critical energy release rate for
deflection (Gg) to that for penetration (Gp). It has been demonstrated in the work of Pavlacka et
al. [20] that the He-Hutchinson plot can be also applied on individual textured platelets within
alumina composites. The adapted model (Fig. 6) predicts that cracks are favoured to deflect on
the “basal” interfaces between two adjacent platelets as long as the ratio of its interfacial fracture
resistance [/ to the fracture resistance of the single platelet (G¢) might be less than 25% (I7/ G
<0.25) [20,22].

23



Josef Schlacher Dissertation Theoretical background

deflection

Px: platelet in plane |

Py: platelet in plane 2
LS 1

1.0 05 00 05 10
a=(E-EVE+E)

Fig. 6: He and Hutchinson plot of textured alumina platelets within ceramic laminates with

and without residual stresses. Adapted from [22] with permission from Wiley.

The effect of the in-plane compressive residual stresses within the textured layer regions on the
acting toughening mechanisms has been incorporated in the adapted He-Hutchinson plot by
calculating the non-dimensional length parameters #res [89], which may indicate a rather
significant upwards shift of the Ga/Gp-curve depending on the magnitude of residual stresses,
the fracture toughness of the platelets, etc. The upwards shift of Ga/Gp-curve associated with
the internal compressive stresses may extend the “preferred” zone in the He-Hutchinson plot
where the crack is favoured to deflect from its transverse propagation path, allowing to further
enhance the fracture resistance of layered ceramic architectures with textured microstructures

[20,22].
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2.2.3. Fabrication of 2D and 3D layered ceramics

Nowadays, the tape casting technology is widely used to fabricate layered ceramics for various
functional applications. In tape casting (Fig. 7a), the ceramic slurry poured within a reservoir
is carefully spread using a gap adjusted by a doctor blade through carrier motion for casting
thin foils (or films). The solvent content within the slurries can be evaporated by slowly moving
the casted layer through a drying chamber [91,92]. Details about slurry preparation, the tape
casting itself and the drying process may be found in literature [92]. Tape casting followed by
stacking and lamination, debinding and sintering is so far the major approach for fabricating
layered ceramics with tailored residual stresses and microstructures (even texturing). However,
one limitation in tape casting ceramic laminates is the restriction in building-up more complex-
shaped geometries, thus limiting the potential of multi-material-based components for novel

structural applications.

a) Tape casting Drying

Reservior

‘ ' —Ji! T

Doctor blade region Peeling belt

Multi-material printing

Fig. 7: (a) Schematic of the tape casting technology. Adapted from [91] with permission from
Elsevier. (b) Principle of LCM-printing: (1) building platform, (2) vat, (3) optical system, (4)
light engine. Adapted under the terms of the CC-BY license [93]. (c) Multi-material 3D-
printing using the two-vat system (with courtesy of Lithoz GmbH) [94].
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In recent years, additive manufacturing (or 3D-printing) has been established as promising
technology for fabricating special components of highly-shaped complexities in the field of
metals, polymers as well as ceramics [95]. In the sector of technical ceramics, additive
manufacturing may provide many solutions for designing complex ceramic parts and
components [96,97]. Especially, stereolithographic 3D-printing, such as the Lithography-based
Ceramic Manufacturing (LCM) technology (Fig. 7b), has opened new pathways for developing

(bulk) ceramic parts and components with sound mechanical properties [23].

The LCM-technology is based on the layer-by-layer photo-polymerisation of slurries composed
of homogeneously-dispersed ceramic powders within a polymer matrix through digital light
processing [23-25]. The schematic of the LCM-process is illustrated in Fig. 7b, where the
building platform (1) is lowered into the photo-sensitive slurry to the distance of the desired
(green) layer thickness from the bottom of a transparent rotating vat (2) and subsequently
exposed by using light from below. The photo-polymerisation takes place using light with
wavelength of ~460 nm emitted by a light engine (4) through a dynamic mask (optical system)
(3), generating highly-resolved structures in a layer-by-layer curing process. After printing, the
parts are removed from the building platform and carefully cleaned to remove the excess slurry.
The cured polymer network within the part can be removed through a defined debinding
(binder-burn out) stage. Finally, a sintering step takes place to achieve a highly-dense ceramic
part or component with properties well-comparable with that fabricated by conventional

methods [24,25,93]. More details about the LCM-process can be found in literature [23-25].

The influence of sintering parameters together with the consideration of surface conditions and
testing configuration with respect to printing directions of 3D-printed (monolithic) alumina has
been studied in a previous work [26]. Considering these aspects enabled the development of
LCM-alumina with sound characteristic strength and relatively high Weibull-modulus. The
feasibility of the LCM-process for printing bulk (monolithic) alumina ceramics with textured
microstructure has been investigated in [98]. Beyond these advances, a two-vat multi-material
LCM printing system [27] (see Fig. 7c) has been developed by Lithoz GmbH, which enables
the successful printing of (i) novel porosity-graded ceramics [99,100] and might open a new
way for designing as well as fabricating multi-material ceramic architectures with tailored

residual stresses.
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3. Materials of study and architectures

A brief overview of the designed layered 2D/3D architectures with tailored microstructures
investigated in the Publications A [101], B [102], C[103], D [104], and E [105] is given in the
following. The main processing of the designed architectures was conducted by co-authors
listed in the corresponding publications. The reader is again cautioned that the term 2D-
architectures” is corresponding to all samples fabricated by the “planar (2D)” tape-casting
technology, whereas “3D-architectures” may belong to the samples as well as components

printed by using the LCM-technology.

In case of the 2D-architectures, the investigated materials were (equiaxed) alumina (EA) and
textured alumina (TA) with elongated grains oriented in [0001] (basal)-direction. The layered
2D-architectures are designed with alternating EA (tensile residual stresses) as well as TA

(compressive residual stresses), as schematically illustrated in Fig. 8.

2D-architectures

{Equiaxed) Alumina (EA) & Textured alumina (TA)
(2D-Ylape casting

System 1

System II

EAL1 refers to alumina EAZ2 refers to pure
doped with 5 vol% alumlna

zirconia

Fig. 8: Layered 2D-architectures with embedded textured microstructures. In case of the

laminate designs, the textured material regions (compressive residual stresses) were
embedded either between (equiaxed) alumina-zirconia (EA1) or (euqiaxed) pure alumina
(EA2) regions (tensile residual stresses). Images were taken from own works under the terms

of the CC-BY as well as the CC-BY-NC license [102,103].
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In Publication A [101], notched micro-cantilevers located within single textured grains and
along grain boundaries were tested. The material of study was textured alumina prepared from
a slurry containing high-purity a-alumina powder. Single-crystal alumina platelets (templates)
of high-aspect ratio as well as a small concentration of dopants (CaO:SiO> = 1:1) were added
to the powder for favouring the TGG process. After tape casting, stacking, post-processing and
sintering, a sample was prepared from the monolithic textured alumina plate. The
microstructure of the textured alumina sample showed elongated grains with length of ~15 —
40 pum and a thickness of ~ 3 — 5 um. The determined Lotgering factor (LF), which can be
considered as a measure of the texture degree, was approx. 0.8. Details about the slurry as well

as sample preparation are found in the corresponding article [101].

To study the Hertzian contact damage behaviour of layered alumina-based ceramics
(Publication B [102]), three different designs, namely monolithic EA, monolithic TA as well
as a layered architecture of alternating EA/TA regions were fabricated through the tape-casting
technology. In case of monolithic EA as well as the EA-regions of the laminates, an alumina-
based slurry of high-purity alumina powder was mainly used. Additionally, 5 vol% of 3 mol%
yttria-stabilized zirconia particles were added to the alumina powder. The choice of the
equiaxed alumina material doped with zirconia (EA1) allows the introduction of higher residual
stresses in the laminate through the larger CTE mismatch and may also prevent abnormal grain
growth in alumina. A layered non-periodic architecture of alternating EA/TA/EA/TA/EA
regions of ~ 110 um/300 pm/2520 um/300 pm/110 um with a volume ratio (Vea/Vrta) of
approx. 5 was designed (see System I in Fig. 8). In case of the TA-regions, similar slurry
preparation (minor changes) was conducted as mentioned above. In the layered architectures,
in-plane tensile residual stresses of ~ +50 MPa and in-plane compressive residual stresses of ~
—240 MPa were introduced within the EA- and TA-regions, respectively. Further information
on sample fabrication and preparation for the Hertzian indentation tests are given in
Publication B [102]. Details about slurry preparation can be also found in the work of Hofer et

al. [106].

In Publication C [103] the high-temperature fracture behaviour of alumina laminates with
embedded textured layer regions was explored. Tape casting was employed for fabricating the
monolithic EA, TA as well as layered EA/TA system. The TA material was prepared in a similar
way (only minor changes) as explained before; however, in case of the EA material a pure
alumina slurry was used from the high-purity a-alumina powder without a content of zirconia

particles (referred as EA2). The design of the non-periodic 5-layered architecture of volume

28



Josef Schlacher Dissertation Materials of study and architectures

ratio Vea/Vta of ~ 8 was achieved by the sequence of layer regions EA/TA/EA/TA/EA of ~ 200
um/160 pm/2240 pm/160 um/200 pm. Figure 8 shows also a SEM microstructure image of the
interface region of the laminate with alternating pure “EA2” and TA alumina layers (System
IT). The corresponding in-plane residual stresses at room temperature can be determined as ~
+25 MPa (tensile) within EA and —200 MPa (compressive) in the embedded TA-layer regions.
It is worth highlighting that in the article the residual stresses within the layered system as a
function of temperature is provided for better interpretations of the high-temperature bending
tests. Details of materials processing as well as sample preparation can be found in Publication

C [103].

In case of 3D-architectures, the materials of study were alumina (A) and alumina-zirconia (or
zirconia-toughened alumina) with 80 vol. % alumina and 20 vol. % of 3 mol % yttria stabilized
zirconia (ZTA). The layered architectures were designed with alternating A-regions
(compressive residual stresses) and ZTA-layers (tensile residual stresses) following two main
design strategies, as schematically illustrated in Fig. 9. Printing of the designs was performed

by Lithoz GmbH.

3D-architectures
Alumina (A) & Zirconia-toughened alumina (ZTA)

Fig. 9: Multi-material 3D-architectures designed with alternating alumina (A) (compressive
residual stresses) and alumina-zirconia regions (ZTA) (tensile residual stresses). Images were

taken from own works under the terms of the CC-BY license [104,105].
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In Publication D [104], a strategy for significantly improving the strength of 3D-printed
alumina is demonstrated, where a 3-layered alumina-based architecture composing of top
surface pure alumina (A) layers with compressive residual stresses and an internal ZTA-region
with tensile residual stresses was designed. The multi-material architectures as well as
monolithic (reference) A disc-shaped specimens were fabricated by using the LCM-technology.
After sintering a design with the sequence A/ZTA/A of ~ 75 pm/700 um/60 pm was achieved,
corresponding to the selected volume ratio Vzra/Va of ~ 5. In the multi-material sample, the in-
plane compressive residual stresses within the outer A-layers were estimated as ~ =320 MPa,
whereas the tensile residual stresses induced in the internal ZTA-regions were only +60 MPa.
Details about the printing and the sintering conditions can be found in the corresponding

Publications D [104].

Publication E [105] demonstrates the feasibility of arresting thermal shock cracks by
embedding internal A-layers with compressive residual stresses between ZTA-layer regions
(tensile residual stresses). Monolithic A, ZTA as well as the multi-material system were 3D-
printed through the LCM-technique. After sintering, the designed non-periodic multi-material
architecture showed alternating ZTA/A/ZTA/A/ZTA layer regions of ~ 140 um/210 um/ 1040
pm/ 220 pm/ 110 pm with volume ratio Vzra/Va of ~ 3. In such architectures, the in-plane
compressive residual stresses (A-region) as well as the in-plane tensile residual stresses (ZTA-
region) were calculated as ~—300 MPa and +100 MPa, respectively. Based on this concept, the
multi-material component was designed with 150 pm outer ZTA- and 200 um embedded A-
layer regions. For more details on the multi-material printing as well as the post-processing, the

reader is referred to the corresponding article [105].
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4. Experimental methods

In the following, selected (most important) methods of typical loading scenarios (i.e. bending,
contact loading and thermal shock) used for mechanically characterizing the layered
architectures are briefly discussed. Details and experimental descriptions of other materials
characterization methods (microstructural characterization, elastic-modulus, CTE, etc.)
examined in this thesis can be found in the Publications A [101], B [102], C [103], D [104]
and E [105].

4.1. Loading scenario I — Bending

The experimental methods used in this work to evaluate the fracture toughness (micro- and
macro-scale) as well as the strength of the investigated alumina-based ceramics are briefly

explained in the following.

4.1.1. Micro-scale fracture toughness and macro-scale fracture resistance

The (fracture) toughness evaluation of layered alumina-based samples are crucial for
understanding their fracture behaviour. At small scales, several methods such as micro-pillar
splitting, nano-indentations as well as bending of notched micro-cantilevers are used to locally
measure the fracture toughness of thin films, single grains, individual phases, etc. In the latter
method, micro-cantilevers are prepared and notched by using the Focus-Ion beam technique
(FIB) and subsequently tested through nano-indenters [107,108]. The local fracture toughness
determination through micro-cantilever bending tests on ceramic grain and grain boundaries
has been extensively studied in literature [77,109—112]. In case of brittle materials, the micro-
scale fracture toughness Kic may be calculated from the testing data using the Griffith-Irwin
criterion (Eq. 5), where the fracture stress o. for pentagonal-shaped cantilevers (see schematics

in Fig. 10a) can be analytically calculated according to the Euler-Beam-theory as follows [113]:

FEnax(b — 29
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with Fmax as the maximum fracture load and a, b, ma, L, x1 and x2, and o (notch depth) are the
corresponding cantilever dimensions (see Fig. 10a). The distance zo and the second moment of

area Ix for the pentagonal shape can be calculated as [113]:

1 (bz ma2> (30)
Zg = m -
b+=t\2 6
and
ab® amg? Mgy (31)
b=+ malbr )t
respectively.

Due to the differences noticed between the shape-factor Y for pentagonal cantilevers stated by
Chan [114] and that reported by Di Maio and Roberts [115], a new fitted polynomial factor as
function of normalized crack lengths for the evaluation of Ki. of the pentagonal-shaped
(notched) cantilevers has been derived. Details about the testing procedure and evaluation are

reported in Publication A [101].

On the macro-scale level, the concept of work of fracture [116,117] has been considered for the
evaluation of the fracture resistance of textured alumina-based architectures tested over a wide
temperature range (Publication C [103]). In this study, the area under the load-displacement
curves was integrated with the fracture force as maximum limit and consequently divided by
twice of the cross-area of the bending bars. As result, the inelastic work of fracture (plastic
contribution) and the total work of fracture were calculated and the amount of plasticity
expressed in the reported work of fracture ratios (WOF-ratio) for each layered system. This
procedure has been conducted for the special case of (indented) textured ceramics, showing

favoured inelastic contribution during the high-temperature bending.

For the basic materials characterization of 3D-printed alumina as well as alumina-zirconia
(ZTA) in Publication D [104], fracture toughness measurements were performed on bars using
the Single-Edge-V-Notched Beam (SEVNB-method). Details about the SEVNB—method can
be found in the ISO 23146 standards [118].
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4.1.2. Strength testing and evaluation

To evaluate the flexural strength, indentation strength or retained strength, either uniaxial or
biaxial bending tests were performed on the multi-material as well as monolithic (reference)
samples, respectively. In case of brittle materials, the most common standard testing
configurations for measuring the uniaxial flexural strengths are either three-point bending or
four-point bending [119]. A review on flexural bending tests may be found in the work of Quinn

and Morrell [120].

In Publication C [103], (uniaxial) four-point bending tests (see Fig. 10b) are conducted at room
temperature in air or at elevated temperatures (up to 1200 °C) in vacuum for the determination
of the (indentation) strength of alumina-based ceramic laminates with embedded textured layers
as well as the monolithic bars. The flexural strength (or) using the four-point bending fixture

can be calculated as [119]:

F(51=5,) (32)

3
T2 bRz

where F' is the (maximum) fracture force, Si and S are the outer and inner spans, b is the
specimen width and 4 the height of the specimen. The corresponding flexural (outer fibre) strain
(¢) in the 4-point bending loading configuration may be calculated from the registered

displacements (8) measured by using a three-point contact extensometer, as follows:

_ 3k &)
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Fig. 10: (a) Illustration of the pentagonal-shaped micro-cantilevers used for fracture

toughness evaluation of single grain and grain boundaries. Reprinted under the terms of the
CC-BY license [101]. (b) Schematic of bars tested under four-point bending for evaluation
of work of fractures and/or for indentation strength testing. (c) Schematic illustration of the
B3B-Test used for biaxial strength measurements. The alternating blue/red layer regions refer
to the layered designs of the laminate architectures. Adapted under the terms of the CC-BY
[104].

In the praxis many ceramic components are loaded under biaxial stress conditions (i.e. thermal
shock); therefore, biaxial bending methods are preferentially used for the strength testing of
brittle materials [121]. Among all biaxial testing methods, the Ball-on-Three-Balls test (B3B)
was used for measuring the strength on the 3D-printed multi-material as well as monolithic
(reference) discs in Publication D [104] and Publication E [105]. It is worth highlighting that
the main advantage of the B3B-setup is that only a small volume or surface is loaded in the

specimen centre during testing, which may avoid influences from edge defects [122]. The
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schematic of the B3B-test is shown in Fig. 10c, indicating the symmetrical support of the disc-
shaped specimen by three balls during the central loading (opposite side) by a fourth ball. After
a defined pre-load is applied, the block has to be removed through lowering the guide and the
force can be increased until fracture will occur [123,124]. The maximum (biaxial) tensile stress
at the centre of the specimen discs has been defined as strength or and can be calculated as

[123]:

Fnax (34)
=

O'f=f

where Fmax 1s the maximum fracture load, ¢ the specimen thickness and f'a dimensionless pre-
factor. In case of monolithic discs, the factor f'is mainly depending on the specimen geometry
(#/R), the support geometry (R./R) and the Poisson’s ratio (v) of the material and was evaluated
for a wide parameter set, so that f=f(#/R, R./R, v), where R, and R are the support ring as well
as specimen radius [123]. In case of the multi-material discs, the effect of the elastic mismatch
has been considered in the calculation; therefore, the factors for multi-materials architectures, f
= f(¢/R, RJ/R, va, vB, Ea, EB), have been evaluated for each specific design, where Ea and Eg
are the corresponding elastic moduli of each material regions of the multi-material

architectures.

4.1.3. Fracture analysis

To analyse the micro- as well as macro-scale fracture surfaces of all architectures investigated
in this work, scanning electron microscopy (SEM) was used. In this regard, the specimen
surfaces were sputtered with gold in advance for guaranteeing appropriate imaging of the non-
conducting samples. An excellent guidance for the interpretation of fracture is found in the

work of Quinn [32].
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4.2. Loading scenario II — Hertzian contact loading

In the last decades, Hertzian indentation tests have been conducted on many polycrystalline
ceramics and glasses for investigating their contact damage resistance [125,126]. In this work
(Publication B [102]), spherical indentation tests were performed on layered alumina-based
laminates with embedded textured layer regions and on the corresponding monolithic
(reference) samples. To investigate the effect of microstructure texturing on the contact damage
behaviour of layered alumina-based architectures, the procedure schematically illustrated in
Fig. 11 has been followed by combining cross-sectioning and ion-slicing techniques together

with acoustic measurements during the indentation cycle.
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Fig. 11: Illustration of the Hertzian contact damage investigation combining cross-sectioning
and the ion-slicing technique together with acoustic measurements. Images adapted from own

work under the terms of CC-BY-NC license [102].
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4.2.1. Acoustic emission for crack detection

Acoustic emission (AE) is an exceptional method for analysing the materials behaviour under
different loading scenarios. For instance, crack propagation, fibre breakage and among others
may send elastic waves detected by AE-sensors, resulting in a transfer of these AE-signals into
electrical ones [127,128]. In our case, the AE events may be associated with the contact damage
mechanism during the spherical indentation test. In this regard, the AE-system may allow the
detection of critical forces of (first) Hertzian ring crack initiation. In AE-diagrams, the AE-
signals can be expressed as energy units (eu), where it is noteworthy mentioning that 1 eu may
corresponding to 1071%V?s [127]. In the resulting AE-diagrams of each individual Hertzian
indentation tests, the energy units are plotted over the indentation load. The combination of
cross-sectioning/ion slicing together with AE-diagrams may allow a classification of the
damage mechanism. For instance, rather small energies have been correlated to the quasi-plastic
response (micro-cracks) (< 100 eu) of the textured microstructure and relatively high peaks
(above 1000 eu) can be associated with Hertzian ring and cone cracking on the surface regions.

The reader is referred to Publication B [102] for more details.

4.2.2. Cross-sectioning and Ion-slicing

Revealing the sub-surface patterns of ceramics after indentation can be achieved by using the
so-called “bonded interface” methods, where the specimen is cut in two pre-sections and
subsequently bonded together before indenting. Afterwards, the sample surface can be indented
directly at the interface bonding, allowing the identification of damage patterns on each half
through microscopic techniques [41]. In literature, this procedure has been widely used to

reveal the sub-surface damage after indentation ceramic materials [43—45,48].

In this work, a novel approach to assess the (sub-surface) damage mechanisms, either Hertzian
ring and cone cracking or quasi-plastic formation, was followed by applying the combination
of cross-sectioning (after the indentation) together with the ion-slicing technique. In quasi-
plastic damage regions, grain pull-outs associated with the grinding and polishing treatment
may not enable the identification of shear faulting cracks. After cross-sectioning of the side
surfaces to the region of interests (centre of imprints), applying the ion-slicing technique could
be used for revealing specific regions along the cross-sections and detecting micro-crack

formations through scanning electron microscopy (SEM).
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4.3. Loading scenario III — Rapid temperature changes (thermal shock)

4.3.1. Evaluation of strength degradation

In the works of Hasselman [56,129], the thermal shock crack initiation and the effect on the
strength of ceramic materials has been theoretically predicted and experimentally validated on
alumina rods. As long as the selected temperature difference (A7) is below the critical
temperature difference (A7), AT < AT, no fracture nucleation and extension of the initial crack
(i.e. defects described as short Griffith cracks) might occur so that the strength is not affected.
The strength degradation of ceramic materials after critical thermal shock (AT > AT > AT)
may follow a rather constant trend associated with the subcritical nature of the newly formed
cracks with a certain depth. A significant increase in the thermal shock severity (AT > AT,
where AT; is a new critical thermal shock difference, may be required for further unstable crack
growth yielding a gradual strength decrease [56,129]. It is worth highlighting that in the case
of low strength ceramics only a gradual strength decrease above the critical temperature

difference (A7) is expected [56], as could be experimentally shown for porous ceramics [130].

In this work (Publication E [105]), the thermal shock resistance of alumina-based multi-
material ceramics and that of (reference) monolithic samples is investigated after performing
water quench tests over a wide range of temperature differences (see Fig. 12, right side). The
retained (biaxial) strength after thermal shock is determined using the evaluation (B3B)

explained in Section 4.1.2.
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Fig. 12: Schematic procedure of the assessment of thermal shock resistance. Images adapted

from own work under the terms of the CC-BY license [105].

4.3.2. Analysis of thermal shock cracks

To study surface patterns, the thermal shock cracks are analysed on the top sample surfaces by
counting the intersected cracks along selected lines, which can be defined as crack densities.
Although the crack density may be used to qualitatively estimate the sensitivity of materials to
thermal shock, the strength degradation, or retained strength over temperature difference, may
be correlated with the depths of thermal shock cracks after critical shocking (see Griffith-Irwin
criterion, Eq. 5). In doing so, specimen discs can be treated with liquid dye penetrant after the
water quenching tests and selected cross-sections in the region of interest (i.e. mid-plane of
discs) are analysed by measuring the final depth of the propagated cracks. Cross-section
analysis together with measuring the retained strength after critical thermal shocking are an
exceptional strategy for quantitatively describing the thermal shock resistance of ceramic

materials. More experimental details are found in Publication E [105].
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5. Summary of publications

In this Chapter, a brief overview of the Publications A [101], B [102], C[103], D [104] and E
[105] included in this doctoral thesis is given. The mechanical response as well as the fracture
behaviour of layered alumina-based architectures with tailored microstructures under distinct
loading conditions are discussed in detail. Design concepts for 3D-printing multi-material

alumina-based ceramics with exceptional mechanical properties are presented.

5.1. Understanding fracture of layered ceramics with textured microstructure: From
micro- to macro-scale

In recent years, the (macro-scale) fracture behaviour of alumina-based laminates with
embedded textured layers has been extensively studied under uniaxial bending [20,22,106],
where the combination of the textured microstructure together with compressive residual
stresses has been proven as promising strategy for enhancing their fracture resistance. However,
the underlying mechanisms during the (macro-scale) fracture process may be not fully
understood yet. Especially the question arose, why the propagating (surface) crack during
fracture may be favoured along the “basal” boundaries of the elongated “textured” grains. It
was hypothesized that exploring the “micro-scale” fracture properties in the level of single
grains might deliver some important insights of the fracture mechanisms and could be further

used for optimizing the textured microstructure within novel ceramic architectures.

On the micro-scale level (Publication A [101]), pentagonal-shaped cantilevers were fabricated
using the focus ion beam (FIB) technique, either within single textured alumina grains
perpendicular to the (basal) [0001]-direction (c-axis of the crystal), or along multiple textured
grains parallel to the c-axis, with artificial notches in one of the prismatic facets or directly at
the basal grain boundaries (see Fig. 13). The FIB milling process was conducted by cutting the
notches from the desired locations of the textured grains or directly at their boundaries, followed
by coarse milling of the pentagonal-shaped cantilevers and the fine polishing to its final beam
size. The bending tests on the micro-cantilevers were performed on a nanoindenter with a
spherical tip by using a constant load rate until fracture. Afterwards, the fracture surfaces were
analysed, and the notch depths were measured on the corresponding SEM images of the broken
cantilevers. The micro-scale fracture toughness data (Kic) was evaluated using the Griffith-

Irwin criterion [28,31] according to the Linear Elastic Fracture mechanics. The corresponding
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fracture stress was evaluated based on the Euler-Bernoulli beam theory by using the equations
for pentagonal-shaped cantilevers, as can be found in the work of Csanadi et al. [113] (see
Section 4.1.1). An appropriate shape function (Y) for the pentagonal-shaped cantilevers was
determined from Finite Element (FE) analysis. More details on the cantilever fabrication and
testing as well as on the evaluation of the micro-scale fracture toughness values can be found

in the author’s Publication A [101].

Micro-scale fracture toughness of textured alumina grains and grain \
boundaries

Microstructure Cantilever milling
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Fig. 13: Micro-scale bending experiments on pentagonal-shaped cantilevers notched within
single textured grains and grain boundaries. Adapted under the terms of the CC-BY license
[101]. Copyright 2023, The Authors. Published by Elsevier Ltd.

The micro-scale fracture toughness of individual textured grains fractured along one of the
prismatic facets (m-, or a-plane) was 3.3 £ 0.2 MPa m'?, whereas that of the basal grain
boundaries (c-plane) was determined as 2.3 + 0.2 MPa m"2. It is worth highlighting that the
rather smooth fracture surface of the cantilever tested directly at the grain boundaries (see
Publication A [101] — Fig. 6b and d) confirms the preferred crack path along the intersection
of the basal-boundaries, contrary to typical c-plane “step-like” fracture through the alumina
basal-grains [110]. The (prismatic) fracture surfaces of the micro-cantilever tested within single
textured grains followed also a rather smooth path (Fig. 13), which is agreement with the typical

m- and a-plane fracture characteristics along the prismatic orientations [110].
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The significant difference in the fracture toughness values might be from high relevance for the
understanding of the macroscopic fracture of textured alumina ceramics. For instance, the
macroscopic fracture toughness values of monolithic textured alumina [106] is about 30%
higher than that measured on single textured grains in this work, with the difference
corresponding to the additional energy-dissipating mechanism acting on the macro-level of
microstructural features. The macroscopic fracture of (monolithic) textured alumina has been
explored as rather inter-granular following a stepwise path, compared to that of monolithic
equiaxed (non-textured) alumina [106]. In case of multi-material laminates, the crack deflection
mechanisms favoured along the basal boundaries of the embedded textured layer region is
significantly driven by the combined effect of the textured microstructure and the compressive
residual stresses [8,20,22], resulting in long horizontal crack paths. To further enhance the
damage tolerance of alumina-based laminates, microstructure tailoring using higher aspect
ratios of textured alumina grains in combination with additional “weak” second phases should

be pursued in order to increase the fracture energy of the material.

The significantly lower micro-scale fracture toughness (~30%) of the grain boundaries (2.3 +
0.2 MPa m"? compared to that of the individual textured grains (3.3 £ 0.2 MPa m'?) may
explain the favoured crack path along the rather weak basal grain boundaries of the textured
grains during the fracture process of alumina-based ceramic laminates with embedded textured

layer regions [101].

The results on the micro-scale level [101] may be also helpful in understanding of the
underlying damage mechanisms within alumina-based laminates tested under other loading
scenarios than bending (i.e. Hertzian indentation tests [41]). From fractographic analysis of
ceramic components, it is widely known that most of the failure reasons can be associated with
the unstable propagation of (surface) cracks initiated through thermal shock and/or contact
loading scenarios [3]. In this regard, it was hypothesized that the combined effect of
microstructure texturing together with introducing compressive residual stresses in a ceramic
laminate may be also suitable for acting against the propagation of deleterious cone cracks

initiated from the surface.

In Publication B [102], the potential of enhancing the contact damage tolerance by embedding
textured regions in layered alumina-based architectures was explored under spherical loading
scenario (see Fig. 14). In this regard, Hertzian indentation tests were performed on (i)
monolithic equiaxed (non-textured) alumina, (ii) monolithic textured alumina, and (iii) an
alumina-based laminate with embedded textured layers in a universal testing machine using a
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tungsten-carbide sphere as indenter equipped with an Acoustic emission (AE) setup. The AE
system was used for monitoring the indentation cycles, which enabled the determination of the
“critical” crack initiation forces and the correlation of the underlying damage mechanisms with
its AE-energies. The surface cracks were analysed under polarized microscopy as well as
confocal microscopy. To investigating the underlying sub-surface damage pattern, cross-
sectioning was conducted through polishing together with ion-slicing of the region of interest

for selected indentation loads of each sample system.
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Fig. 14: Contact damage resistance of alumina-based layered ceramics with tailored

microstructures and residual stresses. Graphical abstract reprinted under the terms of CC-
BY-NC license [102]. Copyright 2022, The Authors. Published by Wiley Periodicals LLC

on behalf of American Ceramic Society.

In case of the non-textured sample, classical ring and cone cracking [41,125,126] was observed
with final crack depths of ~200 pm (Fig. 14) at the maximum selected load of 2000 N. The
presence of ring and cone cracks were confirmed through optical (polarized) microscopy (top
view) as well as on the corresponding cross-sections (Fig. 14), and can be correlated with rather
high energy peaks emitted during the indentation cycle and detected by the AE system (see
Publication B [102] — Fig. 10a). In case of the monolithic textured sample, surface depressions

without any sign of ring cracks were found on the surface. Sub-surface polishing together with
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ion-slicing technique revealed that a quasi-plastic deformation mode occurred within the
textured sample tested under Hertzian contact loading, by an absence of the detrimental cone
cracking. Controlling the microstructure as a prominent strategy for favouring quasi-plastic
shear faulting within the sub-surface zone has been already reported in (i) ceramics with porous
microstructures [45], (ii) on rather weak interfaces through the introduction of graphene
nanofillers in silicon nitride [46], and mica-platelets in glass matrix [47], and at interface
boundaries of heterogeneous alumina/calcium-hexaluminates [48,49]. In this work, micro-
crack formation along the rather weak basal grain boundaries was found as nature of quasi-
plasticity within the sub-surface-damage zone of the textured material (see Publication B [102]
— Fig. 7¢). A high number of low energy signals was found from the AE-measurements (see
Publication B [102] — Fig. 10b) which may be associated with the sub-surface shear faulting
during indentation, which allows the in-situ classification of the underlying damage

mechanisms during spherical indentation.

In novel alumina-based layered ceramics with embedded textured layer regions, the effect of
the in-plane compressive residual stresses together with microstructural deflections along the
basal grain boundaries, could be used to design contact damage-tolerant systems, by limiting
the detrimental cone crack growth from the surface (Fig. 14). For instance, the laminate tested
with the indentation load of 2000 N showed a maximum depth of the cone crack of only 120
um, whereas that of the monolithic equiaxed samples was about 200 um. In the laminate design
approach a combination of energy-dissipating mechanisms take place during spherical
indentation. In the internal textured layer region energy is absorbed by quasi-plastic damage
zone through the micro-crack formation along the basal grain boundaries. At the interface, the
macroscopic deflection through the elastic mismatch leads to arrest by the crack deviation from
the trajectory of the maximum stresses. Another damage mechanism is the microstructural
deflections along the basal grain boundaries of textured alumina, favouring the crack
propagation in a step-like manner (Fig. 14). The AE-signals showed both, low energy signals
which may be correlated by micro-cracking in the internal textured region followed by high
energy peaks associated with the brittle ring/cone cracking in the outer region (see Publication

B [102]- Fig. 10c).

In particular, the sub-surface shear faulting through micro-crack formation and the deflection
mechanism along the textured boundaries are typical effects which can be correlated to the
weakness of the basal grain boundaries, as has been in discussed on the micro-scale level

through the significant difference in the local fracture toughness values [101,102].
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5.2. Effect of temperature on fracture behaviour of textured ceramic architectures

Layered alumina-based laminates with embedded textured layers have shown high potential for
designing damage-tolerant ceramics based on a bio-inspired concept [8]. As discussed above,
the mechanical behaviour of textured laminates was already studied under bending at room
temperature, showing improved reliability compared to the monolithic systems [20,22].
However, the positive effect on the damage tolerance of ceramic laminates (without textured
interlayers) may be reduced at elevated temperatures [131,132]. In this work (Publication C
[103], it was hypothesized that although the magnitude of the in-plane compressive residual
stresses shall be reduced at high temperatures, the positive effect from the textured

microstructure may contribute to the fracture response.

The high-temperature fracture behaviour of layered alumina-based with textured
microstructures was studied over a wide temperature range (Fig. 15). The mechanical response
on (i) laminates with embedded textured interlayers and on monolithic samples with (i)
textured as well as (iii) equiaxed microstructures was explored under uniaxial bending in

vacuum up to temperatures of 1200 °C [103].
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All the uniaxial bending tests on bars with introduced artificial cracks (HV10) were performed
using a 4-point testing fixture at elevated temperatures (500 °C — 1200°C) as well as room
temperature (reference tests) within a built-in vacuum/inert atmosphere chamber under position
control. The corresponding stress-strain curves were determined and the inelastic as well as
total work of fractures were calculated. To assess the effect of the temperature on the residual
stress recovery within the layered laminate, the thermo-elastic properties, namely elastic
modulus as well as coefficient of thermal expansions, were determined from 20 °C to 1500 °C
and the corresponding residual stress profiles were calculated. The high-temperature fracture
behaviour was analysed and the fracture path was studied on the corresponding broken surfaces

using a SEM.

The fully linear elastic stress-strain curves of the monolithic (reference) non-textured sample
demonstrated typical brittle fracture behaviour independently on the tested temperatures. The
corresponding inelastic work of fractures were only ~2% over the complete temperature range
(RT — 1200 °C). In case of textured alumina, it was shown that a transition from brittle to a
more ductile fracture behaviour occurred at testing temperature of ~800 °C (see Fig. 15),
showing distinctive crack deflection events, which corresponded to additional weakening
(softening) of the basal grain boundaries. It was hypothesized that this effect is associated to
the softening of glassy phases (from processing), which is in good accordance with the reported
glass-transition temperatures of glasses in literature [133]. The high-temperature damage
tolerance of monolithic textured materials was quantified by considering the fracture energy,
showing an amount of plasticity of almost 50% at the maximum temperature of 1200°C. In case
of the textured laminates a loss of the in-plane compressive residual stresses with increasing
temperatures was presented (see Publication C [103] — Fig. 4); however, the strong effect of
texturing demonstrated favoured crack deflection events leading to an inelastic work of fracture

(plastic contribution) of almost 25 % at 1200°C.

Post-mortem analysis of the (indented) equiaxed sample tested at 1200°C indicated a transition
from trans- to inter-granular fracture (see Publication C [103]- Fig. 8), which could be related
to the subcritical crack growth during the high-temperature testing [32]. Fractography of the
monolithic textured samples tested up to 800 °C indicated an inter-granular fracture, where the
crack may follow a rather straight path along the basal boundaries (stepwise) (Fig. 15), as it has
been typically observed on textured materials after room temperature bending [21,106]. The
fracture path of the textured samples tested between 800 °C and 1200 °C indicated rather strong
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deflection events along the weak basal grain boundaries (Fig. 15) associated with the additional
softening effects, leading to more ductile fracture behaviour. Atroom temperature, the laminate
architecture showed promising crack arrest as well as deflection events within the internal
textured layer related to the effect of in-plane compressive residual stresses and microstructure
texturing [8,20,22]. Although at high temperatures (up to 1200°C), a significant loss of the
residual stresses was observed, significant deflections along the embedded TA-region were
found through post-mortem analysis (Fig. 15), highlighting the exceptional damage tolerance

of the multi-material laminate.

In conclusion, it was shown that even under severe conditions up to 1200°C, the damage
tolerance of alumina-based ceramics might be guaranteed by the positive effect of

microstructure tailoring [103].

The design of textured architectures demonstrates that attractive mechanical properties are
achievable from room temperature to elevated temperatures up to 1200°C. The understanding
of the high-temperature fracture behaviour together with the new insights from the micro-scale
level may be used to further optimize the design concepts on bio-inspired ceramic systems,

which may have potential for the use as materials systems for high-temperature applications.

5.3. Potentials of additive manufacturing in the field of 3D-multi-material ceramics

In the sector of ceramic materials, the LCM-technique has provided new advances of fabricating
complex-shaped components with mechanical properties well comparable with those of
traditional manufactured ceramics [23]. Based on preliminary studies on (monolithic) LCM-
alumina ceramics with sound strength [26], it was hypothesized that combining the multi-
material printing process with the concept of residual stresses could be exploited for further

enhancing their mechanical properties.

An important final goal of this thesis was to develop a first “demonstrator” 3D-printed
component with complex-shape and enhanced damage tolerance through a multi-material
design approach. The potential of the stereolithographic LCM 3D-printing technique to design
novel alumina-based multi-material architectures with enhanced (i) mechanical resistance or

(i1) damage tolerance was explored.
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In the first design approach (Publication D [104]) alumina-zirconia layers (ZTA) were
sandwiched between top surface alumina layers, aiming to introduce in-plane compressive

residual stresses in the outer alumina region (see Fig. 16).
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Fig. 16: Multi-material design approach for 3D-printed alumina with strength as high as
1GPa. Graphical abstract reprinted under the terms of the CC-BY license [104]. Copyright
2021, The Authors. Published by Elsevier Ltd on behalf of European Ceramic Society.

The disc-shaped specimens fabricated by using the LCM-technology of (monolithic) alumina
and the multi-material design with outer alumina surface regions under compressive residual
stresses were tested by using the B3B-test [123,124]. Basic material properties (i.e. fracture
toughness, elastic modulus as well as coefficient of thermal expansions) were determined on
monolithic bars of the ZTA and the alumina materials. Based on these properties, an appropriate
pre-factor for strength determination considering also the elastic mismatch between the
alternating layer regions was developed. The strength data was evaluated through 2-parameter
as well as 3-parameter Weibull distributions. Supporting microstructural and fractographic

analysis were carried out to assess the quality of the 3D-printed multi-material sample.

The shielding effect [68,69] on the top surface alumina region due to the in-plane compressive
residual stresses, as first studied by Nordberg et al. [11] in strengthened glasses, was exploited

for tailoring the mechanical strength of the multi-material system. The SEM microstructures
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showed comparable grain sizes of both systems. Furthermore, it is worth noting that the
alumina/ZTA interfaces within the multi-material architectures are rather sharp, indicating well

densified ceramic parts (Fig. 16).

The (biaxial) characteristic strength of the multi-material design was as high as 1 GPa,
compared to the ~650 MPa of the reference (pure alumina) sample (Fig. 14). The difference in
the characteristic strength corresponded to the in-plane compressive residual stresses of about
320 MPa introduced in the external alumina-layers. To assess the potential as typical
components with relatively high reliability, the third parameter of the 3-parameter Weibull
distribution [35,37] was used, taking the calculated compressive residual stresses (~320 MPa)
as the third parameter, allowing a stable fitting of the corresponding strength data [37]. These
considerations (see Publication D [104] — Fig. 5) might suggest a “threshold strength” (equal
to the compressive residual stress) at relatively low probabilities of failures (below 107 — 107%)
below failure does not occur, similar as in other works on laminates with surface compressive

stresses [12,13].

Fractography of the multi-material sample confirmed that failure occurred from the top surface
alumina regions, indicating the similar fracture origin as in the monolithic alumina sample (i.e.
larger alumina grains) (cp. Publication D [104] — Fig. 6). The finding is in good agreement
with the comparable Weibull moduli of both systems, suggesting similar defect size

distributions [36].

This report showed the effectiveness of the multi-material approach for enhancing the
mechanical resistance of 3D-printed alumina, which might open new ways of designing

structural ceramics [104].

In the second design approach (see Publication E [105]) alumina regions under compressive
residual stresses were embedded between the ZTA-layer regions to act as barriers against crack
propagation, as has been successfully exploited on traditional fabricated “planar” samples in
literature [18]. The potentials of the LCM 3D-printing technique for developing multi-material
designs from planar samples (discs) to more complex-shaped components (turbine blade) with

enhanced damage tolerance against thermal shock cracks (Fig. 17) was assessed in this work.

Disc-shaped multi-layered laminates and monolithic alumina and ZTA (reference samples)
manufactured by using LCM were thermal shocked at various temperature differences (200 °C

— 400 °C) and the corresponding strength degradations were investigated. B3B-tests were
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performed on the thermal shocked as well as non-shocked (reference) specimens and the
retained strength as a function of temperature differences was determined for each sample
system, respectively. The crack analysis was conducted on the top surfaces (crack density) as
well as on the corresponding cross-sections (crack depths) of the discs. Microstructural
characterization and fractography was carried out using a SEM. In case of the 3D-printed
turbine blades, thermal shock tests were performed at the maximum temperature difference of
400 °C and the final thermal shock crack depths within the architecture were studied and

compared to those of the (reference) monolithic ZTA-turbine blades.
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license [105]. Copyright 2023, The Authors. Published by Elsevier Ltd.

The microstructures were well comparable with those of the previous work [104], showing
similar grain sizes as well as rather dense and strong ZTA/alumina interfaces (Fig. 17) which

might highlight the reproducibility of the multi-material printing process.

The analysis of crack patterns observed from the top surface of the samples showed that the
monolithic alumina had first thermal shock cracks at a temperature difference of ~250 °C,

whereas that of the monolithic ZTA sample was first cracked at ~300 °C. In case of the multi-
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material sample with outer ZTA-layers, first thermal shock cracks were qualitatively observed
at temperature differences of ~250 °C due to the effect of the tensile residual stresses (~ +100
MPa) (cp. Publication E [105] — Fig. 3). It could be seen that increasing temperature
differences led to higher crack densities for all samples, similar as has been experimentally
found in [134]. However, since the (retained) strength is compromised by the final thermal
shock crack depths [28,31], cross-sections were analysed. For instance, the final crack depths
for the monolithic alumina as well as the ZTA thermal shocked at ~400 °C were measured as
~500 um and ~800 pum, respectively. The corresponding retained strength for both monolithic
alumina and ZTA was approx. 200 MPa, indicating a rather high strength degradation especially
for ZTA after thermal shock tests. The differences in the level of degradation could be related
to the distinct materials properties, microstructures and the additional effect of low temperature

degradation of ZTA [55,135,136].

In case of the multi-material sample, it was demonstrated that thermally induced cracks were
bifurcated and arrested within the internal alumina layers due to the shielding effect
[8,63,66,68,69] provided by the in-plane compressive residual stresses (~ —300 MPa). The final
crack depth in the multi-material system could be limited by the internal layer thickness to only
~250 pm, whereas the monolithic (reference) counterparts are strongly degraded by the thermal
shock cracks (Fig. 17). As a result, the corresponding (biaxial) retained strength plateau
measured after critical thermal shocking of the multi-material system was twice (~400 MPa) as
high as that of the monolithic reference samples. Fractography verified that the multi-material
approach is a prominent strategy to protect the architectures from thermal shock cracks as well
as processing-related (surface) defects (non-shocked discs) through the embedded compressive

residual stresses.

A final 3D-printed multi-material turbine blade (Fig. 17) demonstrated that the concept of
damage tolerance and the corresponding crack arrest capability may be also applicable for novel
components in future applications, whereas the monolithic ZTA turbine blade was strongly

degraded [105].

In conclusion, fundamental studies from 2D- (in-plane) architectures to more complex-
structured 3D-printed components with enhanced mechanical properties have been presented
within this doctoral thesis. The outcome should serve as input for further improvement in

architectural and microstructural design on 3D-printed ceramic components.
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6. Conclusion and outlook

In this doctoral thesis different alumina-based laminates were designed and mechanically

characterized for assessing their potentials in novel future applications as structural component.

The textured alumina-based laminates showed enhanced contact damage resistance through the
combined effect of microstructure texturing and the induced compressive residual stresses in
the embedded protective regions. High-temperature uniaxial bending tests and the
corresponding fracture analysis evidenced that crack deflections are favoured along the textured
grain boundaries leading to improved work of fracture and damage tolerance, which may
nominate them as possible high-temperature materials. The micro-scale fracture analysis
explained the favoured energy-dissipating deflection mechanisms along the elongated grain
boundaries within the textured region during the macro-scale fracture of alumina laminates.
The fundamental research on the micro-scale level may be used for further optimizing the

structural integrity of alumina laminates.

The investigations on the 3D-printed alumina-ZTA-multi-material ceramics have demonstrated
that both design concepts show superior mechanical properties, either improved mechanical
resistance or damage tolerance as compared to the reference monolithic counterparts, associated
with the shielding effect due to the compressive residual stresses in the corresponding materials
region. Based on these results, a first demonstrator component (i.e. multi-ceramic turbine blade)
was designed, showing the capabilities of embedding protective “crack arresting” layer regions
inside the complex-shaped multi-material architecture. The LCM-multi-material 3D-printing
together with concept of residual stresses could be a new pathway of designing “damage-
tolerant” components for special applications (i.e. medical sector, space applications), which

might open new topics for future research.

Besides the introduced “demonstrator” multi-material turbine blades, damage-tolerant medical
implants may be designed as possible structural ceramic parts. Further investigations as well as
design optimizations must be carried out in future with the goal of an establishment of new
multi-material components in the ceramic market (i.e. damage-tolerant hip-joints with

embedded protective regions).

The development of novel ceramic architectures with different connectivity regions introduced
within a 3D component could be also considered in further activities for tailoring its mechanical

properties within the spatially resolved structures.
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Based on the concept of layered ceramics with weak interfaces, ongoing research on the
mechanical response of 3D-printed components with embedded porous interlayers and/or
gradual porosity regions have shown first promising results for designing “light-weight”
alumina ceramics with good thermal shock resistance. Based on this study, a first 3D-printed
light-weight-alumina-component (i.e. ceramic nozzle) with embedded porous layer regions has
already been designed. The introduction of spatially-tailored porosities within real parts or

components might be another important topic for further investigations.
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Abstract

Enhanced fracture resistance of textured alumina is ascribed to crack deflection along grain
boundaries. In this work, we quantify and compare the micro-scale fracture toughness of
textured alumina grains and grain boundaries by micro-bending tests. Notched micro-
cantilevers were milled from single alumina textured grains (perpendicular to the [0001]
direction) and across several textured grains (along the [0001] direction), using a focused ion
beam technique. Bending tests were performed with a nanoindenter. A shape function for
notched pentagonal-shaped cantilevers was developed using finite element analysis. The critical
stress intensity factor at the notch tip was determined based on the measured fracture loads. The
micro-scale fracture toughness of the textured alumina grain boundaries (2.3 + 0.2 MPa m'’?)
was about 30% lower than that of the grains (3.3 + 0.2 MPa m'”?). These findings at the micro-

scale are paramount for understanding the macroscopic fracture behaviour of textured alumina

ceramics.

Keywords: Textured alumina, micro-cantilever, fracture toughness, grains, grain boundaries

1. Introduction

Mimicking biological materials (e.g. mussels, bones, wood and among others) has been
demonstrated as an effective approach for overcoming the lack of plasticity of ceramics, aiming
to enhance their damage tolerance against external loading. The outstanding mechanical
properties as well as the resistance to crack propagation of these biological materials are
associated with their hierarchically arranged structures and the toughening mechanisms acting
at different length scales [1,2]. Since the inherent toughness and strength of materials are
generally mutually exclusive, many research areas have been focused on ceramic-based

“bioinspired materials” with a remarkable strength to toughness ratio [3]. For instance,
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mimicking the exceptional “damage tolerance” of nacre, has emerged as a novel concept for

designing and fabricating tougher and more reliable ceramics [4—6].

The fabrication of “nacre-like” alumina ceramics with enhanced toughness has used processing
routes such as through ice templating, magnetically-assisted slip casting and hot-pressing [5],
based on the alignment of “template™ particles, which resembles the structure of nacre. An
alternative approach has focussed on ceramic multilayer architectures designed with strong
interfaces and different ceramics constituents, aiming to tailor the alternating residual stresses
caused by the different coefficients of thermal expansions within the layers [7]. Depending on
the specific location of the compressive residual stresses, either within the embedded layers or
in the outer layers, designs with enhanced damage tolerance [8—11] or mechanical resistance
[12,13] have been achieved. The former (damage tolerant) design has been proven to be an
effective way to introduce “barriers” against crack growth, which in some cases can even arrest
the propagation of surface cracks [8,9]. Beyond this progress in architectural design,
microstructural design has been pursued in multilayer ceramics to combine the “damage
tolerant” effect of compressive residual stresses with the toughening capability of “hierarchical”
microstructures, as found in nacre [9]. In this case, a “textured” microstructure is formed during
the sintering step, associated with “template grain growth” (TGG) process, based on Ostwald
ripening effect [14]. Orienting the grains (texturing) within the embedded compressive layers
has proven to be very effective strategy to enhance the fracture energy of the system by guiding
the crack along the basal interfaces of the textured grains [15-18]. Although experimental
observations of different textured multilayer architectures are available, there is still a lack of
understanding of the underlying mechanisms during the fracture process, especially at the

micro-scale level.

The importance of determining the mechanical properties even at the micro-level are
indisputable for optimizing “bioinspired” ceramic architectures with tailored microstructures.
In this regard, the micro-scale data available on single alumina grains are rare. In the work of
Feilden et al. [19], the strength of single alumina platelets was studied using micro-bending
tests. Recently, the interface failure of nacre-alumina has been assessed and the micro-scale
strength was determined at different interface angles with respect to the fixed end of the micro-
cantilevers by Henry et al. [20]. They found that the apparent fracture stress determined is
increasing with the corresponding interface angle. The fracture toughness of nanocrystalline
alumina was studied by Mueller et al. [21] by using micro-scale testing of Chevron-notched

cantilevers. The micro-scale fracture behaviour of single crystal, bi-crystal and polycrystalline
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alumina was investigated by Norton et al. [22] by using micro-cantilever bending tests. In their
work, sharp notches and rectangular artificial flaws were introduced by FIB milling to
determine the apparent fracture toughness and the threshold stress intensity for subcritical crack
growth of individual grains and grain boundaries. In the case of polycrystalline alumina grains
and grain boundaries were evaluated by testing cantilevers crossing several grains and

containing artificial flaws following the equations from Strobl et al. [23].

The objective of this work is to demonstrate for the first time the toughness difference between
grains and grain boundaries within a tailored textured microstructure. To our best knowledge,
the micro-scale fracture toughness of “as-sintered” individual grains and grain boundaries of a
TGG “textured” alumina microstructure has not been quantified yet. It may be hypothesized
that the exceptional damage tolerance in layered alumina ceramics is mainly attributed to crack
deflection events along the (weak) basal-grain boundaries within the textured microstructure of
the embedded “protective” layers. To verify this hypothesis, the micro-scale fracture toughness
of individual textured alumina grains and grain boundaries has been measured through micro-

cantilever bending.

2. Experimental

2.1. Sample preparation

Textured alumina was fabricated by using tape casting technology. High-purity a-Al,Os
powder (TM-DAR, Taimei Chemicals Co., Ltd., Tokyo, Japan) with a mean particle size of
200 nm was mainly used for the preparation of slurries. Single-crystal alumina platelets (Rona
Flair® White Sapphire, EMD. Performance Materials Corp., Darmstadt, Germany) with average
dimensions of ~ 3—10 pm in diameter and 0.1 um in thickness were added to enhance TGG. A
0.25 wt% concentration of dopants (Ca0O:S10,=1:1) was added in respect to the alumina powder
to favour liquid phase sintering. Especially the addition of these single-crystal alumina platelets
with high-aspect ratios is paramount for establishing a high-quality texture in [0001]-direction
(c-axis). This crystallographic direction is normal to the basal surfaces of the templates, aligned

during the tape casting process.

Samples were fabricated by stacking dried tapes with dimensions of 30 x 30 mm? and warm-
pressed with 20 MPa at 75 °C for 15 min. The thickness of the dried tapes was ~50 pum.
Afterwards, isostatic lamination was performed at 20 MPa/75 °C for 30 min followed by binder

burn out at 600 °C (2 h). Subsequently, the stacked plates were cold-isostatic pressed with

73



Josef Schlacher Dissertation Publication A

100 MPa for 15 min and sintered at 1550 °C for 2 h in order to achieve high relative density.
The sample of study with the dimension of 11 x 3 x 1.2 mm> was prepared from one of the
plates. Subsequently, the prismatic cross-section (11 mm x 1.2 mm) of the sample was polished
to 0.25 um mirror finish using a Struers RotoPol-25 equipment and thermally etched by
1450 °C for 5 min. A schematic of the surface of interest (prismatic cross-section) with the

aligned textured bricks is shown schematically in Fig. 1.

C

!

Basal surface

Prismatic surface

|

Fig. 1: Schematic of the textured sample with detail of the prismatic surface. The [0001]-
direction, denoted as c-direction, is perpendicular to the basal surface of the sample (or
grains). The inset shows the alignment of the notched microcantilevers FIB milled from
several grains either (1) perpendicular to basal grain boundaries or (2) within a single alumina

grain.

2.2. Microstructure and texture analysis

Prior to the measurements, both surfaces of textured samples (basal and prismatic surface) were
inspected with an optical microscope. To investigate the textured microstructure, the thermally
etched prismatic surface was coated with a thin gold layer and images were taken using

Scanning electron microscopy (SEM) (Zeiss Auriga, Germany).

To assess the quality of texture, the X-ray diffraction (XRD) pattern of the basal-sample surface
(perpendicular to [0001]-axis) was collected using the ©-20 method with a scanning step size
of 0.02° and time per step of 1.2 s. The Lotgering factor, LF, which is a measure for the

texturing degree, was determined as [24]:
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where ), I(Toooz) and ), 1(7;1,(”) are the sum of peak intensities of (000/) and of all intensity peaks
within the scan of the textured alumina, respectively. The sum of peak intensities of (000/),

denoted as ZI(}E)%]BD’ and of all peaks (3. I(I.;lekfi.l)) within the ©-20-scan were taken from a

reference alumina material with non-textured microstructure. The reader is cautioned that LF
of 1 represents a perfect texture and (000/) evidences the basal-planes (perpendicular to the c-

axis) within the rhombohedral crystal structure of alumina.

2.3. Fabrication of microcantilevers

Testing specimens were fabricated by a focused ion beam (FIB) technique in a dual-beam
FIB/SEM electron microscope (Zeiss Auriga, Germany) operated at 30 kV. Microcantilevers
were cut both entirely from alumina grains with a beam surface perpendicular to the c-axis of
the crystal, [0001] direction (see (2) in Fig. 1), and were FIB milled across the grain boundaries
parallel with the c-axis, consisting of several grains (see (1) in Fig. 1). The FIB milling started
with the making of notches and was followed by three consecutive steps, as described in [25].
First, long sharp notch of about 10 um was FIB milled from the desired locations, using a low
current of 50 pA for about 30 s, which resulted in a depth of about 100-600 nm. The FIB cut
was performed either several microns apart from the designed fixed end of the cantilever beam
inside the grains or at the grain boundaries depending on the beam orientation. This technique
resulted in smaller rounding of the notches at the side of the final microcantilevers, due to the
angle-dependent milling of Ga ions, compared to the case when the notches were induced in
the last step. Second, coarse milling was applied to prepare trapezoid shape trenches at both
sides of the cantilevers, and the material was also removed in front of the beams using a current
of 20 nA. This resulted in rectangular columns, which were connected to the material along one
side only. Third, cantilevers were cut to their designed size using a current of 2 nA, and the
pentagonal cross-section (Fig. 2) was achieved by performing the milling in a tilt position of
the sample at an opening angle of about 52° between the FIB gun and surface normal. Finally,

a fine polishing was performed on the sides of the beams with a current of 500 pA to mill away
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surface effects and to reach the final size of the specimen. A total of 16 cantilevers were FIB
milled. The best 10 specimens (five for each orientation respectively) with lengths of L = 10~
20 um, widths of @ = 2—-4 um and total thickness of b+m, = 3—4 um were selected and measured
by SEM. Although the sample was covered with a 10-15 nm thin gold layer to minimize the
surface charging during milling, a permanent drift made the milling process difficult and rather

slow, having an average speed of one specimen per day.

a |
E ]
b
neutral axis
,\ ,,,,,,, y
O m,
N |

Fig. 2: Schematic of pentagonal-shaped notched cantilevers with all the indicated dimensions
needed for calculation of the fracture toughness. The applied load F'is represented by the red

arrow.

2.4. Microcantilever bending tests

The bending tests of the microcantilevers were carried out on an Agilent G200 NanolIndenter
equipped with a diamond spherical tip with a nominal radius of 1 um, using a constant load rate
0f 0.015 mN/s. Based on preliminary tests, the maximum load was set to 6 mN, which was high
enough to induce fracture in the microcantilevers. The loading process was carefully monitored
and immediately interrupted manually after the fracture occurred (before reaching the
maximum load) and then the testing process was followed by the unloading. Bending tests were
started after reaching a predefined drift limit of 0.1 nm/s and each test was corrected for the
drift rate measured at the end of the process. After the bending tests, a SEM (Zeiss Auriga,
Germany) was used to inspect the broken microcantilevers and analyse the fracture surfaces of
each specimen. Additionally, energy dispersive spectroscopy (EDS) measurements were
carried out on the fracture surfaces at the grain boundaries to analyse the presence of Si and Ca

dopants, as glass forming elements, using 20 kV in the SEM. The notch depth (a) was measured
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on SEM images of the fracture surfaces. The dimensions of the beams and the fracture distance
(x1) in Fig. 2 were determined based on SEM micrographs. Followed by an appropriate
microscope to indenter calibration on Agilent G200, the loading point (x2) was measured based
on the position of the cross-hair relative to the free end of the beam according to an optical
micrograph of 2500x magnification acquired prior to each test using image processing software
(Stream motion, Olympus). The accuracy of the positioning of the tip was about 0.2 um, as

determined in the earlier work of Csanadi et al. [26].

3. Evaluation of fracture toughness

According to Linear Elastic Fracture Mechanics, the fracture toughness Kic can be analytically

calculated as follows:

K. = oNma Y(&) (2)

where a is the notch depth in Fig. 2, Y (&) the corresponding shape factor as a function of the
normalized notch length & and o. the fracture stress (see definitions below). Here, it is important
to emphasize that o in Eq. (2) denotes the nominal surface tensile stress at the location of the
notch in the intact (unnotched) material; the influence of the notch on the stress field in its
vicinity is considered to be comprised in the Y(&) shape factor determined by FEM.
Considering a small deflection of the beams, the fracture stress oc was calculated based on the
Euler-Bernoulli beam theory using the formula derived for pentagonal-shaped cantilevers in the

work of Csanadi et al. [26]:

= Fmax(f_zo) (L—xz—xl) (3)

where Fmax 1S the maximum load at fracture, zo is the distance between the neutral axis and the

X-Y plane of the coordinate system (Fig. 2):

1 [ my? 4)
0T e\ 2 T 6

2
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and /x is denoted as the second moment of area which is given for the pentagonal cross-section

[26] as:

)

All the dimensions needed for the calculation (a, b, m4, L, x1 and x2) are indicated in Fig. 2. In
order to compare quantitatively the fracture behaviour of cantilevers with different sizes, the
linear load (F)-displacement (%) data were converted to effective stress (o)-strain (e€) curves,
where o is the effective stress calculated by Eq. (3) for the applied load F and ¢ is the

corresponding effective strain, which is determined as follows [26]:

e = 3h(b —2p)(L —x; — x) (6)
- (L —x3)3

It is important to note that the use of the above terminology (effective stress — effective strain)
provides a quantitative comparison for the different beams but does not describe the actual
stress-strain behaviour inside the cantilevers due to the presence of notches, which could
significantly change their compliance. As a consequence, the ratio of the effective stress and
strain values results in an effective Young’s modulus of the notched beams (E = ¢/¢) which
is different from the Young’s modulus of alumina material and, therefore, it was not analysed

in the present work.

As described in Eq. (2), the determination of Kic requires the numerical calculation of the shape
factor Y (@) for pentagonal shape beam geometry. Such studies have already been performed in
the literature for both rectangular and pentagonal shaped cantilevers, of which formulas were
compared to each other in the work of Chan et al. [27]. However, due to a notable discrepancy
between calculated dimensionless shape factors for pentagonal cantilevers proposed by Di Maio
and Roberts [28] and the one calculated by Chan et al. [27], we performed new Finite Element
(FE) analysis in this work to determine an appropriate shape factor for our investigated
geometry, using the software ANSYS [29] as shown in Fig. 3. A material model with linear
isotropic response was chosen. The typical macroscopic Young’s modulus of ~380 GPa and
Poisson’s ratio of 0.22 for textured alumina were used in the FE-model [18]. The 3D model of
the geometry was discretized by quadratic tetrahedral elements, exploiting the plane symmetry.
The notch was assumed to be as a sharp discontinuity (i.e. crack) and the cantilever transitioned

to the bulk material as shown in Fig. 3a. The displacement was fixed at (i) the back and (ii)
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bottom face of the bulk as well as (iii) in the plane of symmetry. The simulation was conducted
for various crack lengths (100 < o < 1000 nm) with a fixed geometry of @ = 3 um in width and
b+ma = 3.5 pm in thickness using a load of 2 mN. The shape factors were determined for
different crack lengths as the ratio of the numerically calculated stress intensity factor (Kirem)
using the J-Integral in the FE model and the analytical stress intensity factor (ov/ma) according
to the Euler-Bernoulli beam theory (Eq. (2)), where the stress values were calculated according
to Eq. (3). The obtained data points were normalized (&) and fitted by a polynomial function of

4™ order in the interval of 0.035 < & < 0.35, as follows:

Y(@) = 1.119 — 1.087a + 5.224a* — 8.082a3 + 8.821a* (7)

where the normalized notch length was calculated as:

* (8)

= =7

Our polynomial fit (Y(@)) is similar to the shape factor function proposed by Chan et al. [27].

a) Maximum Principal Stress [GPa] g b) 1.18

™ Calculated data
Polynominal Fit

1.04 T T T T T T T
0.00 0.05 0.10 0.15 020 0.25 0.30 035 0.40

al(2(b-zy)) [-]

Fig. 3: (a) FE-model of the bent cantilever with the introduced sharp crack of 300 nm. The
maximum principal stress is represented using a coloured scale. (b) Analytical fit of data

points from FE-calculations used for the determination of the shape factor Y (&).
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4. Experimental results

Figure 4a illustrates the microstructure of the textured material (prismatic surface view),
exhibiting highly-elongated grains with ~ 15-40 um in length and ~ 3-5 pm in thickness. It can
be observed that the level of porosity at the basal grain boundaries is rather low, showing only
small pores within the grains. Figure 4b shows the XRD pattern measured on the textured
alumina. Predominant (0006) and (00012) peaks were detected, corresponding to the [0001]-
direction of the grains (c-axis), which agrees with the strong alignment of the textured
microstructure, as seen in Fig. 4a. The relatively large Lotgering factor (LF ~ 0.8) confirms the
high quality of the texture achieved with tape casting process, and is comparable to the texture

degree reported for in alumina ceramics [18,30,31].

16000
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3 ‘ . oHm | 20 30 40 50 60 70 80 90 100

Two-Theta [°]

Fig. 4: (a) Microstructure and (b) corresponding XRD pattern of textured alumina, indicating
the strong alignment of grains perpendicular to the [0001]-basal-direction. The dominant
peaks of the (0006) and (00012) planes are indexed.

Figure 5 shows representative cantilevers in both directions, milled either (i) entirely from the
textured grains with a beam direction perpendicular to the c-axis, or (i1) crossing several grains
parallel with the c-axis ([0001] direction), respectively. Figure 5a shows a cantilever prepared
within the grain and notched parallel to the c-axis (marked by a yellow arrow) to guarantee the
fracture along with one of the prismatic facets of the alumina grain. Figure 5c¢ shows the
cantilever notched directly at the grain boundary (indicated with yellow arrows) with the c-axis
perpendicular to the notch, in order to evaluate the fracture toughness of the boundary of the
textured grains. It is worth noting that the grain boundary of the basal orientation is tested in
this beam configuration. To illustrate the pentagonal cross-section of the cantilevers, an inclined
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side view of its free end is represented in Fig. 5b and d for both configurations. The natural
porosity of the textured alumina microstructure is clearly observable on these beam cross-

sections.

Multiple grains’

(R i Al G

N\ Notch at grain
boundary

Fig. 5: The top views and the corresponding pentagonal-shaped cross-sections of the as-
milled cantilever notched within textured grains (a, b) and in grain boundary direction (c, d)

are represented.

The micro-scale fracture toughness of cantilevers milled entirely from single textured grains,

2, whereas that of the basal grain

fractured along prismatic facets, was 3.3 + 0.2 MPa m"
boundaries was 2.3 + 0.2 MPa m"2. The specimen dimensions, the measured fracture forces as
well as the results of the individual fracture toughness results of each tested cantilever are listed
in a supplementary Table S1. The fracture toughness of the basal grain boundaries is about 30%
lower than that of the grains, which may explain the preferred (macroscopic) crack propagation

along the basal boundaries of textured alumina samples.

Figure 6 reports representative effective stress-strain curves of tested specimens notched either
within the grain (Fig. 6a) or at grain boundaries (Fig. 6c, e). The fracture surfaces of the

corresponding broken cantilevers are shown in Fig. 6b, d, and f, respectively.
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All the curves follow a linear trend confirming the applicability of the linear elastic fracture
mechanics for the evaluation of fracture toughness from the micro-cantilever experiments. The
comparison of the representative stress-strain curves of beams (Fig. 6a, c, ) exhibit different
slopes due to the different compliance of the microcantilevers. This is a combined effect of
geometry (notch depth to total thickness ratio), elastic anisotropy of alumina grains and the
presence of grain boundaries. Since it is a complex elastic problem out of focus of the present
investigation, the deduction of Young’s modulus values from the microcantilever bending

experiments was not addressed in this work.

Figure 6b displays a representative fracture surface of a notched cantilever tested within the
grain. The rather smooth fracture surface agrees with the expected brittle fracture along with
one of the prismatic planes (i.e. m- or a-plane), as reported in [22]. Figure 6d shows the fracture
of one representative cantilever notched directly at the basal grain boundary. The smooth and
flat fracture surface is associated with the preferred crack path along the intersection of the
grain boundaries in basal orientation. In Fig. 6f, another fracture surface of a cantilever notched
at the grain boundary is depicted. The transition of the notch to the final fracture surface reveals
a step-like area [22] (as typical for c-plane basal fracture), followed by a rather smooth fracture
surface from the boundary intersection. We caution the reader that a slight deviation of the
notch from the sides was observed in several cantilevers after post-mortem inspection. In such
cases, the notch depth was corrected (based on six measurements along the cantilever width)
prior fracture toughness evaluation. It is worth noting that all cantilevers exhibited typical

“compression curls” in the last third of the specimen’s thickness.

EDS analysis revealed that glass-forming elements of Si and Ca, which were added as dopants
during processing, can be observed at the grain boundaries in some places in the amounts of
~0.4 at% and ~0.2 at%, respectively for Si and Ca; the measurement was performed
perpendicular to the sample surface. However, these elements could not be detected on the
fracture surface of microcantilevers at the grain boundaries. Regarding that the deposited thin
Au layer (4-6 microns) exhibited an EDS signal of 0.7-1.0 at%, it can be concluded that only
a very thin (few nanometres) glassy phase might have been present at the grain boundaries in

the textured alumina sample but not as large amount as was reported for nacre-like alumina

[20].
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Fig. 6: The effective stress-strain curves of the microcantilever tested within the grains (a) as

well as at the grain boundaries (c, e), respectively, together with the corresponding fracture

surface of the beams at the notch (b,d,f).

5. Discussion

5.1. Reliability of the micro-scale testing method

In order to assess the reliability of micro-mechanical bending tests for the determination of the
fracture toughness of textured alumina grains and grain boundaries, different aspects which

may affect the results are considered. Norton et al. [22] claimed in their study that with
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increasing notch tip radius, the fracture toughness determined on micro-cantilevers of sapphire
(m- or c-fracture plane) is significantly overestimated. However, they showed that for the
smallest tip blunting of ~15 nm the correction factor for the notch tip radius is only 0.9. In our
case, by using pentagonal shaped cantilevers with a relatively sharp notch tip radius (measured

on selected cantilevers as ~ 11 nm), this error may be negligible.

Best et al. [32] studied the influence of ion bombardment on the small-scale fracture toughness
measurement by using xenon and helium- and conventional gallium-ion sources for milling of
chromium nitride cantilevers. They showed differences in the fracture toughness depending on
the amount of damage. It was concluded that there may be an influence of ion damage on the
fracture toughness data [32]. As reported by Norton et al. [22], the gallium ion implantation
during FIB milling may have an influence on the measurement of fracture toughness both inside
the grains and at the grain boundaries: (i) directly due to material structure modification in the
vicinity of the notch and/or (ii) indirectly associated with increased notch radius with increasing
current. In light of these recommendations, a low milling current of ~50 pA was used in our
work to minimize possible ion damage during notching. Our EDS analysis done on the fracture
surfaces in the vicinity of the notches showed relatively low and similar values of Ga content
(~1.0 at%) in both regions, indicating a negligible effect on the toughness measurements. The
different Kic values obtained for the grains and grain boundaries are attributed to the weaker
bonds between the adjacent grains compared to the grain interiors, in which a very thin glassy

phase may play a role as described in the results part.

Furthermore, it is also worth noting that the accuracy in the measurement of the notch length
after fracture has a significant influence on the calculated fracture toughness. For instance, a
10% inaccuracy in the measurement of the final notch length yields an error of about 5% in the
fracture toughness value. To avoid errors in the calculations and to correct any deviations near
the side surfaces of the notch front through the milling process of the cantilevers, the average

notch length was taken from six measurements along the width of the cantilever.

Finally, the notch positioning and orientation with respect to the grain boundaries may also
affect the measured fracture toughness. In the present work, only microcantilevers notched
within a position accuracy of about 100 nm to grain boundaries were evaluated, which is similar

to the width of trenches between the adjacent grains caused by thermal etching.
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5.2. Orientation dependent micro-scale fracture toughness

In our work, the micro-scale fracture toughness of the individual textured grains (3.3 + 0.2
MPa m'?) was found to be significantly higher than that of the textured grain boundaries (2.3
+ 0.2 MPam'?). The micro-scale fracture toughness of the textured alumina grains with
prismatic fracture planes (m or a-plane), is in good agreement with the reported values (3.9 +
0.1 MPa m'? and 3.8 + 0.1 MPa m"? for the m- and a-planes, respectively) of a-alumina grains
grown by chemical vapour deposition by the study of Konstantiniuk et al. [33]. Furthermore,
our results are in good agreement with the apparent stress intensity factors at fracture measured
in polycrystalline alumina (cantilever tested with introduced artificial flaw) for transgranular
fracture in grain (3.9 + 0.2 MPa m'?) and intergranular fracture on grain boundaries (2.8 + 0.2
112)

MPa m'?) as well as with those of notched cantilevers on single crystals (3.7 £ 0.2 MPa m

and bicrystal grain boundaries (2.9 + 0.2 MPa m'?) [22].

In the work of Iwasa and Bradt [34], macro-scale fracture toughness values of 3.1 = 0.3
MPa m'? (m-plane) and 2.4 + 0.3 MPa m'? (a-plane) were reported on single-crystal alumina
tested at room temperature along prismatic planes, respectively. Furthermore, they showed that
the lowest fracture toughness of the thombohedral r-plane (2.4 + 0.1 MPa m'’?) may indicate
its preferred cleavage. In their study, the highest macro-scale fracture toughness was found to
be along the c-plane (4.5 £ 0.3 MPa m'?), similar to the trends evidenced in the work of
Wiederhorn [35]. Due to the alignment of platelets in [0001]-direction during the tape casting
process, cantilevers fractured within the textured grains may yield preferred fracture along with
one of the prismatic planes. In our micro-scale experiments, fracture toughness of the grains
(3.3 + 0.2 MPa m'?) is well comparable with the macro-scale fracture along m-plane as stated
above (3.1 = 0.3 MPa m'?), with a difference of only ~6%. The micro-scale fracture toughness
of the grains seems to be significantly higher than the macroscopic toughness in prismatic a- as
well as rhombohedral r-plane. Regarding that the micro-scale fracture toughness of the m- and
a-planes were reported to be equal within their scatters [22,33], the Kic measured for grains in
this work is considered as an average of the prismatic planes despite that it fits quantitatively
well with the macro-scale fracture along the m-plane [34]. The micro-scale fracture toughness
of the basal-grain boundaries (2.3 = 0.2 MPa m"?) shows a significantly lower value compared
to the macro-scale c-plane fracture toughness, which may indicate the weakening effect of the

grain boundary in basal orientation.
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5.3. Relevance for the macroscopic fracture behaviour of textured alumina

The residual stresses in polycrystalline alumina samples may play an important role in their
macro-scale fracture behaviour. Based on the literature, residual stresses are induced during
processing due to the thermal expansion anisotropy and misorientation of adjacent grains,
which was found to be lower for textured specimens compared with untextured alumina
samples [36,37]. The magnitude of residual stresses for untextured alumina with grain size
similar to our sample was measured to be ~200 MPa, which is compressive along the a-direction
and tensile along the c-direction ([0001] direction) [36]. Thus, residual stresses may affect crack
initiation and propagation, which in our case promotes cracking along the basal grain
boundaries (c-planes). Additionally, it could result in the presence of separation of grains along
the c-planes in the as-sintered samples, as can be seen in Fig. 4, favouring crack deflection in
textured alumina at the macro-scale. However, at the level of microcantilevers, where the
material was removed around the beams, these residual stresses both in the grains and at the

boundaries may be considered negligible.

Hofer et al. [18] studied the fracture behaviour and the crack path of textured and non-textured
alumina bulk materials. They showed that the fracture toughness of the textured material is
about 10% higher (4.4 = 0.2 MPa m'? [18]) than that of the non-textured alumina (3.9 + 0.4
MPa m'” [18]), favoured by crack deflection mechanisms along the basal planes resulting in an
intergranular and rather stepwise fracture mode. The macroscopic fracture toughness of
textured alumina (4.4 + 0.2 MPa m'?) is approx. 30% higher than that of one individual textured
alumina grain (3.3 = 0.2 MPa m'’?) determined in this work. This significant difference may be
explained by the additional energy-dissipating mechanisms (i.e. crack deflection, crack
bridging) acting at the macro-scale level that can be further enhanced by an appropriate texture
design, for example varying the length to thickness ratio of the alumina grains. Here it is
important to emphasize that the knowledge of fracture toughness difference of grains and grain
boundaries plays a fundamental role in such designs. This has been shown in the recent work
of Schlacher and Jabr et al. [38], where the enhancement of the contact damage tolerance of
layered alumina with embedded textured layers was associated with micro crack-formation
(absorption of contact damage induced energy) and microstructural deflections along the basal
grain boundaries within textured alumina. The significantly lower micro-scale fracture
toughness of the grain boundaries (2.3 + 0.2 MPa m'"?) measured in this work, could elucidate

the favoured crack path along the basal boundaries of elongated textured grains during crack
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propagation. To the best of our knowledge, the present experimental findings are the first report

demonstrating quantitatively the “weakness” of textured grain boundaries.

6. Conclusions

The micro-scale fracture toughness of individual grains along with prismatic facets and grain
boundaries along the basal interfaces in a textured alumina sample was determined through
micro-cantilever bending tests. It was found that the micro-scale fracture toughness of the grain
boundaries along the basal interface is significantly lower (2.3 = 0.2 MPa m'?) than that of the
individual grains along with the prismatic facets in the textured microstructure (3.3 £ 0.2
MPa m'?). The demonstrated difference of approximately 30% in fracture toughness explains
the favoured crack path along the basal-grain boundaries. This experimental finding is
paramount for understanding the macroscopic fracture behaviour of layered alumina ceramics
with embedded textured layers. Microstructure tailoring by applying grains with higher aspect
ratios and additional interface weakening methods, such as introducing second phases, could
further enhance the damage tolerance of layered alumina ceramics with textured

microstructures.
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Supplementary Table S1: The geometrical parameters of the microcantilevers tested together with the

measured load of fracture and calculated fracture toughness values for grains and grain boundaries,

respectively.
Cantilever dimensions (cp. Fig 2) [pm] Fracture | Fracture
Cantilever Specimen load, | toughness,
direction | °P Frnax Kic
L a b m, Xi X2 a [mN] | [MPam!?]
1 1580 | 3.24 | 2.31 | 1.37 | 2.81 | 1.70(0.32| 1.41 3.20
2 21.14 | 4.08 | 2.43 | 1.77 | 3.70 [2.00|0.69| 1.03 2.97
Grain 3 1898 | 449 | 2.31 | 1.74 | 3.67 |2.20(0.59| 1.60 3.56
4 1479 | 1.89 | 1.59 | 1.04 | 2.23 |1.60|0.21| 0.53 3.22
5 16.20 | 2.67 | 240 | 1.12 | 3.87 | 1.80]|0.23| 1.46 3.35
1 926 | 254 | 1.80 | 1.12 | 1.98 |2.50]0.34| 1.08 2.17
Grai 2 9.11 | 1.62 | 1.31 | 1.03 | 2.18 | 1.60|0.32| 0.46 2.57
rain
3 2321 | 5.08 | 2.52 | 1.94 | 849 |2.80|0.27| 2.29 2.28
boundary
4 12.41 | 3.50 | 2.02 | 1.38 | 0.89 |2.00]|0.39| 0.85 1.98
5 13.45| 352 | 1.84 | 147 | 046 |2.20|0.12| 1.58 2.52
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Abstract

This work demonstrates how to enhance contact damage resistance of alumina-based ceramics
combining tailored microstructures in a multilayer architecture. The multilayer system designed
with textured alumina layers under compressive residual stresses embedded between alumina-
zirconia layers was investigated under Hertzian contact loading and compared to the
corresponding monolithic reference materials. Critical forces for crack initiation under
spherical contact were detected through an acoustic emission system. Damage was assessed by
combining cross-section polishing and ion-slicing techniques. It was found that a textured
microstructure can accommodate the damage below the surface by shear-driven, quasi-plastic
deformation instead of the classical Hertzian cone cracking observed in equiaxed alumina. In
the multilayer system, a combination of both mechanisms, namely Hertzian cone cracking on
the top (equiaxed) surface layer and quasi-plastic deformation within the embedded textured
layer, was identified. Further propagation of cone cracks at higher loads was hindered and/or
deflected owed to the combined action of the textured microstructure and compressive residual
stresses. These findings demonstrate the potential of embedding textured layers as a strategy to

enhance the contact damage tolerance in alumina ceramics.

Keywords: Alumina; Multilayers; Hertzian indentation; Textured microstructure, Residual

stresses

1. Introduction

Advanced ceramics have been established as materials of choice for many demanding
applications. In comparison to metals and polymers, some advantageous properties of ceramics,

such as oxidation and corrosion resistance, high temperature stability, high hardness and wear
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resistance, stiffness, biocompatibility together with interesting functional properties, are the
driving factors for the high interest in developing ceramic materials . However, the inherent
brittleness of ceramics (low fracture toughness) along with strength variability are major
concerns for safety and reliability issues. Failure of ceramic parts is often associated with the
(unstable) propagation of cracks, upon applied mechanical loading, initiated from
microstructural defects distributed within or at the surface of components. These flaws may be
introduced at the processing step (e.g. pores, agglomerates), during machining of the parts
(surface roughness, scratches) or in service conditions during the lifetime of the component >,
In this regard, many strategies have been adopted for controlling and reducing the size of critical
defects in ceramics, using for instance colloidal processing °, or eliminating critical flaws by
means of proof testing *. However, avoiding failure related to post-processing defects during
handling and in service remains a difficult challenge 6. In this regard, a more prominent strategy
has been attempted, which aims to control the propagation of cracks by taking advantage of
energy-dissipating toughening mechanisms occurring during the crack propagation events. The
so-called “damage tolerant” behavior has been reported in several alumina-based layered
ceramic systems designed with embedded (protective) layers under in-plane compressive
residual stress 72, In addition, tailoring the microstructure of the protective layers (following
the “brick-and-mortar” approach used in bio-inspired materials '*) has significantly enhanced
the fracture energy of the system. For instance, texturing the microstructure by aligning platelets
parallel to the layer plane has proven to have a positive impact on the mechanical properties of
layered ceramic architectures '*!°. The effect of residual stresses, degree of texture, as well as
layer distribution within the multilayer design on the damage tolerance of the ceramic parts has
been thoroughly investigated under different loading conditions, such as bending, thermal
shock or cycling loading '®. An important question is how effective such layered design may be

against contact loading.

Blunt contact loading, first studied by Hertz !, is one of the main sources of failure in advanced
ceramics during in-service conditions °. In some situations, sudden failure occurs due to the
(unstable) propagation of contact cracks, and in some cases failure of ceramic components may
also ensue as a consequence of the strength degradation caused by contact induced damage '®.
In homogeneous, polycrystalline fine-grained ceramics and in glasses, classical Hertzian ring
and cone cracking is the typical damage pattern under spherical loading '°!. Due to the fact
that such macroscopic cracking significantly impairs the strength of ceramic components, much
research has been dedicated to restrict deleterious cone crack propagations for increasing their

contact damage resistance. One strategy is to introduce “shear-sensitive” microstructural
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elements within the ceramic material, so that the response of the material to the contact loading
scenario leads to subsurface shear faulting rather than cone crack formation starting from the
surface '°. The successful transition from brittle cone cracking to the quasi-plastic damage mode

has been reported in ceramics with controlled microstructures, i.e. grain coarsening 2>%3

or
increasing the level of porosity 24, as well as in heterogeneous ceramics containing second
phases with weak interface boundaries. Few examples are (i) mica-platelets within a glass
matrix 2°, (ii) graphene nanofillers added to silicon carbide 2°, (iii) layered heterogeneous

27,28

alumina designed with calcium-hexaluminate interfaces , or (iv) layered brittle coating

systems with enhanced fracture resistance 2.

In this work, we explore the contact damage resistance of novel layered ceramics designed with
embedded layers with internal compressive stresses and textured microstructure. The aim of
this work is to investigate the effect of texturing on the response of layered alumina ceramics
under spherical contact loading scenario. It is hypothesized that the combination of shear-
faulting driven micro-failures at the weak basal interfaces of the textured grains with the
potential of the in-plane compressive stresses in arresting the propagation of cone cracks may
significantly enhance the damage tolerance of the ceramic system. The contact damage
behavior is first investigated and compared in monolithic alumina-based samples designed with
and without textured microstructures, respectively. Initiation of ring crack is detected by using
an acoustic emission system (AE) and confirmed by using polarized light microscopy.
Moreover, the underlying damage mechanisms are explored by using cross-sectioning together
with the ion-slicing techniques. AE is used for measuring the critical crack initiation forces and
the data are analyzed and classified for the different damage mechanisms. The critical crack
initiation forces as well as the calculated maximum tensile stresses are analyzed in the

framework of Weibull statistics.

2. Experimental

2.1. Materials of study and samples

Three different samples were fabricated using the tape casting technique: (i) monolithic samples
with equiaxed microstructure (EA) containing alumina and 5 vol.% tetragonal zirconia, (ii)
monolithic textured alumina (TA) consisting of elongated alumina grains aligned in casting
direction, and (ii1) a multilayer architecture with alternating EA and TA-layers designed with

tailored in-plane residual stresses.
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The main powder used for fabrication of monolithic as well as multilayer composites was high-
purity a-Al203 (AKP-50, Sumitomo Chemicals, Tokyo, Japan) with particle size distribution
from 0.09 um to 0.34 um and a mean particle size of dso = 0.20 um. To prevent abnormal grain
growth in EA, 5 vol% of 3 mol% yttria stabilized zirconia with a mean particle size of dso=
0.04 um was added to the alumina-powder. In the case of TA, 5 vol% single crystal alumina
platelets (Rona Flair® White Sapphire, EMD Performance Materials Corp., Darmstadt,
Germany) with a diameter of 5-16 um and a thickness of ~0.1 um were used as templates
together with a 0.25 wt% dopant concentration in respect to the alumina powder (CaO:SiO2 =
1:1) for enhancing the templated grain growth (TGG) 3'. All slurries contained an acrylic binder
system. After slurry preparation and tape casting process, the specific tapes (EA and TA) were
cut and stacked according to the desired design. Subsequently, uniaxial pressing (8 MPa),
isostatic lamination (20 MPa), binder burn out (450 °C) and cold isostatic pressing (200 MPa)
of the stacked plates were performed. Afterwards, the plates were sintered at 1550°C for 4 h
and the samples of study were prepared for testing. More details about slurry compositions and

the processing of the layered alumina architectures can be found in previous work >’

To study the microstructure of the monolithic EA, TA and the laminate, the samples were
polished on the side surface up to 1um mirror finish using a Struers Pedemax-2 equipment
(Struers Tech, DK2610 Copenhagen, Denmark) and thermally etched at 1450°C for 30 min.
Subsequently, the polished side surfaces were gold-coated using an Agrar Sputter coater. The
images of the microstructures taken using a scanning electron microscope (JEOL JCM-
6000Plus, Neoscope™, JEOL Ltd., Tokyo, Japan) can be seen in Fig. 1. The microstructure of
EA shows alumina grains with a size of ~2 um and rather fine-grained zirconia (~0.5 pm)
located at the triple points (see Fig. 1a). Figure 1b shows the TA microstructure composing
highly elongated alumina grains with length of ~20 um and thicknesses of ~5 um. The

multilayer sample exhibits a strong EA/TA interface, as illustrated in Fig. lc.
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Fig. 1: Microstructure of (a) monolithic equiaxed microstructure (EA), (b) monolithic
textured alumina (TA) and (c) multilayer composite samples. The strong EA/TA-interface of

the laminate is indicated by yellow arrows.

The testing sample geometries of the prismatic bend bars prepared from the tapes were
~25 x 3 x 3 mm? for monolithic (EA, TA) and ~25 x 4 x 3.5 mm?® for the layered architecture,
respectively. The top surfaces were ground with D15 finish on both sides to guarantee fully flat
samples for testing. Subsequently, the testing surface (one of the top surfaces) was polished up

to 1 um mirror finish using a Struers Pedemax-2 equipment.

The layered ceramic architecture consisted of two TA layers embedded within three EA
alumina-zirconia layers following the sequence EA/TA/EA/TA/EA. After grinding and
polishing of the outer-most EA layers, the final thickness of the individual layers was
~110 pm/300 pm/2520 um/300 um/110 pm, which corresponds to a volume ratio between the

materials of Vea/Vta ~ 5.

The analytical estimation of the in-plane residual stresses within the alternating layers of the

multilayer architecture can be obtained through the following equation 3:
E n —
Oresn = 1 (@ — an)AT (1)

—Vn

where v, is the Poisson’s ratio (~ 0.22 for EA and TA), E, is the Young’s modulus (~380 GPa
for both EA and TA 3'), a, is the coefficient of thermal expansion (8.2 x 10% K and 7.8 x 10
6K for EA and TA, respectively *!) of the n™ layer of each contributing material. The
temperature difference is 47 = Ty — Ty, where Ty is the room temperature and T, is the
reference temperature, above which the material is assumed to be free of residual stresses (so-
called stress-free temperature). In our work, T, is taken as ~1500°C, as estimated for
alumina/zirconia ceramics elsewhere **. The average coefficient of thermal expansion for the

layered system was calculated according to the following equation :
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E t.a
Zﬁ:l 1n_nvn
a= " E,t

N n'n (2)
n=11 —vy,

where #, is the corresponding n™ layer thickness of the multilayer composite.

In the multilayer architecture of study, the in-plane residual stresses in the EA and TA layers

resulted in ~ +50 MPa and ~ —240 MPa, respectively.

2.2. Testing procedure

Hertzian indentation tests were performed in ambient conditions (25°C and ~25% relative
humidity) using a universal testing machine (MIDI 10-5/6x11, Messphysik, Fiirstenfeld,
Austria) with a load cell of 25 kN. A tungsten-carbide sphere (94WC-6Co, Kugel Pompel®,
Austria) with a diameter of 4 mm was used as indenter. The EA, TA and multilayer prismatic
bar-shaped samples are schematically represented in Fig. 2. We caution the reader that the
contact region between sphere and specimen is approx. 10 times smaller than the width of the

bar, and thus no influence of free edges on the contact stress distribution may be expected.

Fig. 2: Schematic of the contact testing setup for the three samples: (a) equiaxed microstructure

(EA), (b) textured alumina (TA) and (c¢) multilayer. In the TA-specimens, the top surface under

contact loading was set parallel to the basal planes of the textured microstructure (the textured

grains are illustrated as “bricks”). In the multilayer architecture, the in-plane tensile and

compressive residual stresses in the EA and TA regions are indicated by yellow and white arrows,

respectively.

To detect acoustic events during the indentation cycle, AE sensors (VS150-M, Vallen Systeme
GmbH, Germany) were attached onto the indenter as well as on the sample holder. This AE

99



Josef Schlacher Dissertation Publication B

system allowed the accurate determination of the critical forces responsible for the initiation
event corresponding to the first crack. A threshold amplitude limit of 21.9 dB was found to be
sufficient to eliminate background noise. All the contact tests were carried out using a pre-load
of 10 N, a displacement rate of 0.01 mm/min and a dwell time of 10 s at the maximum load of
the cycle. At least 20 spherical indentations per sample were performed to detect the crack
initiation force. Depending on the type of tests, this maximum load was either deliberately
selected as specific force (800, 1000, 1500 and 2000 N) for studying the crack propagation or
limited by the crack initiation force as detected by the AE system to investigate the onset of
cracking. In the latter case, the loading cycle was interrupted by the main unit of the AE system
right after detecting the first crack initiation event. To avoid crack interactions, a distance of
2 mm between imprints within a sample was set by using a precision cross-head table. All the

imprints were performed on the top surface of the stacked samples (see Fig. 2).

2.3. Damage observation

In order to study the surface damage, liquid dye penetrant (Diffu-Therm® red penetrant) was
applied on all the tested sample surfaces for 24 h. The surface cracks were observed with an
optical microscope (Nikon ECLIPSE LV100ND, Japan) under polarizing and non-polarizing
mode. In particular, the polarizing light microscopy technique was exploited in this study for
visualizing surface ring cracks at first formation stage, which otherwise would remain invisible
in non-polarizing mode. To measure the depth profile of the indents as well as to visualize the
corresponding surface depression in 3D, a laser scanning confocal microscope (Keyence VK-

X1000, Belgium) was employed.

In the case of sub-surface damage investigations, the samples were cross-sectioned by grinding
and polishing starting from a side surface to the region of interest (mid-plane of the indent).
Subsurface damage was observed using the optical microscope with and without polarized light.
Furthermore, to study the damage patterns in detail, while avoiding possible mechanically
induced damage of the zones due to polishing, ion-Slicing technique (Hitachi ArBlade 5000)
was employed and observations were conducted using scanning Electron Microscopy (Tescan

Clara).
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2.4. Evaluation of data

The critical forces for crack initiation as well as their corresponding maximum tensile stresses

(first principal radial stress) were analyzed according to contact Hertzian theory, as follows *:

Omax = (1 — 2v) a2 3)

where v is the Poisson’s ratio of the sample (~0.22 for alumina), P is the indentation load
(measured crack initiation load) and a is the corresponding contact radius. This contact radius

a is defined as **:

Y
¢= GPER> 3 (4)

where R is the radius of the indenter sphere, and E” is the combined elastic modulus, which is

given as follows >*:

E* E E; Q)

In this relation, v; is the Poisson’s ratio of the indenter (assumed to be 0.21), £ and E; are the

Young’s moduli of the sample (~380 GPa 3') and the indenter (~650 GPa ), respectively.

The crack initiation forces and the corresponding crack initiation stresses were analyzed in the
framework of Weibull statistics *®3”. According to Equations (3) and (4), the maximum tensile

stresses, omar, are in correlation with the indentation load, P, as omax o P>,

3. Results and discussion

3.1. Identification of damage mechanisms

Figure 3 shows a Hertzian ring crack formed on the monolithic EA-system. Under an optical
microscope with non-polarized mode the ring crack cannot be visualized (see Fig. 3a).
However, using polarized light the formation of ring cracks can be clearly verified (see Fig.
3b). It may be hypothesized that at low ring crack initiation forces (RCIF) no debris on the
crack after indentation occurs and the cracks opening remains rather closed, which makes it
barely observable without using special optical techniques. The typical Hertzian full-ring crack
(indicated by white arrows) on the EA-sample surface is associated with the first detected ring
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crack formation signal, after which the loading cycle was interrupted. It is worth indicating that
in some cases either partial ring cracking or even simultaneous formation of ring and cone

cracking were observed at the RCIF.

Fig. 3: Top view of a ring crack loaded until the first acoustic-emission signal (ring crack
initiation force (RCIF) ~850 N) was recorded on an equiaxed microstructure (EA) sample in
(a) non-polarized mode, where no ring crack is visible, and (b) polarized mode, where the

crack (indicated by white arrows) is detectable.

Figure 4 shows observed surface damages on the different ceramic architectures after Hertzian
indentation tests loaded at moderate loads (up to 1000 N). Figure 4a shows surface damage on
EA after indenting at a maximum load of 800 N. As can be seen, the red halo-like reflection
surrounding the ring crack (Fig. 4a, top) can be ascribed to the presence of cone crack as
evidenced through cross-sectioning of the sample (see Fig 4a, bottom). It is thus demonstrated
that damage initiation on the fine-grained polycrystalline EA material of study agrees with
classical Hertzian cone cracking as has been observed in other glasses and ceramics 22138, It is
worth emphasizing that this halo-like feature can only be observed due to the reflections of
polarized light from the dye penetrant in shallow regions. Using the polarized-light technique

is a novel way to make either ring cracks visible or even to prove whether cone cracks may be

formed or not, without a further need of sample cross-sectioning.

Figure 4b shows a representative surface imprint on the TA material indented up to 1000 N.
Apparently, no ring crack formation can be observed, what suggests a different damage
mechanism during Hertzian indentation. In this regard, the image indicates a rather crater-like
pattern (surface depression) after indenting associated with a quasi-plastic deformation
behavior of the textured microstructure.

102



Josef Schlacher Dissertation Publication B

Figure 4c shows a representative surface imprint on the multilayer material (with the top EA
indented layer). A concurrent ring and cone cracking formation at first detected RCIF (~645 N)
is revealed on the multilayer architecture. Due to the fact that the outer region of the multilayer
composite is EA, the damage pattern agrees with classical ring and cone cracking as found on

the monolithic EA-specimens.

surface
depression

-

B

Fig. 4: Surface damages observed on different samples at moderate loads (up to 1000 N): (a)
equiaxed microstructure (EA) — formation of ring and cone crack (top) together with section
view (bottom), loaded until 800 N. It is observable that the red halo-like region in top view
can be associated with the cone (section view). (b) Textured alumina (TA) — showing surface
depression on basal surface after loading to 1000 N. (c) Laminate — concurrent formation of
ring and cone cracks (ring crack initiation forces (RCIF) ~645 N); the cone crack is indicated

by the surrounded halo-like region.

For a better understanding of the imprint morphology, confocal images were taken on selected
imprints at higher loads. Figure 5 shows 3D confocal images of indents made with a maximum

load of 2000 N on EA, TA and the laminate samples, together with their depth profiles.
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Fig. 5: 3D reconstructions from confocal measurements of imprints performed on (a)
equiaxed microstructure (EA), (b) textured alumina (TA), and (c) laminate samples. (d)
Depth profiles measured at the mid-plane of the indents. The indentations were made with a

maximum load of 2000 N.

Comparison between the confocal image of EA (Fig. 5a) with those of TA (Fig. 5b) and the
laminate sample (Fig. 5¢) indicates that the textured microstructure of monolithic TA as well
as the embedded TA regions within the laminate favors surface depression by its quasi-plastic
response. The depth profile (Fig. 5d) reveals that in EA the surface depression is rather low
with its maximum indentation depth of ~0.6 um of the dale. Furthermore, it can be seen that
only a relatively small pile-up of about 0.4 um occurs. In contrast to that, TA shows large pile-
ups (~0.8-1.2 pm) and a relatively high maximal indentation depth of ~1.7 um. Interestingly,
the laminate shows similar values of pile-up (0.6-0.9 um) and maximal depth of surface
depression (~1.6 um), as compared to those of TA. Embedding of TA layers in the laminates
may lead to the hypothesis of combined damage zones making the mechanisms more
complicated to describe (combined classical Hertzian ring and cone cracking together with sub-
surface shearing) by only showing surface damages. Therefore, cross-sectioning was used to

reveal the subsurface damage zones of the monolithic as well as multilayer samples.

Figure 6 reveals typical subsurface damage zones of EA, TA and the multilayer after

indentation with a maximum load of 1500 N, recorded in non-polarized (left) and polarized
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mode (right). Figure 6a shows a well-developed cone crack found on the cross-section of the
EA sample. Since the applied load of 1500 N is approx. 70% higher than the measured RCIF
(~875 N for this indent), the extending cone crack shows a final depth of ~110 um. In contrast
to that, the cross-section view of TA shows no evidence of deleterious cone cracks (see Fig.
6b); however, a quasi-plastic damage zone is clearly visible. Especially, the cone cracks are
best observable using polarized light microscopy, whereas the quasi-plastic deformation zones
can be visualized using non-polarized light. Research done on the nature of quasi-plastic
damage has reported the presence of distributed shear-fault cracks at the interface boundaries

27,28

of heterogeneous alumina/calcium-hexaluminate or at the weak interface between mica-

platelets and glass-matrix »°. Furthermore, the quasi-plastic damage modes can be controlled

2223 or higher amount of porosities 2* and by adding specific

by using coarser microstructures
fillers, that is, graphene platelets to silicon carbide as in the study of Belmonte et. al. 2°. In our
work, the subsurface quasi-plastic damage zones within TA are a result of shear-faulting driven
micro-failures at the weak basal-interfaces of the textured microstructures. However, the cross-
sectioning by using a polishing procedure leads to grain pull-outs and the subsurface damage
zones are hardly observable. Most of the literature works mentioned above take advantage of
the “bonded-interface” observations to reveal the origin of sub-surface damage zones 1%2224%7,
In our work, a novel approach was attempted exposing ion-sliced regions aiming to explain the
origin of quasi-plasticity within TA samples. As comparison, the ion-sliced image of the cone
crack in the EA-sample is shown in Fig. 7a. Figure 7b shows an ion-sliced region of TA without
the subsurface deformation zone (reference position). It can be seen that this region is free from
micro-failures, showing only the natural porosity of TA. In contrast to that, Fig. 7c reveals the
region where the maximum shear-sliding mechanisms take place. Micro-cracks extended along
the weak basal planes of the textured grains (indicated by yellow arrows) are evident, consistent
with the nature of quasi-plasticity prominent in the TA sample. The center of the quasi-plastic
region (depth of ~100um) is in agreement with the zone where the highest maximum shear

stress occurs (~0.5 x @) . Furthermore, a horizontal crack emanating from the elastic/plastic

interface, induced during unloading, along the basal planes is visible (blue arrows in Fig. 6b).

As can be seen in Fig. 6¢, both damage mechanisms, classical cone cracking in the outer EA-
region and quasi-plastic deformation within the embedded TA-layer are conspicuous in the
multilayer sample. The quasi-plastic deformation zone in the TA-layer is similar to that of the
monolithic TA sample (see Fig. 6b), indicating the same damage mechanism of intergranular
micro-failures. Furthermore, a notable deflection of the cone crack path at the interface EA/TA

is paramount to mention, as shown in the work of Chlup et al. *
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deflection of Vickers-indentation cracks on dissimilar alumina-zirconia laminates. The crack
deflection angles (measured in respect to the horizontal sample edge) at the interfaces of our
multilayer systems were measured as <15°. Beside the crack deflection due to the dissimilar
materials in the multilayer sample, further contribution from microstructural deflections along
the weak basal-planes of the TA-grains is predominant. These effects cause the cone crack to
deviate from maximum tensile stress trajectories induced during spherical indentation and thus
limiting its maximal depth (~120 um for this case). Again, horizontal cracks in the TA-region

of the multilayer can be seen (indicated with yellow arrows in Fig. 6¢).

Fig. 6: Subsurface damage zones of (a) equiaxed microstructure (EA), (b) textured alumina

(TA) and (c) multilayer architecture after indenting at a maximum load of 1500 N. The left
and the right side show images taken in non-polarized and polarized mode, respectively.

Arrows indicate horizontal cracks.
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Fig. 7: lon-sliced images of (a) cone crack in equiaxed microstructure (EA) (load of 1500 N),

(b) damage-free zone in textured alumina (TA) (unloaded), and (c) quasi-plastic damage zone

in TA (1500 N).

In order to study the propagation of cone cracks in the multilayer architecture, higher loads
(2000 N) were applied in selected samples. Figure 8 shows the subsurface damage in the
laminate, compared to the EA-sample. Both images were taken in polarizing-light mode in
order to reveal the final crack depth after indenting. The final depth of the cone crack in EA
loaded at 2000 N is ~200 um (Fig. 8a), which is ~90 um longer than the cone at 1500 N,

indicating stable crack growth during loading.

200 ym 200 pm

Fig. 8: Cross-sections of (a) equiaxed microstructure (EA) and (b) the multi-material system
loaded with a maximum load of 2000 N. The dashed line indicates that the maximum depth

of the cone crack in the EA sample is larger than that of the multilayer sample.

As can be seen in Fig. 8b, the quasi-plastic damage zone is expanded and the above-mentioned
horizontal cracks within the TA-region are more extended (indicated by blue arrows). However,
the final depth of the cone crack was measured again ~120 um, indicating that the cone crack
is not growing with increasing load which concurs with the explanation of cone-crack deviation
from the trajectory of maximum stresses. Comparing the final cone crack length of ~200 um
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within the monolithic EA with that of ~120 um within the EA-region of the multilayer
architecture demonstrates the exceptional damage tolerance of multilayer systems with tailored
microstructures. In our design approach three beneficial mechanisms can be achieved, as can
be confirmed by exposing ion-sliced region within the multilayer sample (Fig. 9): (i) absorbing
contact damage induced energy within the internal TA layer by micro-crack formation (Fig.
9¢), (ii) deflection of the cone crack at the EA/TA interfaces, and (iii) microstructural crack
deflection at the weak basal interfaces of the aligned textured grains, which favors the rather
horizontally crack propagation in a step-like fashion through the embedded TA-region, as can
be seen in Fig. 9b. The above-mentioned horizontal crack within the TA region is revealed in
Fig. 9d. For the sake of comparison, the cone crack in the EA region of the laminate, similar to
that in monolithic EA, is shown in Fig. 9a. The combination of these mechanisms may alleviate
deleterious effects associated with cone cracking by limiting its final crack depth regardless of

the indenting load.
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Fig. 9: Damage patterns of the laminate exposed by ion-slicing technique (loaded with
2000 N): (a) cone crack in the equiaxed microstructure (EA)-region, (b) deflection of the
cone crack at the EA/textured alumina (TA)-interface (interface is indicated by red arrows),
(c) quasi-plastic damage zone (micro-cracks are designated by yellow arrows), and (d)
horizontal crack (indicated by blue arrows) in the TA-region of the multi-material system.
3.2 Assessment of damage

The measured ring crack radius, ac, as well as the calculated contact radius a (evaluated
according to Equation (4)), of the EA and the laminate system can be found in Table 1,

respectively.

Table 1: Measured ring crack radius (ac) as well as the calculated contact radius (a) for the

equiaxed microstructure (EA) and the laminate, respectively.

Sample Ring crack radius, ac [um] Contact radius, a [um]
EA 212+ 16 164 £6
Multilayer 206 + 17 159+ 7

It can be seen that the ring crack radius, ac, is for both systems approx. 30 % higher than the

calculated contact radius, a, yielding to the observation that ring crack initiation takes place
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outside of the contact circumference. The ratio a./a with the value of ~1.3 is in good agreement

with the reported ones found in literature for different indented ceramics and glasses 20214041,

To study the influence of the tensile residual stresses in the EA-region of the multilayer on the
cone crack angle, the angle (with respect to horizontal sample edge) was measured as
~27.2+£2.5° and 21.6 = 0.5° on selected samples of the multilayer and the EA-monolith,
respectively. This finding shows that tensile residual stresses of ~50 MPa in the surface EA-
regions increase the cone crack angle by ~6°, which is consistent with the numerical predictions

of Ceseracciu et. al. **.

Figure 10 represents diagrams, where the energy of acoustic events is plotted versus the
corresponding load during indentation, for one representative indent of EA, TA and the
multilayer samples, respectively, measured under Hertzian indentation over a complete loading
cycle. The energy is expressed in energy units (eu), where 1 eu corresponds to 104 V2sec %,
As can be seen in Fig. 10a, relatively high energies are emitted (>1000 eu) as long as classical
Hertzian ring and/or cone cracking occurs during loading. For this representative measurement,
it was found that the first acoustic event (E ~ 1620 eu) occurring at the RCIF (~875 N), was
responsible for the formation of ring cracks. After the ring cracking event, even higher energy
was measured (~53400 eu) at a load of approx. 1330 N. The second AE event corresponds to
the pop-in of the cone crack. It is hypothesized that the third signal (E ~ 1735 eu) can be
associated with stable crack growth of the cone crack at higher loads. However, the reader is

cautioned that in EA, ring and cone cracking are not always considered to occur separately, but

may also take place simultaneously as discussed in Section 3.1.
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Fig. 10: Diagrams of the acoustic emission energies plotted versus the load from indentations

made on (a) equiaxed microstructure (EA), (b) textured alumina (TA) and (¢) laminate.
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In contrast to that, Fig. 10b shows a high number of low-energy signals (<100 eu) starting at
lower loads. The first signal at 260 N with an energy of ~1 eu could not be associated with
surface damage. As the load is increased during the indentation cycle, low-energy signals are
emitted in a frequent fashion. These low-energy patterns may indicate the formation of micro-
cracks during subsurface shear faulting. The first higher peak of the low-energy signals
(E~70eu) at the load of 570 N can be correlated with the start of a detectable surface
impression on the surface of TA. To our best knowledge, this is the first report, showing the
evidence of distinguishing the mechanisms of damage (classical ring/cone cracking or quasi-
plastic deformation) by interpreting the AE signals. Fig. 10c reveals the detected energy signals
versus load of the multilayer sample. Initially, low-energy signals (<10 eu) occur in a frequent
manner comparable to the signals detected in TA (see Fig. 10b). The first detectable surface
damage (ring and cone crack) was found at the load of approximately 650 N at the
corresponding high-energy peak of ~3750 eu. As already discussed in Section 3.1, both damage
zones are prominent in the multilayer sample after Hertzian contact testing; classical ring and
cone cracks in the EA outer region and quasi-plastic subsurface damage in the embedded TA-
regions. Due to the fact that the emitted signals at loads lower than ~600 N are similar to the
energy values of TA, subsurface micro-cracking can be associated within this loading range.
At higher loads, high-energy peaks of the laminate are found to be in the order of magnitude of
energies detected in EA and are evident for being considered as RCIF. These findings show
that subsurface damage mechanisms within the embedded TA layer is prior to classical ring
crack initiation, as long as the maximum shear stress responsible for subsurface shear faulting
lies within the TA layer and not in the EA layer. In the light of these results, it can be concluded
that the response of the layered alumina architecture to contact loading may be controlled by
designing the thickness of the outermost layer with respect to the depth of the shear stress field.

This will be investigated in future work.

3.3 Evaluation of crack initiation stress

In order to discuss the influence of residual stresses on the data distributions, statistical analysis
of the measured data was carried out. Figure 11a shows the RCIF distributions of the monolithic
EA as well as the laminate system. In this Weibull diagram, the probability of failure is plotted
versus the critical forces for ring crack initiation. In Fig. 11b, the corresponding ring crack
initiation stress (RCIS) distributions are represented for both systems (EA and laminate). The
probability of failure is plotted against the maximum tensile stresses as calculated according to

Equation (3). The characteristic RCIF as well as the characteristic RCIS can be interpreted as
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the critical force or stress where the probability of failure is ~63%. The Weibull modulus of the
corresponding RCIF as well as RCIS data is a measure for the scatter and describes the width
of the distributions. In both diagrams, the lines represent the best fits of the corresponding data
sets according to the maximum-likelihood method. All the Weibull parameters are listed in

Table 2.

Table 2: Characteristic ring crack initiation force (RCIF) (Fo), Characteristic ring crack
initiation stress (RCIS) (o), Weibull modulus (m) and the corresponding 90% confidence

intervals of monolithic equiaxed microstructure (EA) and the laminate.

Sample Characteristic RCIF, Fo[N] and | Characteristic RCIS, oo [MPa]
Weibull modulus m [-] and Weibull modulus m [-]
EA Fo=782[751 - 814] o0 = 2497 [2464 — 2531]
m=10[7-13] m=31[22-39]
Laminate Fo="719 [686 — 754] o0 = 2428 [2391 — 2467
m=9[6-11] m=26[18—-32]
a) b
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Fig. 11: (a) Ring crack initiation forces (RCIF) and (b) calculated RCIS distributions of
equiaxed microstructure (EA) and the multilayer architecture. The lines represent the best fit

according to the maximum-likelihood method.
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The characteristic RCIF of EA is about 60 N higher than that of the laminate with comparable
Weibull modulus. In the case of the RCIS distributions, it can be noticed that the characteristic
RCIS of EA is ~70 MPa higher than that of the laminate, with the difference corresponding to
the tensile residual stresses. The difference of ~70 MPa is well comparable with the estimated
residual stresses according to Equation (1) (~50 MPa). These results indicate the high accuracy
of the methodology employed and suggests the possibility of using spherical contact indentation

techniques to estimate the residual stress state of ceramic-based components.

4. Conclusions

The contact damage behavior under spherical indentation of layered alumina architectures
designed with embedded textured layers under in-plane compressive residual stresses was
investigated. It is found that the quasi-plastic deformation associated with micro-cracking along
basal planes within the embedded textured layer upon loading, enhances the capacity for
damage absorption, compared to the reference bulk material with equiaxed microstructure. For
higher applied loads, the cone cracks that extend from the surface ring crack can be deflected
at the textured layer and guided parallel to the layer plane, thus preventing the multilayer
architecture from catastrophic failure. The positive combined effect of textured architecture and
compressive residual stress in subsurface layers shows the potential for the design of ceramic

components with enhanced contact damage tolerance.
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Abstract

Mimicking the damage tolerance of biological materials such as nacre has been realised in
textured layered alumina ceramics, showing improved reliability as well as fracture resistance
at room temperature. In this work, the fracture behaviour of alumina ceramics with textured
microstructure and laminates with embedded textured layers are investigated under uniaxial
bending tests at elevated temperatures (up to 1200°C). At temperatures higher than 800°C
monolithic textured alumina favours crack deflection along the basal grain boundaries,
corresponding to the transition from brittle to more ductile behaviour. In the case of laminates,
the loss of compressive residual stresses is counterbalanced by the textured microstructure,
effective up to 1200°C. This study demonstrates the potential of tailoring microstructure and

architecture in ceramics to enhance damage tolerance within a wide range of temperatures.

Keywords: Alumina, textured microstructure, high-temperature properties, Laminate strategy,

residual stresses

1. Introduction

Fracture resistance and mechanical reliability are key factors in the design of ceramics-based
materials, especially for structural applications. Microstructure refinement and elimination of
natural flaws have been established as successful approaches to increase strength and enhance
reliability. New approaches to further increase fracture resistance and reliability in ceramics
have been inspired by natural systems with outstanding properties, mainly based on the
combination of microstructure and architecture. Some strategies involve metastable
microstructures allowing phase transformation, combination of materials to induce internal
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residual stresses, among others [1-3]. In this regard, extensive work has been devoted to
combine ceramics in a layered structure to enhance strength and/or fracture resistance against
propagation of natural flaws or artificial cracks. For instance, mismatch in the coefficients of
thermal expansion and/or lattice transformation between layer materials have been employed
to induce thermal strains into the microstructure during cooling down from the sintering
temperature, with the corresponding residual stresses [3]. When improved mechanical strength
is pursued, such layered ceramic architectures are designed with compressive residual stresses
located in the top-surface layers [4,5], as utilized for instance in ion-exchanged glasses [6]. In
case damage tolerance is sought, embedded layers with in-plane compressive residual stresses
result in an effective barrier against crack propagation from surface flaws, providing in some
cases a minimum threshold strength below which failure does not occur [7-12]. However, the
benefits obtained in laminates with tailored residual stresses at room or moderate temperatures
may vanish when loaded at elevated temperatures [13,14], thus reducing their field of

application.

For high-temperature (HT) applications the use of composite materials reinforced by fibres has
been extensively used, with the additional cost in terms of fabrication. Through tailoring the
microstructure of the matrix and fibre interphases, significantly enhanced fracture resistance
has been reported [15—18]. The use of monolithic bulk ceramics for HT has been dominated by
silicon nitride, in particular through the combination of enlarged B-grains to reinforce the a-
grain matrix [19]. An extension of this concept has been applied to alumina ceramics, aiming
to induce a preferential orientation of grains (textured) [20]. Tape casting processing or more
recently additive manufacturing processes [21] have been employed on alumina ceramics
containing large-aspect ratio ’platelets” to align the microstructure. Several attempts have been
made by applying a strong magnetic field [22,23], CVD deposition [24] and gel/tape casting
[20,25,26]. In the case of alumina ceramics, templated grain growth (TGG) during sintering can
develop a strong texture degree, as observed in the “brick-mortar” structure of nacre [27,28].
As a consequence, a significant increase in fracture toughness has been achieved. The question
arises, whether the effect of texturing may be available also at high temperatures and how the
combination of microstructure and residual stresses can affect the mechanical behaviour of the

ceramic material.

This paper aims to investigate the fracture behaviour of layered ceramics over a wide range of
temperatures, which combine non-textured (equiaxed) (EA) and textured (TA) material layers,

with a special focus on fracture resistance and damage tolerance. High-temperature bending
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tests were performed in the vacuum on EA-, TA- and laminate samples with artificial cracks to
evaluate the indentation strength. Microstructural analysis, as well as X-ray diffraction (XRD)
measurements, were carried out to study the quality of texture. The thermo-elastic materials
properties were measured from room to elevated temperatures to estimate the residual stresses
of the EA- as well as TA-regions within the laminate as a function of temperature. To better
understand the fracture behaviour at high-temperatures, the crack paths were studied through a
fractographic analysis. This work shows how textured materials employed as a monolith and/or
embedded as a layer within ceramic composites may enhance the fracture resistance over a wide
range of temperatures, extending their application as “damage tolerant” materials beyond room

temperature.

2. Experimental

2.1. Processing of materials
Monolithic samples with non-textured (equiaxed (EA)) and textured (TA) microstructures as
well as multi-layer samples of alternating EA/TA layers, were designed and fabricated by using

the tape-casting process.

For all three systems, high-purity a-alumina powder (99.99% ultrafine a-Al,O3, TM-DAR,
Taimei Chemicals Co. Ltd., Nagano, Japan) with a dso particle size of ~0.3 pm was used for the
slurry preparation. For the TA samples, 5 vol.% single crystal alumina platelets (Rona Flair®
White Sapphire, EMD Performance Materials Corp., Darmstadt, Germany) of high aspect ratio
with a diameter of ~ 5-16 pm and thickness of ~ 0.10 um were added to the slurries. To enhance
the template grain growth process (TGG) in TA, dopants (CaO:SiO; = 1:1, CaO in form of
Ca(NO3)2-4H20 (ThermoFischer GmbH, Kandel, Germany), SiO; in the form of CgH2004Si1
(ThermoFischer GmbH, Kandel, Germany)) in a 0.10% wt. concentration to the alumina
powder were added to the platelets. The slurries for the EA and TA tapes were prepared by
powder ball milling using a Fisher Bottle/Tube roller (Fisherbrand™, Fisher Scientific GmbH,
Vienna, Austria) with 5 mm alumina balls (rotational speed of 80 min™') for 24 h in a 1:1 xylene
(Avantor Performance Materials Poland S.A., Gliwice, Poland) and ethanol (99%, Sigma-
Aldrich, Darmstadt, Germany) solution with menhaden fish oil (Sigma-Aldrich GmbH, Vienna,
Austria) as a dispersant. After the addition of a binder (Polyvinylbutyral, Sigma-Aldrich GmbH,
Steinheim, Germany) and two plasticizers (Butylbenzyl Phthalate (Sigma-Aldrich GmbH,
Steinheim, Germany); Dibutyl Sebacate (Sigma-Aldrich, Steinheim, Germany)) the slurry was

ball milled for another 24 h. In the last step, the platelets were added to the slurry and ball milled
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for another 30 min, followed by a de-airing process for 24 h. The casting of the EA and TA
tapes followed a similar procedure as found in [29]. The prepared tapes (EA and TA) were cut
to a size of 55 mm x 55 mm, stacked and warm-pressed with ~ 6 MPa at 75 °C for 15 min.
Subsequently, isostatic lamination (20 MPa/75 °C/30 min) and binder burnout at 600 °C / 2 h
were carried out. Sintering at 1550 °C for 2 h was chosen for all prepared plates to achieve

fully-dense ceramic samples.

Several bend bars with dimensions of b ~ 4 mm, h ~ 3 mm and L ~50 mm were cut from the
sintered plates. The monolithic EA, TA and the layered architecture of the laminate bend bars
are schematically depicted in Fig. 1 (a). The side surfaces of the bars were ground using a
diamond wheel. One side surface of each specimen was polished to a 1 um mirror finish using
a Tegramin-30 equipment (Struers, Denmark) to investigate the crack paths after testing. To
avoid influences of edge defects on the strength results, both edges on the tensile sides (one top
surface) of the bend bars were manually machined using SiC-paper with the grain size of 15
pum, resulting in ~50pum x 45° chamfers. Vickers indentations were placed on the tensile side of
each specimen to generate artificial surface (starting) cracks for the indentation strength tests
(Fig. 1b). In the case of the laminate, two textured (TA) layers were embedded between the EA-
regions following the sequence EA/TA/EA/TA/EA with a final dimension after sintering of ~
200 pm/160 pm/2240 pm/160 pm/200 pm, corresponding to a volume ratio Vea/Vta ~ 8.
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Fig. 1: (a) Schematic of monolithic EA, TA and laminate (LA). The close-ups indicate the
textured microstructure as “bricks” for illustrative purposes. The in-plane tensile (EA-
region), as well as compressive residual stresses (TA-region) within LA, are indicated as
white and yellow arrows, respectively. (b) Top view of a bending bar indicating the locations
of the Vickers indents. Two imprints were placed at a distance of ~2 mm and ~0.5 mm offset

to avoid crack interactions during testing.

2.2 Microstructural analysis

Polished monolithic EA-, TA-, as well as the multilayer samples, were thermally etched at
1450 °C for 25 min. Afterwards, the polished side surfaces (1 um) of the samples were gold-
coated using an Agrar Sputter coater and observed under a scanning electron microscope (JEOL
JCM-6000Plus, Neoscope™, JEOL LTd., Tokyo, Japan). Subsequently, several SEM images
of the microstructures were taken and analysed to determine the grain size distributions using

the line-intersection method [30].

To investigate the crystallographic orientation of the different microstructures, Electron
backscatter diffraction (EBSD) was carried out using a SEM (LYRA 3 XMU, Tescan, Czech
Republic) with EBSD camera Symmetry S2 (Oxford Instruments, UK). Prior to the EBSD
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investigations, specimens were polished down to 0.25 pm using diamond paste and polishing

equipment (LaboPol 25, Struers, Denmark).

For assessing the texture quality within the rhombohedral alumina crystal structure, XRD-
patterns of the basal surface (perpendicular to the [0001]-direction) were obtained via the O-
20 method using a scanning step size of 0.02° and step time of 1.2s. To quantify the degree of

texture, the so-called Lotgering factor (LF) was evaluated as follows [31]:

2 1(7;)001) _ 2 15)001) (1)
_ 2 I(Thkn) 2 I(b;lkil)
_ 2 Igmoz)

2 Iglkil)

LF

1

where X1 iy and X1 ooy are the total intensity peaks and the sum intensities of (000/) (all
peaks of basal-planes perpendicular to the [0001] direction) within the ©-26-scan of monolithic
textured alumina, respectively. In this regard, X/ as well as XIE oy are denoted as
intensities of all peaks and the sum of intensity peaks in (000/)-basal planes of the measured

scan of monolithic alumina with equiaxed microstructure.

The density, p, of the monolithic (EA, TA) as well as laminate (LA) samples were measured
according to EN623-2 standards [32] using the Archimedes method. The fact that both, EA as
well as TA, show a similar theoretical density, pm, of 3.986 g cm™ (according to Taimei
Chemicals Co. Ltd., Nagano, Japan), the corresponding laminate density can be calculated
using the same theoretical density without considering any rule of mixture. For the monolithic
as well as laminate samples, the relative densities, pri, were calculated as prei= p/pm. The

porosity was estimated from the relative density results, as residue to the theoretical density.
2.3 Thermo-elastic properties

The dependence of elastic modulus on temperature was determined by using the impulse
excitation technique (IET) with a device IMCE RFDA 1600 (IMCE, Belgium) on polished
prismatic bars resonating in the flexural mode according to ASTM E1876—15 [33]. The
automatic excitation and consequent elastic properties determination was conducted in 30 s
intervals with the heating and cooling rates set to 10 °C/min and dwell of 15 min at 1500 °C.
The measured elastic moduli were compared with those determined from the linear part of

loading curves of flexural indentation strength tests.
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Dilatometric measurements of both materials were performed using a high-temperature
dilatometer (L70/1700, Linseis, Germany) in the temperature range from 20 °C to 1500 °C. A
heating and cooling rate of 1 °C/min was used. The cooling branches of the dilatometric curves
were utilized to determine differences in coefficient of thermal expansion (CTE) between both
materials, and allow the calculation of residual stresses in the laminated structure. The
polynomic dependences of shrinkage on temperature were established according to the
following equation:
€= ?_ol =ay+a;T + a,T? + asT3 @

The dependence of CTE with temperature was calculated as a derivation of Eq. (2), which along
with the E-modulus (as a function of temperature) was employed to calculate the residual stress

distribution in the laminate, as a function of temperature.

2.4 Vickers indentation

The indentation technique was employed for (i) hardness measurements and (ii) to introduce
geometrically defined defects (cracks) onto the tensile surface of bending bars selected for the
indentation strength tests. Indentations were done with a Vickers indenter implemented in a
Zwick Z2.5 machine equipped with a fully instrumented ZHUO.2 indentation head (both
Zwick/Roell, Germany). The obtained loading curves (force-indentation depth) were used to
calculate hardness. The universal Martens hardness (HMs) and indentation hardness (Hit) were
determined instead of Vickers hardness due to difficulties (chipping) in the exact determination
of indent diagonals in the case of textured materials. Indentation cracks larger than average
natural (processing) flaws were introduced using 10 kg indent loads (HV10), to ensure fracture
initiation from the indentation cracks during the bending tests. The Vickers crack lengths were
measured on optical images taken with a confocal microscope (Olympus LEXT OLS 3100,
Japan). The average crack lengths for EA, TA and LA were 396 + 38 um, 455 +£43 um and 477
+ 66 um, respectively. The larger indentation crack length in LA, compared to EA, is associated

with the effect of tensile residual stresses in the former.
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2.5 Flexural strength and fracture resistance

To determine the effect of texture on the fracture resistance at elevated temperatures, flexural
strength measurements of pre-indented specimens were performed. At least 3 specimens were
tested for each material at elevated temperatures. Prismatic bars with cross-sections of ~ 3 X 4
mm? and a length of 50 mm were prepared introducing artificial flaws (see Fig. 1) to avoid
crack initiation and fracture from existing natural flaws. The four-point loading configuration
with spans of 40/20 mm and rollers of 5 mm in diameter was used for strength measurements.
A universal testing machine Instron 8862 (Instron, USA) was employed for room temperature
tests in the lab air environment. The experiments at elevated temperatures as well as for room
temperature in a vacuum (~ 5 x 10~ mbar) were conducted using Zwick/Kappa testing system
(Zwick/Roell, Germany) with a built-in high-temperature vacuum/inert atmosphere chamber
(Maytec, Germany). The flexural deformation, named as displacement (), was directly
measured by a three-point contact extensometer (Maytec, Germany) placed inside the chamber.
The loading mode was in position control with a crosshead speed of 0.1 mm/min. All specimens
were preloaded to 20 N prior to testing. The indentation fracture strength, oy, for all three

material systems under four-point bending was calculated using the following equation [34]:

_3F(S1-5) 3)

% =27 bR?

where F'is the maximum fracture force, b the width of the specimen, /4 the specimen height, S
the outer span (40 mm) and S> the inner span (20 mm) of the loading configuration. Assuming
the elastic mismatch of both “pure” alumina layers (EA and TA) within the laminate is rather
small, Eq. (3) was also employed for the calculation of the maximum stress in LA material,
without considering the classical laminate theory. To understand the flexural bending behaviour
under high-temperature, the flexural stress (o) — strain (&) curves were built from the registered
force (F) - displacement (o) data (corrected by the pre-load), where the corresponding outer

fibre strain ¢ was calculated as follows:

_ oh “)
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The inelastic work of fracture (plastic contribution), as well as the total work of fracture (WOF),
were calculated under consideration of the load-displacement curves up to the maximum of the
loading force, where the first crack propagation or structural damage are expected. In this
regard, the result of integrating the area under the load-displacement curves with the maximum
fracture force as the upper integration limit was divided by twice the cross-area of the bend bars
[35,36]. To interpret the fracture resistance of the systems, the inelastic WOF in respect to the

total fracture was calculated as WOF-ratio.

Fractographical analyses were carried out on selected fracture surfaces of broken specimens. In
this regard, the fracture surfaces were carbon coated by a sputter coater (Quantum Q150V Plus,
Germany) and investigated by using a SEM (LYRA 3 XMU, Tescan, Czech Republic). To
study the macroscopic fracture paths, images of the side surfaces of selected bending bars of
EA, TA and LA for each testing temperature were taken using an optical microscope (Nikon
ECLIPSE LVI100ND, Japan). Furthermore, one TA-side surface was observed using SEM to

study crack propagation along the textured grains during high-temperature bending tests.

3 Results and discussion

3.1 Microstructure and texture quality

Figure 2 shows SEM images of the microstructures of the monolithic EA, monolithic TA as
well as the laminate LA together with XRD-patterns of the monoliths. The monolithic EA-
sample (Fig. 2a) shows a rather fine-grained microstructure with a mean grain size dso= 1.1 +
0.6 um. In Fig. 2b, the highly-textured microstructure with grains ranging from ~15-30 pm in
prismatic direction (casting direction) and a mean grain size dso of 2.1 = 1.1 pum in basal
direction is shown. In Fig. 2c¢ the EA/TA interface region in the laminate is illustrated,
exhibiting a relatively sharp interface. It is worth indicating that the grain size distributions of
the EA- and TA-region of the laminated system with values of dso= 1.7 = 1.0 um (EA) and as
well as dso= 2.2 £ 0.9 um (TA, basal direction), respectively, are comparable to the above-
mentioned mean grain sizes of the monolithic counterparts. The grains of TA in prismatic
direction within the laminated architecture are also in the same range as those in monolithic

TA.
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Fig.2: Microstructure and the corresponding measured XRD-pattern of (a, d) EA and (b, e)
TA, respectively. The EA/TA interface region is indicated by white arrows in the SEM image

of microstructure in the laminate sample (c).

Figures 2d and 2e show the collected XRD-patterns of monolithic EA and TA, respectively.
The preferred orientation along the [0001]-directions is confirmed by the dominating peaks of
(0006) as well as (00012) detected on textured alumina. These relatively high counts,
corresponding to [0001]-direction of the grains, confirm the strong alignment of TA-platelets
during the tape casting process. The LF of monolithic TA determined as ~ 0.7 is in good
agreement with the stated texture degrees found in other works [29,37,38]. The monolithic EA
shows rather low intensities in these specific orientations; however, significant counts of

random prismatic peaks in (104), (113) and (116) were measured.

To highlight the degree of texture, EBSD-images of the monolithic TA- as well as laminate

sample (interface region) are shown in Fig. 3.
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Fig. 3: Microstructure (EBSD) of (a) TA (prismatic surface), (b) TA
(basal surface) and (c) the laminate (i.e, TA top and EA bottom). (d)
Pole figures of the EBSD measurements.

In Fig 3a the microstructure on the prismatic side surface of the TA-sample is shown. The
elongated grains are well aligned showing a preferred orientation in the basal direction (i.e.,
[0001]), corresponding to the axis perpendicular to the casting direction. Only a few grains are
misaligned and depict different orientations in one of the prismatic planes. For the sake of
comparison, the microstructure of TA on the basal surface is displayed in Fig 3b. This finding
together with the above-stated LF of 0.7 indicate the relatively high degree of texture achieved
during the tape casting process. Figure 3c illustrates the microstructure of the laminate, where
the TA-region reveals a preferred orientation (basal) and the EA-region is randomly oriented in

one of the prismatic crystallographic orientations.

The densities of the monolithic EA- and TA-samples were determined as 3.954 = 0.005 g cm™
and 3.857 + 0.004 g cm™, respectively. The relative density of EA, ~99.2%, is slightly higher
than that of the TA-sample (~96.8%). The density of the laminate was 3.930 = 0.003 g cm™,
which corresponds to a relative density of ~98.6%, in agreement with the calculated relative
density applying the rule of mixture (~98.7%). The estimated amount of porosity present in the

given microstructures is 0.8%, 3.2% and 1.4% for EA, TA and LA, respectively. The higher
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porosity for TA is a consequence of the geometrically remaining spacing between stacked
platelets. The slightly lower porosity on LA, compared to TA, may be associated with the effect

of in-plane residual stresses in the former, favouring densification in the in-plane direction.

3.2 Thermo-elastic properties and residual stresses as a function of temperature

The elastic moduli data determined as a function of temperature by the IET method for EA and
TA were fitted to a 2nd order polynomial. Values were compared to the elastic modulus
estimated from the linear parts of the loading curves from bending experiments (see Fig. 4a).

The corresponding polynomial fits for EA and TA are given as:

Eg.(T)[GPa] = 394.098 — 3.557 x 1072T — 9.264 x 107T?2 (52)
E;4(T)[GPa] = 398.250 — 2.963 X 1072T — 9.136 X 1075T2 (5b)

within the temperature interval of 20 °C < T < 1200 °C.

The elastic modulus of the monolithic TA is slightly higher than that of EA, over the complete
temperature range. This difference may be explained by the effect of anisotropy in monolithic
TA, where the majority of textured grains are aligned in [0001]-direction [39]. In the case of
EA, the determined elastic moduli from the loading curves are in good agreement with the
stated polynomial function. However, a notable difference is found for the TA material. This
finding can be attributed to the fact that the linear fit of the loading curves for TA, especially at
temperatures higher than 800°C, is affected by the plastic-behaviour associated with softening
mechanisms of glassy phases and/or weakening of textured grain boundaries (as explained in
the following sections). Therefore, only the data evaluation from the IET-measurement for the

TA-material is considered for further analyses.

Determined coefficients of thermal expansions are in good agreement with literature data [40].
The slight difference between EA and TA materials (see Fig. 4b) is responsible for the
formation of internal stresses between layers in the laminate. In the case of laminates, the CTE
temperature dependence lays in between the two curves for EA and TA, being rather closer to

EA, explained by the higher content of EA material (i.e., volume ratio of Vea/Vrta ~ 8). The
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polynomial fit 2nd order of the CTE’s as a function of temperature for EA, TA and the laminate

(LA) are given as:

aga(T)[°C™1] = 6.560 X 1076 + 4.452 x 10~°T — 1.106 x 10~ 12T2 (6a)
ara(T)[°C™1] = 6.257 X 1076 + 4.606 x 10T — 1.284 x 10~12T2 (6b)
a,(T)[°C™1] = 6.441 x 107¢ + 4.659 X 107°T — 1.266 X 1071272 (6¢)

for the interval of 0 °C < T < 1500 °C, respectively.

To analytically estimate the in-plane residual stresses (ors, o(T)) within each layer region (EA

and TA) in the laminate as a function of temperature, the following equation can be used:

En(T)
1-v,

(7

Oresn(T) = (@(T) = an(M)(T = Trer),
where o, (T) is the coefficient of thermal expansion given as polynomial fit of 2nd order (CTE),
En(T) the Young’s modulus (determined by the IET-method and fitted by a polynomial function
of 2nd order, see equation 5), and v the Poisson’s ratio (assumed to be ~0.22) of each n™ layer
of the contributing materials (EA and TA), respectively. In this regard, AT =T — Tret, is known
as temperature difference, where T is the given temperature and Trr is the reference
temperature. Trr, also known as stress-free temperature, is the temperature above which the
materials are stress-free and has been taken as ~1470 °C, as proposed in the work of Chlup et
al. for alumina-based laminates [41]. The average coefficient of thermal expansion as a function

of temperature, @(T), can be calculated as follows:

N

a(T) = Z En(T)tnan(T)/zN: E,(Tt, (8)

1-v, 1—v,’

n=1

where tis considered as the n'™ layer thickness of the laminate.
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Figure 4c shows the in-plane residual stresses within the EA- (dashed line) as well as the TA-
(full line) region of the laminate as a function of temperature. At room temperature, the in-plane
tensile residual stresses in the EA-region and the in-plane compressive residual stresses in the
embedded TA-layer regions within the laminate are calculated as + 24 MPa and — 197 MPa,
respectively. During high-temperature bending of the laminate at 1200°C, the remaining in-
plane tensile stress (in EA), as well as the in-plane compressive residual stresses (in TA), are
only + 5 MPa and — 40 MPa, respectively, as indicated by the purple arrows in Fig. 4c. The

ratio of residual stresses agrees with the volume ratio of Vea/Vta~8.
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3.3 Hardness

The measured Martens hardness of the EA, TA and laminate (HV10) was 10.7 £ 1.9 GPa, 8.1
+ 1.2 GPa and 10.9 £ 1.7 GPa, respectively. The indentation hardness, Hir, was 18.5 = 3.3 GPa
(EA), 12.7 £ 1.9 GPa (TA) and 18.5 = 3.2 GPa (LA — the top layer of EA). The hardness in EA
and LA materials is almost identical. This experimental finding is in agreement with the layered
design, where EA is in the outer-layer region (indenting surface). Furthermore, it can be noticed

that the hardness of TA (basal) is slightly lower than the EA and the laminate counterparts.

3.4 Effect of temperature on the indentation flexural strength

Figure 5 shows the indentation strength results for the monolithic EA, TA and LA samples

tested in a vacuum at different temperatures.

In monolithic EA, the strength determined from bending tests at room temperature was 143 +
2 MPa. The bending strength exhibited slightly increased values at testing temperatures of 500
°C (174 MPa) and 800°C (176 MPa). At higher temperatures, the strength decreased to 155 +
0.1 MPa for 1000°C and 146 + 13 MPa for 1100°C. However, the bending strength at 1200 °C
slightly increased again to a value of 165 + 5 MPa.

In monolithic TA, the strength determined from bending tests at room temperature was 178 +
6 MPa, which is approx. 25% higher than that of EA. At higher temperatures, a similar trend of
increasing strength was observed, with a bending strength of 223 MPa and 234 MPa at
temperatures of 500 °C and 800 °C, respectively (~30% higher than in EA). Beyond 800 °C the
strength decrease is more pronounced than in EA. The corresponding strength of TA was 214
+ 16 MPa (at 1000 °C), 159 £ 16 MPa (at 1100 °C) and 123 & 14 MPa (at 1200 °C), respectively.
This may be explained by the sliding mechanisms of weak basal grains in the textured

microstructure.

It is worth noting that in TA at testing temperatures 1000 °C and 1100 °C one out of three and
at 1200 °C all three specimens were fractured at natural flaws. Since the dimension of natural

flaws is in the range of the artificial Vickers cracks, the tests have been considered as valid.
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The recognized increase in the indentation strength from room temperature to 800 °C for both
EA and TA may be explained by crack blunting mechanisms acting at higher temperatures, as
has been shown in alumina materials. The subsequent strength decrease after the highest peak
may be associated with glass softening and plastic flow [42]. These effects in TA are connected
to the content of the glassy phase (0.10 wt. %) from the slurry fabrication; however, in EA no
additional glass-forming content was added, only very small Ca- (< 5 ppm), and Si-impurities
(<25 ppm) in the powder are listed in the data sheet [43]. The slight strength increase of EA at
1200 °C can be explained by “crack healing effects”, as evidenced by SEM images (cp.
Supplementary Fig. S1) by comparing the Vickers cracks prior to and after the testing condition
(1200 °C/vacuum).

In laminate LA, the indentation strength at room temperature was 233 MPa, which is ~ 60 %
and ~30 % higher than that measured in the monolithic EA and TA counterparts, respectively.
The corresponding strength results obtained from bending tests performed at elevated
temperatures indicate a decreasing trend, with values of ~ 225 MPa (at 500 °C), 215 MPa (at
800 °C), 183 + 9 MPa (at 1000 °C) and 145 + 1 MPa (at 1200 °C), respectively.

To study the effect of the atmosphere, the bending strength results for each system evaluated
from tests conducted at room temperature in air, are depicted as references. The corresponding
flexural strength for EA, TA and LA were 130 + 2 MPa, 162 + 10 MPa, and 218 MPa,
respectively. These values obtained from air tests are approx. 10% lower than the one of the
corresponding flexural strength values obtained from vacuum data for EA, TA and the laminate.
This experimental finding may be subjected to subcritical crack growth, as has been observed

for alumina in other works [44,45].
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Fig. 5: Indentation flexural strength of pre-cracked EA, TA and LA samples as a function of

the testing temperature. Symbols without scatter bars correspond to a single tested specimen

with a defined crack size.

3.5. Analysis of stress-strain curves

Fig. 6 shows the converted stress-strain data of representative monolithic EA, TA and LA tested
in a vacuum at different temperatures. The elastic moduli of all materials decreased with

temperature (compare with Fig. 4a), as can be seen in the change of the slopes.

In the case of the EA samples, all the stress-strain curves show fully linear-elastic behaviour,
before catastrophic failure. Interestingly, an increase in the strength from room temperature to

higher temperatures is observable (Fig. 6a).

In the case of the TA samples, the stress-strain data indicate a transition at 800 °C from brittle
“catastrophic” to more damage tolerant behaviour (Fig. 6¢). The stress-strain curves show an
increase in fracture strength up to a temperature of 800 °C, followed by a decrease up to
1200 °C. However, the fracture strain significantly increased between 800 °C to 1200 °C,
which may be traced back to softening of the glassy phase (transition temperature). The glass
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transition temperature for several glasses within the CaO-Al>03-SiO2 was found to be ~ 780 °C
[46], which is in good agreement with the experimentally observed transition to a more ductile

behaviour due to softening effects of the glassy phase within TA at 800 °C.

In the case of the LA samples, the maximum fracture stress decreased with the testing
temperature (Fig. 6e). All the stress-strain curves show pop-in events at a stress-levels of ~160
MPa — 175 MPa from room temperature to 800 °C, associated with the (stable) growth of
surface indentation cracks prior to failure. At these stress-levels, the propagation of the artificial
surface cracks is limited to the first embedded TA layer, which acts as a barrier to crack
propagation due to the presence of the in-plane compressive residual stresses. This well-known
damage-tolerant behaviour of layered ceramics with tailored compressive residual stresses has
been extensively studied at room temperature [7,8,47,48]. As it can be seen in Fig. 6, the pop-
in stresses of the laminate are almost comparable with the maximum fracture stresses of the
EA, the slight difference may be corresponding to the tensile residual stresses in the outer EA-
layer of the multilayer. Furthermore, it is revealed that the maximum flexural stress of the tested
laminates is significantly lower at 1200 °C as compared to low-temperature tests, which may
be explained by the reduction of the magnitude of compressive residual stresses within the
embedded layers (see Fig. 4c). Nevertheless, a change in slope can be observed at 1200 °C (see
detail in Fig. 6e), which indicates the positive effect of the textured microstructure deflecting
the crack. For a better understanding of these findings, the fracture behaviour, as well as fracture

resistance of the different layered alumina architectures, is discussed in the following section.
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3.6. Fracture behaviour

Fig. 7a shows the “inelastic” work of fracture (WOF) plotted over the temperature for EA, TA
and LA samples. In order to evaluate the amount of plastic deformation during the fracture
process, the inelastic WOF was normalized by the total fracture and is represented as the WOF

ratio (in %) in Fig. 7b for all three systems as a function of the testing temperature.
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Fig. 7: (a) Inelastic work of fracture and (b) and WOF-ratio (Inelastic work of fracture in
respect to total work of fracture) of the monoliths (EA, TA) and the laminate (LA),

respectively.

In the case of monolithic EA, the inelastic work of fracture was determined as ~ 1 J/m?, or as
~2% of the total work of fracture (WOF ratio), independently on the testing temperature. This
finding explains well the brittle behaviour of the EA-monoliths with the absence of any

significant plasticity even up to temperatures of 1200 °C.

The monolithic TA shows a similar trend up to temperatures of 800 °C with an inelastic work
of fracture of only ~ 1 J/m?, corresponding to a WOF-ratio of approx. 1%. However, at the
transition temperature of 800 °C, a rising trend of the inelastic WOF, as well as the WOF ratio,
can be observed, with a maximum at 1200 °C of ~34 + 11 J/m? (i.e., 46 + 8 %). The so-derived
amount of plasticity of almost 50% confirms the damage-tolerant behaviour of TA during high-

temperature testing conditions.
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In the case of LA samples, the calculated inelastic WOF was ~ 15 J/m? over the entire tested
temperature range. The corresponding WOF-ratio of the laminates tested from room
temperature to 800 °C was ~13% and is significantly higher than that of the EA and TA
counterparts. This finding can be explained by the existence of the compressive residual stresses
within the embedded TA-layers, enhancing the fracture resistance of the laminate. At the
highest temperature of 1200 °C, the WOF-ratio of the laminate is almost 25%, which could be
related to the contribution of the quasi-plastic behaviour of the embedded TA-layers at high

temperatures.

3.7 Fractographic analyses
Fracture in EA-specimens was initiated from artificially introduced surface cracks (Vickers
imprints) over all testing temperatures. Figure 6b shows representative fracture paths of the
monolithic EA samples, tested at RT and 1200°C respectively. The crack follows a rather
straight path during the fracture process with only deviations at the compressive side
(compressive curls). In this case, no differences in the fracture behaviour of EA at different
testing temperatures are observable. A detailed analysis of the fracture surfaces shows a typical

“half-penny” shaped Vickers crack of an EA-sample tested at 1200 °C (Fig. 8).

The initial surface crack from indenting is indicated by white arrows. Post-mortem analyses
revealed that during high-temperature tests the initial surface crack extended during the test to
its final critical length, associated with subcritical crack growth. The extended crack is
designated by yellow arrows (Fig. 8). It may be noted that there is a transition from
transgranular (indented at room temperature) to intergranular fracture during subcritical crack
growth at high-temperature bending, as observed in other ceramic materials [49]. The transition

zone is highlighted on the magnified image within the yellow window in Fig. 8.

140



Josef Schlacher Dissertation Publication C

transgranular

Fig. 8: Artificial crack as fracture origin within EA-sample tested at 1200 °C: The initial
crack is indicated by white arrows and the extended one due to subcritical crack growth is
marked by yellow arrows. The transition from transgranular to intergranular fracture is

highlighted by the white dashed line within the yellow window.

The intergranular fracture pattern of the TA-sample during room temperature bending tests (see
Fig. 6d top) follows a straight path in a step-like manner along the grain boundaries of the
textured microstructure, as has already been discussed in other work [29,50]. Up to 800 °C, the
fracture behaviour of TA-samples does not significantly change. Above this “transition”
temperature of 800 °C, the crack is more favoured to propagate along the weak basal grain
boundaries which result in deflections, and/or crack bifurcations, as can be seen on TA tested
at 1200 °C (Fig. 6d bottom). Details on the fracture path are shown in Fig. 9, where the favoured
crack path along weak basal grain boundaries is evident. These acting energy-dissipating
mechanisms enhance significantly the fracture energy of TA at elevated temperatures, which

agrees with the calculated work of fracture in Fig.7.
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< bl SRS g
Fig. 9: (a, b) Favoured crack path along weak basal grain boundaries during high-
temperature bending. (c) TA-sample tested at 1200 °C shows fracture at natural flaws

(platelet sliding indicated with yellow origin) and (d) higher magnification of (c).

Some natural defects were identified as locations where several platelets may be oriented with
the basal surface perpendicular to the applied stress field (see Fig. 9¢). For instance, such a
misaligned textured grain can be seen in the EBSD image of Fig. 3a (coloured as purple grain).
During bending at high temperatures, the basal surfaces may be favoured due to softening or
weakening of the grain boundaries for shear-sliding and as long as the total size of the cluster
of misaligned platelets is in the order of the artificial defect size (or even higher), the fracture
could also occur on such natural flaws. Fig. 9d shows clearly an area of missing platelets
oriented with its [0001] direction perpendicular to the fracture surface. Furthermore, an
intergranular fracture path along the textured grains can be seen on those fracture surfaces,
which is commonly observed at low velocities of fracture as discussed in the work of Hall et.

al. [50].

In contrast to that, the crack path of the laminate tested at room temperature indicates crack stop
and deflection events at the EA/TA-interface as well as within the embedded TA-layer (see Fig.
6f top). These phenomena may be associated with a combined effect of compressive residual
stresses and the textured microstructure, which is related to the above-mentioned pop-in events
in the recorded stress — strain curves. The positive effect of texturing the microstructure has

been evidenced in a recent work, where the micro-scale fracture toughness of basal grain
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boundaries was ~30% lower than that of textured grains, explaining favoured microstructure-
related deflection mechanisms during the fracture process [51]. Although a significant
reduction of the compressive residual stresses has been proven at elevated temperature (Fig.
4c), deviations of the crack path within the TA-layers are visible (see Fig. 6f bottom). Therefore,
it can be concluded that the deflection mechanisms acting at 1200 °C are the result of the
textured microstructure, where the crack is favoured along the rather weak basal grain

boundaries.

Fig. 10: Artificial Vickers crack as fracture origin in the laminate sample tested at 1200 °C:
(a) The initial crack as well as the transition zone is indicated by yellow arrows and white
dashed lines, respectively. (b) Tilted SEM images of the EA/TA interface region. (c)

Textured grains within the transition zone.

Figure 10 shows a typical half-penny shaped Vickers crack introduced on the EA-outermost
layer of the LA specimens tested at 1200 °C. The initial half-penny surface crack is indicated
by yellow arrows in Fig. 10a. At high-temperature bending tests, the crack path is favoured to
enter several microns into the EA/TA-interface (transition zone, see white dashed lines in Fig
10a) during the pop-in event prior to deflections along the basal grain boundaries of the textured
platelets. Similar observations were found during room-temperature bending tests of laminates
with embedded textured layers in the work of Pavlacka et al. [52]. Although the compressive
residual stresses within the TA-layer may be negligible at 1200 °C, the fracture path is still
likely to follow the basal boundaries of the textured grains (deflection mechanisms) after
entering the interface. The contribution of the textured microstructure within laminates
architectures for further enhancing the damage tolerance of ceramic systems is proven to be
effective even under severe testing conditions (up to 1200 °C). Those dominating deflection

mechanisms over several grains within the TA-region of the laminate are illustrated in Fig. 10b.
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A high magnified micrograph of a few textured grains within the TA-region of the laminate is
shown in Fig. 10c, which indicates the effect of the well-developed textured grains in deflecting

the propagating crack.

4. Conclusions

The high-temperature fracture behaviour of monolithic samples with textured microstructure
and a laminate design with embedded textured layers were investigated by 4-point bending tests
at elevated temperatures and compared to the reference material with non-textured (equiaxed)
microstructure. In the case of textured alumina, a transition from brittle to more reliable
(damage-tolerant) behaviour was observed at high temperatures (> 800 °C), with increasing
fracture energy up to a maximum at 1200 °C, associated with crack deflection events along
weak boundaries of the textured grains. In laminates with embedded textured layers damage
tolerance is achieved at room temperature due to the effect of compressive stresses, and for
temperatures above 800 °C associated with the textured microstructure. The combination of
different mechanisms acting at different temperatures may open new paths for designing

ceramic systems for high-temperature applications.
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Abstract

This work demonstrates the use of additive manufacturing to design and fabricate alumina
ceramics with strength as high as 1GPa. A multi-material approach is employed by embedding
alumina-zirconia layers between outer pure alumina layers with significant compressive
residual stresses. Biaxial bending is performed both on the 3D printed multi-material and
monolithic alumina parts. Results are analysed in the framework of Weibull statistics. A
characteristic biaxial strength higher than 1 GPa is measured on the multilayers, compared to
650 MPa in monolithic alumina, the difference corresponding to the magnitude of compressive
residual stresses due to the thermal mismatch between material regions during cooling from
sintering. This is the first report of employing additive manufacturing to tailor the strength of
alumina ceramics, taking advantage of the layer-by-layer printing process. Designing complex-
shaped ceramic architectures with residual stresses through additive manufacturing opens a new

path for fabrication of technical ceramics with tailored mechanical properties.

Keywords: Additive manufacturing, Alumina, Strength, Multi-material, Residual Stress.

1. Introduction

The outstanding properties of ceramics, such as biocompatibility, resistance to oxidation and
corrosion, high-temperature stability, wear resistance as well as special thermal, electrical and
optical characteristics, nominate them as major candidates for demanding technical applications
[1]. The fabrication of ceramics components begins with the processing of powders and
sintering of the compound, aiming to achieve a final microstructure of the material, which shall
govern the structural and/or functional behaviour of the final part. In many cases, a post-

processing or final shaping of the sintered ceramics parts or components is necessary for the
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end application. This often requires a relatively expensive and time consuming machining
process using diamond tools [2]. In case the end part requires a complex shape or geometry,
final shaping may not be possible, hindering possible applications of ceramics for structural or
functional devices. In an attempt to overcome such difficulties and extend the ceramic market,
additive manufacturing has been established as a promising technology to fabricate parts and
components with almost no limitation in design-complexity. The latest advances in additive

manufacturing of ceramics are discussed in the following works [3,4].

The recent progress in the field of stereolithographic 3D-printing techniques, in particular
Lithography-based Ceramic Manufacturing technology (LCM), has led to major advances in
fabricating bulk ceramic materials with mechanical properties comparable to those of ceramics
manufactured through traditional routes [5]. This novel LCM-printing system consists of a
building platform which is lowered into a transparent rotating vat, filled with a photosensitive
ceramic-polymer slurry. During the layer-by-layer printing process, the slurry is exposed by
light through a projection system from below (see Ref. [6] for more details). After printing, the
ceramic green-bodies are removed from the building-platform. The post-processing includes
cleaning of the part, binder burn-out and finally sintering to obtain a highly dense ceramic part
[4,7-9]. Controlling powder characteristics, using appropriate binder systems, as well as
tailoring and optimizing the sintering curves, have been key elements in the (rather fast)
development of the LCM technology. An example of successful application of LCM technology
has been demonstrated in alumina ceramics, where high mechanical strength with relatively
low scatter has been measured [10]. This raises the question whether it may be possible to utilize
the layer-by-layer deposition process to fabricate multi-material systems with enhanced

mechanical properties.

In recent years, much effort has been directed to designing ceramic based multi-material
architectures with improved strength and/or toughness, and in some cases enhanced reliability.
The combination of layers containing different ceramic materials, connected with strong
interfaces, has enabled tailoring alternating in-plane residual stresses (i.e. tensile and
compressive), caused by different thermal strains in the layers during cooling down from the
sintering temperature [11]. The location of the compressive stress layers, either at the surface
layer or embedded in the architecture, has been associated with the final application, either to
increase the mechanical strength [12,13] or enhance the resistance to fracture and/or crack
propagation (so-called damage tolerance) [14—-16]. The former approach is based on the

outstanding results achieved in “strengthened glasses”, concept first studied by Nordberg et al.
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[17], and technically exploited, for instance, as in Gorilla® glass [18]. It has been also
demonstrated the feasibility of this approach to improve the mechanical strength and the

insensitivity to subcritical crack growth [19].

The aim of this work is to demonstrate the capabilities of LCM technology to fabricate alumina
ceramics with unprecedented high strength, based on a multi-material approach. Using a layer-
by-layer deposition of different materials, tailored compressive residual stresses may be
introduced in the surface layers, aiming to increase the strength and reliability of the ceramic
material, compared to its bulk properties. Based on the progress and developments in the sector
of stereolithographic printing techniques, a LCM-printer has been adapted by using a two vat
system with separated filled slurries to enable the 3D-printing of alternated alumina and
alumina-zirconia layers. Biaxial strength is measured on both monolithic and multilayer
materials, and analysed within the framework of Weibull theory. Microstructural and
fractographic analyses are performed to interpret the results. The consequence of introducing
compressive stresses on the reliability of the ceramic parts is also discussed. It is shown how
combining the advances of additive manufacturing and the multi-material ceramic approach

can open a new pathway for designing complex 3D-printed ceramic systems.

2. Experimental

2.1. Materials of study and samples

In order to evaluate the strength under biaxial bending discs-shaped samples were fabricated
by using the LCM-technology. The materials employed in this work were LithalL.ox MS548
(Lithoz GmbH, Austria), a photocurable suspension that is based on alumina (powder particle
size, dso < 250 nm), and LithalLox ZTA20 (Lithoz GmbH, Austria), a photocurable suspension
(powder particle size, dso < 200 nm) that is based on alumina and zirconia (3% mol. yttria
stabilized zirconia) in a total ratio of 80%vol. alumina and 20%vol. zirconia. Bulk samples
(both discs and prismatic bars) of alumina (A) and prismatic bars of alumina-zirconia (ZTA)
were fabricated for characterization of material properties. Multilayer disc samples (A-ZTA-A)
with ZTA layers embedded between the (A) surface layers, were fabricated for mechanical
testing. Bulk materials were printed using a CeraFab 7500-printer (Lithoz GmbH, Vienna,
Austria), whereas multilayers were manufactured employing a novel CeraFab Multi 2M30-
printer (Lithoz GmbH, Vienna, Austria) [20]. Both the (A) and (ZTA) layers consist of several
thin individual layers. The thickness of each printed layer was chosen to be approx. 25 um in

the green state. Both printer have a lateral resolution of 40 pm. During printing, each layer was
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exposed with 180 mJ/cm? which corresponds to an exposure time of 2 s with a projector power
of 90 mW/cm?. All samples were sintered at 1600 °C for 2 h with a heating rate of 1 °C/min,

respectively.

The building up of the multilayer as well as the monolithic samples can be seen schematically
in Fig. 1 (a). Both types of samples were printed in “lying direction”, where the printing
direction is in the thickness direction of the discs. All the discs show a nominal sintered
dimension of D ~10 mm in diameter and ¢ ~0.8—1.0 mm in thickness. In the multilayers, the
aimed total layer thickness after sintering was chosen to be 70 um for the A-region (each side)

and 700 pm for the ZTA-region, thus corresponding to a volume ratio Va/Vzra of ~1/5.

a)
- - printing

A-7ZTA-A A direction
b)
-
Fig. 1: Schematic of the 3D-printed a) A-ZTA-A-laminate (left) and the A-monolithic (right)

disc-shaped samples as well as b) monolithic bars in respect to the printing direction (arrow).

Furthermore, monolithic bend bars with the dimensions of ~3 mm X 4 mm x 50 mm of both A
and ZTA materials were also printed to measure thermal expansion coefficient, elastic modulus,
and fracture toughness of the bulk materials. All bend bars were also printed in “lying”

direction, as illustrated in Fig. 1 (b).

2.2.  Microstructural analysis

In order to investigate the microstructure of the monolithic A- as well as multilayer A/ZTA/A-
disc samples, cross-sections of the printed discs (perpendicular to the printing direction) were
prepared and polished to 1 pm mirror finish using a Struers RotoForce4 equipment. After
polishing samples were thermally etched at 1400 °C for 20 min. Subsequently, the cross-
sections of the specimens were coated using an Agrar Sputter Coater and images were taken
using a SEM Scanning electron microscope (JEOL JCM-6000Plus, Neoscope™, JEOL Ltd.,
Tokyo, Japan).
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2.3. Materials properties
2.3.1. Density

The bulk densities of the monolithic as well as multilayer samples were determined using the
Archimedes method according to EN623 - 2 [21]. The theoretical densities p of alumina and
ZTA were pma=3.986 g/cm® and pmzra = 4.39 g/cm?, as stated by the supplier, respectively.
In the case of the A/ZTA/A-multilayer systems, the theoretical density was calculated using the
rule of mixture, taking into account the volume ratio Va/Vzra of ~0.2 of the layered composite.
The corresponding relative densities prel of the monolithic and the multilayer systems were

evaluated as prel = p/pin.

2.3.2. Young’s modulus

The measurement of the elastic moduli on the monolithic A- and ZTA-bars was performed
under 3-point bending using a fixture with 40 mm outer span in a universal testing machine
(Messphysik, Microstrain, Fiirstenfeld, Austria) with a 100 N loading cell. All the tests were
performed under displacement control using a crosshead speed of 0.5 mm/min in ambient
conditions (24 °C and ~30 % relative humidity). Following the EN 843-2 standards [22], the
load-displacement curves during alternate loading/unloading of 3 samples per material were
registered by selecting a preload of 1 N and a maximum load of 15 N and 35 N for A- and ZTA-

bars, respectively.

2.3.3. Coefficient of thermal expansion

In order to determine the coefficient of thermal expansion (CTE) of the monoliths, prismatic
bars for each material (A and ZTA) with a standardized length of 25 mm were heated up from
30 °C to 900 °C using a dilatometer (Netzsch — Thermal Analysis, 95100 Selb, Germany). A
heating rate of 5 °C/min, holding time of 1 h for each 100 °C segment and subsequently cooling
rate of 5 °C/min was used. The change in length was registered during heating and cooling. For
the CTE calculations, the room temperature (25 °C) was selected as reference temperature. Two

bars were measured for each monolithic material.

2.3.4. Fracture Toughness

The fracture toughness of both monoliths, A and ZTA, was determined using the Single Edge
V-Notched Beam (SEVNB)-method according to the ISO 23146 standards [23]. The notched
specimens (8 per monolithic material) were tested using a 4-point bending fixture, with an outer

span of 40 mm and an inner span of 20 mm, in a universal testing machine (Zwick 010,
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Zwick/Roell Ulm, Germany) with a load cell of 200 N and a displacement rate of 0.5 mm/min
at ambient conditions (24 °C and ~32% relative humidity).

2.4. Mechanical testing for the strength evaluation

All the monolithic as well as multi-material disc-shaped specimens were tested under biaxial
bending using the Ball-on-Three-Balls (B3B)-test [24,25]. The testing setup can be
schematically seen in Fig. 2. In B3B, one side of a disc (or plate)-shaped is symmetrically
supported by three balls, the other side is loaded at the midpoint of the specimen through a
fourth ball. During testing set-up, a defined pre-load is applied to guarantee contact between
balls and specimen, and the “block” can be removed by lowering the “guide” (see schematic in
Fig. 2). Subsequently, the applied force is constantly increased until fracture of the specimen is
registered. Due to the fact that during the B3B-test only a small effective area or volume in the
centre of the specimen is under biaxial stress, the influence of edge-defects could be neglected

[26].

lpreload

punch - .

,"’su];}ib}ting
balls
- sample
< loading ball
«— guide
) block |
’7 stamp 5mm

Fig. 2: Schematic of the B3B-testing setup.

All the B3B-tests were performed using a universal testing machine (Zwick 010, Zwick/Roell
Ulm, Germany) with a load cell of 10 kN, a selected pre-load of 20 N and a displacement rate

of 1 mm/min in ambient conditions (24 °C and ~25% relative humidity). The diameter of the
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supporting balls as well as loading ball was chosen to be 6.35 mm. A total of 30 disc-shaped
specimens per set (A and A/ZTA/A) were tested with the “as-printed” surface condition under

tension.

2.5. Fractography

Identifying the critical size and location of failure origins is crucial to assess the potentials of
the 3D-printing technique and can be done using fractographic analyses. Some
recommendations and practice guides for fracture analysis are given in [27,28]. Selected
fracture surfaces of the broken discs of A- and A/ZTA/A-discs were sputtered with gold using
an Agrar Sputter Coater and investigated using a SEM (JEOL JCM-6000Plus, Neoscope™,
JEOL Ltd., Tokyo, Japan). In the case of the multi-material sample, special attention was set to
identifying the origin of failure, either at the surface or in the near region of the A/ZTA

interface.

3. Results and discussion

3.1. Materials properties

The monolithic A- as well as ZTA-samples show a relative density of approx. 98%. The
measured relative density of the multi-material A/ZTA/A-sample is approx. 99 %. Therefore,
both monoliths and multilayers can be considered well-densified samples with relatively low
amount of porosity, which is associated with the optimized sintering process. The thermo-
elastic properties as well as the fracture toughness (Kic) of the monolithic A- and ZTA-ceramics

are summarized in Table 1.

Table 1: Young’s moduli (E), coefficient of thermal expansion (CTE) and fracture toughness

(Kic) of the 3D-printed monolithic A- as well as ZTA-ceramic.

Monolith material | E-Modulus [GPa] | CTE (25 — 900 °C) [ppm/°C] | Kic [MPam'?]
A 367+9 8.03+£0.06 3.13+0.15
ZTA 333+7 8.58 £0.02 4.02 +0.08

The Young’s modulus of 367 GPa for monolithic alumina agrees with typical values for

alumina as reported in literature, i.e. 320 GPa (95% relative density) — 410 GPa (fully dense)

[1]. The ZTA-monolith shows a lower Young’s modulus (i.e. 333 GPa) due to the addition of
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20 vol.% zirconia (YTZP) having a lower elastic constant (i.e. 210 GPa) [29]. The
experimentally determined E-modulus for ZTA is in good agreement with the calculated value
according to the rule of mixture (i.e. Ezra calc = 334 GPa). The thermal expansion coefficients
for both monolithic alumina and ZTA are in the typical range for alumina-zirconia ceramics. It
is worth highlighting that the high accuracy of the measurements is crucial for a good estimation

of residual stresses in the multi-material system.

The fracture toughness measured for the ZTA, ~4 MPam'?, is significantly higher than the one
for the A material, ~3 MPa m'2. The higher fracture toughness in the former is associated with
the stress-induced phase transformation in tetragonal-stabilized zirconia (toughening effect), as

found in conventionally fabricated ZTA materials [29,30].

3.2. Microstructure

Fig. 3 shows SEM images of microstructures of the A monolithic as well as the multi-material
A/ZTA/A sample. The microstructure of the bulk alumina sample (Fig. 3a) has a rather fine
grain size distribution, with an average grain size of ~2 pm, containing very fine grains (down
to 0.5um) and larger grains (up to 10 pm). This microstructure seems very homogenous along
the printing direction resulting in a low amount of porosity and a high densification of the
individual layers (i.e. no boundaries between individual printed layers are visible). The low
porosity observed in Fig. 3a agrees with the high relative density measured in the bulk material
(i.e. ~98%). It is worth mentioning that selecting appropriate sintering curves is crucial to

guaranteeing a homogenous and well densified 3D-printed alumina material [10].

Fig. 3: Microstructure of (a) the monolithic A-sample and (b) the A/ZTA/A-multi-material

system.
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Fig. 3b shows the microstructure of the multi-material system, exhibiting a sharp interface
between the A-region and the ZTA-region. Both microstructures are very homogeneous: this
may be traced back to the appropriate choice of the sintering conditions (1600 °C, 2h) for these
materials, and to the accuracy of the multi-material LCM-printing technique. The top alumina
region shows a very similar grain size distribution as that of bulk alumina (Fig. 3a). The ZTA
region contains very fine grains, with an average size of 1 um. The homogeneous
microstructure together with the low porosity of both regions agrees with the high relative
density of ~99% measured in the A/ZTA/A multi-material sample. The final layer thicknesses
(after sintering) of the different regions within the A/ZTA/A system were measured on selected
SEM-images, resulting in ~75 pm/ 700 um/ 60 pum, respectively!, with a maximum of £3% and

+1% deviation from the mean value for the A and ZTA layers, respectively.

3.3. Strength distributions in monoliths and multi-material samples

This section deals with the evaluation and interpretation of the strength data of multi-material
sample in comparison to the monolithic alumina material. The elastic mismatch between the
two materials, i.e. A and ZTA, must be taken into account for the correct evaluation of the
strength for the multi-material architecture. In addition, the residual stresses acting within each
region (A and ZTA) needs be estimated to interpret the strength results. Furthermore, the
appropriate fracture statistics and its meaning for design reliability for multi-material ceramics

with outside compressive residual stresses are also discussed.

3.3.1. Strength evaluation of monolithic discs
In the B3B-test, the strength of monoliths (applied stress) is defined as the maximum tensile
stress at the centre of the specimen and can be calculated as [24]:

tRa>F

w=rgx) @ (M

where F'is the maximum load at fracture in [N], and ¢ is the thickness of the specimen in [mm].
In the case of “monolithic” disc shaped specimens, the dimensionless factor f has been
evaluated for a wide parameter set and is only dependent on the support geometry (Ra/R), the

specimen geometry (#/R) and the Poisson’s ratio v of the material [24]. Assuming a v of ~0.23

1 We caution the reader that, for the further discussion, all samples were tested with the thicker A-
region under tension.
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for alumina, the corresponding dimensionless factor was calculated to be approx. 1.8 for the

monoliths, employing an interactive calculation tool [31].

3.3.2. Residual stresses in the multi-materials systems
The in-plane residual stresses Gres;i Within each layer of the multi-materials system can be
analytically estimated using the following equations [32]:
E,

Oresi = Ty, (@ — a))AT 2)
where Ejis the Young’s modulus, v; the Poisson’s ratio, ¢; the Coefficient of thermal expansion
(CTE) of each i"™layer and AT = Ty — Trr the temperature difference between the room
temperature 7o, and a reference temperature 7T, which is the temperature below which the
material is assumed to be stress-free [32]. The stress-free reference temperature for

alumina/zirconia laminates of similar composition was taken as ~1500 °C, as estimated by

Chlup et al. [33].

The coefficient @ is the average coefficient of thermal expansion for the layered materials and

can be calculated as follows [32]:

v Eitia;
— 21’:1 1 — Vl'
*= v _Eit; 3)

=11 —V;

where £ is the thickness of i layer of the multilayer.

In the A/ZTA/A multilayer, the in-plane compressive residual stresses in the A-region (A-
layers) and the tensile residual stresses in the ZTA-region (ZTA-layers) were calculated as =320
MPa and +60 MPa, respectively. Therefore, the near-surface region (A-region) of the multi-
material system is shielded by the compressive stresses, which are ~5 times higher than the
tensile residual stresses acting in the centre (ZTA-region). This is a consequence of the volume
ratio between materials (i.e. Vzra/Va ~5), as selected in the design of the multi-material sample

[34].

3.3.3. Strength evaluation of multi-material ceramic discs

In the case of multi-material ceramic systems, the dimensionless factor f needs be corrected,
since it is influenced by the elastic moduli of the different layers. Accordingly, the “total stress”

of the laminate is a result of the “applied stress” shielded by the “compressive residual stress”
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in the A-region (ores,). At the moment of fracture, the applied stress can be defined as the

strength of the multi-material sample and is calculated according to:

t R, F
O4/zTA/A *— fA/ZTA/A (E'E'UA» Uzra, Ea, EZTA) . iz = o0yt |Ures,A| 4

where F'is the fracture force of the “shielded” multi-material specimen and ¢ the thickness of
the disc. The calculated strength of the multilayer system can be subdivided into the
contribution of the “unshielded” alumina and the part of compressive residual stresses acting
within the outer-most A layer of the laminate (see right side of the Eq. (4)). This holds under
the assumption that both monolithic alumina and alumina region in the laminate obeys similar

defect density functions (i.e. similar defect size distributions).

The dimensionless factor for the multilayer system (A/ZTA/A), i.e. fazrana, Was evaluated for
this specific multi-material system A/ZTA/A (~75 pm/ 700 pum/ 60 pm) using the FE-program
ANSYS [35] by taken va = 0.23, vzra=0.24 and the Young’s moduli of A and ZTA (Ea and
Ez1a) from Table 1. For this specific A/ZTA/A multi-material system and the given geometry

a pre-factor of fazraa ~2.0 was calculated.

3.3.4. Strength distributions

Figure 4 represents the conventional 2-parameter stress distributions of the A and A/ZTA/A
samples in a Weibull diagram, where the probability of failure, P, is plotted versus the “applied”
failure stress, oappl. The (applied) failure stress for the monolithic A-specimens (ca) and multi-
material A/ZTA/A-specimens (caizra/a) was calculated according to Egs. (1) and (4),

respectively.

The strength data measured for the A-monoliths as well as the A/ZTA/A-system were evaluated
in the framework of the Weibull statistics [36,37], following the EN-843-5 standards [38]. The
probability of failure as a function of the applied stress can be described using a 2-parameter
Weibull distribution, as according to:

P(Gapp) = 1 - exp |- (224" )

Op

The characteristic strength, oo, represents the applied stress associated with a ~63% probability
of failure. The Weibull modulus, m, describes the width of the strength distribution and

indicates the scatter of the size of the critical defects in the sample. The dashed lines in Fig. 4
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represent the best fit of the strength data sets, for both samples, according to the maximum-

likelihood method. The corresponding Weibull parameters are given in Table 2.

99.9 7 T2

& A 4
97| A AZTA-A b A
90 _ -1
Q. 63.?(1) 0
[Py o i g e SRR
E % [
& S
4 | 1 =
] : =
> : : F-2 —
= 104 =
B |
s o i : L3
© i/ /
i~ I /
A / /
fie /JVA; !
1 ] Seinnaatns f‘ ,,,,,,,,,,,,,,,,,,,,,,,,,,, f’ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
L } : \ t -5
500 750 1000 1250
Applied stress, o, , [MPa]

Fig. 4: 2-parameter strength distributions of the monolithic
A- and A/ZTA/A-ceramic samples. The dashed lines

represent the best fit of a 2 parameter Weibull distribution.

The characteristic strength of the A/ZTA/A multi-material sample (oo = 1013 MPa), is
significantly higher than that of the A monolithic sample (oo = 645 MPa). To our best
knowledge, this is the first time that a characteristic strength as high as 1 GPa has been measured
in a 3D-printed alumina ceramic. The significant higher strength of the multi-material sample
can be explained by the shielding effect of the compressive residual stresses (ores) in the A
region (outside alumina layers). This approach was first studied in ion-strengthened glasses by
Nordberg et al. [17], and has been successfully applied to other glass and ceramic systems. The
difference of the applied characteristic strength of approx. —370 MPa agrees with the estimated
compressive residual stresses, 1.e. =320 MPa. The difference of ca. 50 MPa may be associated
with the chosen reference temperature of 1500 °C. Considering the sintering temperature of
1600 °C, as set in this study, the reference temperature might be higher, resulting in slightly

higher residual stresses.
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In the case of multilayer systems with external compressive stresses, the total stress state oot
can be interpreted as the superposition of the applied stress (oapp1) and the residual stress (Ores)
acting in the region where fracture occurs (i.e. Gt = Gappl T Ores). Accordingly, the 2-parameter
distribution described in Eq. (5) may be replaced by a 3-parameter Weibull distribution [37],
with the third parameter corresponding to the compressive residual stress. The fracture

probability function, P, using a 3-parameter Weibull distribution may be given as follows:

o, + 0pp\™
P(o‘appl) =1—exp [_( appla : res) l ©
0
with
0 = Otot = Oappl t Ores @)

where m" represents the Weibull modulus and oo the scale parameter in 3-parameter

distributions, which may be interpreted as 6y’ = 6o + Gres.

In the general case where the third parameter (i.e. ores) is unknown, fitting of the 3-parameter
distribution (especially for sets with low number of tested specimens) may result in unstable
fitting values for 6o  and m", as described in the work of Danzer et al. [39]. In our case, however,
since the residual stresses within the compressive layers can be accurately estimated (i.€. Gres ~
—320 MPa), the strength data can be successfully fitted using the 3-parameter approach. Further
considerations on 3-parameter Weibull distributions on multi-material systems with residual
stresses can be found in the literature [12,19]. The strength parameters: characteristic strength
(c0) as well as the scale parameter for the 3-parameter distribution (co"), the Weibull moduli
(m or m"), and their corresponding 90%-confidence intervals of the different specimen sets (A

and A/ZTA/A) are listed in Table 2.

Table 2: Characteristic strength (co), scale parameter for 3-parameter distribution (co’),

Weibull modulus (m or m") and the corresponding 90%-confidence intervals of the different

specimen sets (A, A/ZTA/A).

Set Characteristic strength, cpor | Weibull modulus, m or
scale parameter, oy’ [MPa] m’[-]
A 645 [630 — 662] 13.6 [10.2 — 16.6]

(2-parameter form)

A/ZTA/A 1013 [983 —1044] 11.2 [8.4 - 13.7]
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(2-parameter form)

A/ZTA/A 691 [661 — 723] 7.6[5.7-9.2]

(3-parameter form)

In order to explain the relevance of introducing compressive residual stresses in terms of design,
the strength data for the monolithic alumina (fitted with a 2-parameter distribution) as well as
the A/ZTA/A-system (fitted both with a 2- and 3-parameter distribution) are represented in Fig.
5. As it can clearly be seen, in the technical relevant range of probabilities (green upper window)
and based on the relatively small number of tested specimens, both distributions (2- and 3-
parameter) may seem appropriate to fit the data. However, in case of ceramic applications that
require relatively high mechanical reliability (i.e. probability of failure below 10* — 10°) a
significant difference can be observed between 2- and 3-parameter distributions. For such low
failure probabilities, the curve tends asymptotically to a minimum strength, corresponding to
the compressive stresses in the outer region. This stress value can be interpreted as a “threshold
strength”, below which no failure will occur. In case a 2-parameter distribution may be

employed, the probability of failure for a given applied stress would be overestimated.

The scale parameter resulting from the 3-parameter Weibull distribution for the A/ZTA/A-
system, ov’, is defined as the characteristic strength oy plus the residual compressive stress (i.e.
00" = 00 + Gies). The resulting 3-parameter Weibull-modulus m* is slightly lower and strongly
depending on the sample size. Hence, we caution the reader that the interpretation of the
Weibull parameters resulting from the 3 parameter distribution (oy', m*) is different. Therefore,
the Weibull parameters from a 3-parameter distribution may not be directly comparable to the

Weibull parameters from the 2-paramter fit (oo, m).

When comparing the 2-paramteter fit for both monolith and multilayer samples, a direct
consequence of the compressive residual stresses, namely an increase in strength, can be
observed. In case a 3-parameter distribution is favoured, a minimum strength (threshold
strength) for the ceramic material can be estimated, thus significantly enhancing the material
reliability. This aspect should be considered in the design of ceramic systems, especially for
demanding applications that require very low probability of failure strength (e.g. bioceramic

implants, space applications).
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Fig. 5: Probability of failure plotted vs. (applied) failure
stress. The dashed lines show the 2-parameter fit of the
distributions for monolithic A- and the A/ZTA/A-system.
The full line represents the 3-parameter fit of the

A/ZTA/A-strength data.

3.4. Failure analysis

In order to estimate the critical defect sizes, ac, which are responsible for failure, the Griffith

criterion [40] based on Linear Elastic Fracture Mechanics was used:

1K\
Ge =7 Y of ®)

where or is the fracture strength, K| the fracture toughness and Y a geometry factor depending

on the testing configuration and defect shape. For this analysis, the fracture toughness was taken
from Table 1. The geometry factor was set as ¥ = 2/n for penny-shaped volume defects and Y
= 1.12 for semi-elliptical surface flaws [27]. In order to estimate an average critical flaw size,
the fracture strength, or, was taken as the characteristic strength op for A and oy + oOies for
A/ZTA/A, respectively. As a result, typical critical flaw sizes of ~6 pm for surface defects and
18 um for near-surface and/or volume defects were calculated for both alumina monoliths and

A/ZTA/A multilayers.
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Fig. 6a and b show typical fracture surfaces and defect populations that cause failure in the 3D-
printed A- and A/ZTA/A-discs investigated. Since the strength of the A- as well as A/ZTA/A-
sample is relatively high, fragmentation during fracture impeded identification of clear fracture
origins in many specimens. However, representative defects in the outer-most layers were
identified as failure origins for both A monolith and A/ZTA/A multilayers. In the monolithic A
sample, relatively large grains located either near the surface or directly at the surface (see Fig.
6a, arrows) were identified as fracture origins. In the A/ZTA/A multilayer, typical flaws were
sub-surface (see Fig 6b, dashed circle) or surface-located larger grains. It is worth highlighting
that all defects encountered in the A/ZTA/A multilayer were found in the A region (close to the
surface), and not in the ZTA internal region. The similar Weibull moduli of the 2-parameter
distributions, m ~14 and m ~11, for A- and A/ZTA/A samples, indicates that the underlying
defect size density function in both materials follows almost the same inverse power law of the

form g(a)=go-(a)”, with m = 2(r-1) [41].

a) FEiEhn e = - | B : tensile side

Fig. 6: (a) Two larger grains located at the as-printed surface as typical flaws in the alumina
monolithic sample (see arrows), and (b) larger sub-surface grain (dashed line) as critical

defect in the A-layer of the A/ZTA/A multi-material sample.
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It is worth pointing out that all failure origins were found at or very near to the surface under
tension, for both monolithic and laminates. However, there exists the possibility of activating
defects in the ZT A material (central layer) during biaxial loading. Whether failure will start at
the surface or at the interface A/ZTA may depend on the thickness of the outer layer as well as
on the strength of the ZTA material. For instance, if the outer layer were too thin, high stresses
would occur at the top region of the ZTA central layer during loading, thus raising the
probability of failure of the laminate structure starting at the ZTA layer. In case the ZTA
material may have lower strength, risk of failure would even increase. In this regard,
preliminary B3B tests on the ZTA bulk material employed in this investigation resulted in
strength values ranging between ~800 MPa and ~1000 MPa. This finding, along with the
relatively high Kic of ZTA (i.e. ~4 MPa m'?), indicates rather low probability of activating a
defect in the ZTA layer. Different 3D designs, which may employ low strength materials should

take into account these considerations.

4. Conclusion

Additive manufactured alumina with outstanding biaxial strength was designed and fabricated,
utilizing the “layer-by-layer” capability of the Lithography-based Ceramic Manufacturing
technology. A multi-material approach allowed the combination of alumina-zirconia layers
sandwiched between pure alumina layers, thus introducing significant compressive residual
stresses in the latter. A characteristic strength higher than 1 GPa was measured on the alumina
multi-material system, compared to ~650 MPa in monolithic alumina, taken as a reference. This
is the first report of employing additive manufacturing to tailor the strength of alumina
ceramics, taking advantage of the layer-by-layer printing process. Combining this multi-
material approach with the design capabilities of the 3D-printing technique could be a new

pathway for designing complex parts with outstanding mechanical strength and reliability.
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Abstract

A novel architectural design is introduced which utilizes the layer-by-layer capabilities of the
vat photopolymerization 3D printing process to fabricate multi-material ceramic components
with improved thermal shock resistance. The combination of 3D-printed alumina-zirconia
(ZTA) with alumina (A) layers generates compressive residual stresses in the embedded
alumina regions during cooling down from sintering. Thermal shock tests in water are
performed on samples at different maximum temperatures and the strength degradation of the
multi-material design is investigated and compared to the reference monoliths. Experimental
results show that the retained strength of the multi-material ceramic after thermal shock is twice
as high as that of the monoliths, associated with the crack arrest capability of the embedded
layers. The concept is demonstrated on 3D-printed multi-ceramic blades for potential high
temperature applications, showing enhanced “damage-tolerance” against thermal shock cracks.
These findings open the path for fabricating reliable ceramic components using the vat

photopolymerization process.

Keywords: Additive manufacturing, Multi-material, Vat photopolymerization, Thermal shock,

Residual stresses.

1. Introduction

The outstanding high-temperature resistance and chemical stability together with the high
stiffness-to-weight ratio nominates ceramics as material of choice for demanding technical
applications [1,2]. An example is yttria-stabilized zirconia ceramics employed in thermal

barrier coatings for protecting super-alloy turbine blades from the severe heat transfer [3].
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However, the use of bulk ceramics is often compromised by their inherent brittleness, which is
still one of the largest limiting factors for using ceramic components in high temperature
applications. In particular, during rapid temperature changes, thermal shock cracks may initiate

at the surface, leading in most cases to catastrophic failure of the ceramic component [4].

Damage tolerant ceramic materials are required when reliability and safety are sought. A
strategy to increase the fracture resistance in ceramics is to design (multi-material) layered
ceramics with strong interfaces. The differential dimensional change of the dissimilar materials
(strain mismatch) during cooling down from the sintering temperature may induce significant
residual stresses [5]. They may be intrinsically generated due to (i) strain mismatch in materials
with different coefficient of thermal expansion (CTE’s), (ii) through phase transformations
[6,7], or (ii1) chemical reactions [8,9]. The magnitude and distribution of the residual stresses
can be tailored by the volume ratio between materials (see more details in [10]). Depending on
the application, the location of the compressive residual stresses can play a crucial role for the
final design of layered ceramics. For instance, in order to enhance the mechanical resistance,
in-plane compressive residual stresses are induced in the top-layer region of the laminates,
based on the concept of surface strengthening in glasses [8]. This design approach allows a
significant increase in the (characteristic) strength of ceramic systems [11-13], and guarantees
a minimum strength (threshold strength), below which the material does not fail. Another
concept to reduce significantly the strength variability and enhance the fracture resistance of
ceramics uses embedding (protective) layers to arrest the propagation of surface defects. In this
“damage tolerant” design, the in-plane residual stresses in the embedded layers provide an
effective barrier against crack propagation [14—18]. Since more than 30% of failure of ceramic
parts and components can be traced back to surface cracks caused by contact loading or thermal
shock [4], designing ceramic components in a multilayer architecture may provide enhanced
resistance to failure as well as high reliability. The improved thermal shock resistance of
laminated alumina-based ceramics has been reported in literature [19-21]. However, beyond
the major advances in the field of ceramic laminates, the transfer from (tape-casted) 2D-systems
to highly-complex-structured 3D-architectures may be the last important step to increase the
use of ceramic components for structural applications in the ceramic market. In this regard,
stereolithographic 3D-printing technology such as Lithography-based Ceramic Manufacturing
(LCM) [22] can combine the high printing resolution (in the micrometre-range) with the
possibility of fabricating multi-material architectures, aiming to enhance the mechanical

response.
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LCM is based on the layer-by-layer photo-polymerisation technique, where a photosensitive
ceramic-polymer slurry within a transparent vat is cured through exposing light from below.
During the LCM-process, the slurry is adjusted by using a doctor blade, and the layers are
subsequently printed on a building platform lowered within the vat system. After the printing
of the green body, a cleaning step, debinding procedure as well as the sintering to a fully-dense
ceramic part is conducted (post-processing). More details on the LCM-process can be found
elsewhere [23-25]. The recent progress of the LCM-technology allows the combination of a
two-vat multi-material printing system, developed by Lithoz GmbH [26], for the fabrication of

porosity graded as well as multi-material ceramic parts [27,28].

In a previous work the capabilities of the LCM-method to fabricate alumina-based multi-
material ceramics with (biaxial) strength as high as 1GPa were demonstrated [28]. In this design
approach, (in-plane) compressive residual stresses were introduced within the outer alumina
regions of an 3D-printed alumina/alumina-zirconia (ZTA) laminate, by taking advantage of the
shielding effect. Based on this study, the question may arise whether it is possible to combine
the damage-tolerant design concept (with embedded compressive layers) together with
advances of the LCM-technique for improving the resistance to thermal shock of 3D-printed

alumina-based components.

In this work, the thermal shock resistance of a 3D-printed multi-material design was
investigated. The combination of alumina-zirconia (ZTA) with embedded alumina (A) layers
with in-plane compressive residual stresses, associated with the different shrinkage of the
combined materials during cooling down from sintering, was employed as strategy to provide
resistance against propagation of (surface) cracks. In a first step, a simple 5-layered multi-
material design (ZTA/A/ZTA/A/ZTA) with a disc geometry was investigated and compared to
the monolithic reference samples (A, ZTA). All the samples were fabricated by using the LCM-
technique. Thermal shock tests with temperature differences ranging from 200 °C to 400 °C
were performed and the corresponding strength degradation of the multi-material design was
evaluated and compared to the reference A and ZTA monolithic samples. The propagation of
thermally-induced (surface) cracks was studied by cross-section polishing. Fractography was
conducted to verify the results from strength testing. In a second step, the thermal-shock
resistance of the multi-material samples was assessed on 3D-printed alumina-based
components. Using the multi-material design approach on a ceramic turbine blade
“demonstrator” opens new possibilities of printing “damage-tolerant” systems of complex-

shapes.
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2. Experimental

2.1. Materials of study and designs

Disc-shaped samples were fabricated by using the LCM-technology to evaluate the thermal
shock behaviour of alumina-based materials. The materials of study were (1) an alumina-based
photocurable suspension Lithal.ox MS548-D (Lithoz GmbH, Vienna, Austria) with dso <
250 nm and (ii) LithalL.ox ZTA20 (Lithoz GmbH, Vienna, Austria), a suspension based on
alumina and 3 mol% yttria stabilized zirconia (dso < 200 nm) in a total ratio of 80 vol% alumina
and 20 vol% zirconia [28]. These suspensions are based on reactive monomers using acrylate
and methacrylate chemistry that can be cross-linked by radical photopolymerization. A CeraFab
7500-printer (Lithoz GmbH, Vienna, Austria) was employed for fabricating alumina (A) and
alumina-zirconia (ZTA) monoliths, taken as a reference, as schematically illustrated in Fig. la
(left). To manufacture the multi-material design (Fig. 1a right), a CeraFab Multi 2M30-printer
(Lithoz GmbH, Vienna, Austria) [26] was employed. The detailed design and fabrication of

complex multi-material components (Fig. 1b) is discussed in Section 3.5.

a) 2D-architectures b)  3D-architectures (components)

(Samples) Cross-section A
Multi-material
blade
Monoliths Multi-material design
A Printing direction
; ZTA-A-ZTA-A-ZTA
4

) : Cross-section B

Printing direction

Fig. 1: (a) Schematic of the 3D-printed A- and ZTA-monoliths (left) as well as the multi-
material design (right) in respect to the printing direction. The in-plane tensile (ZTA-region)
as well as the compressive residual stresses (A-region) are indicated by blue and red arrows
within the close-up of the multi-material design, respectively. (b) Schematic of the 3D-printed
multi-material component in respect to the printing direction. The red layer indicates the

embedded alumina (A) region, whereas the blue shell refers to the ZT A-region.
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All samples were printed in thickness direction of the discs, as indicated by the gold arrow in
Fig. 1, and designed with the final dimensions after sintering of D~15 mm in diameter and
~1.8 mm in thickness. The chosen layer thickness in the green state was ~25 um. The
monolithic A and ZTA samples were exposed with energies of 200 mJ/cm? and 280 mJ/cm?,
respectively. In the case of the multi-material samples, each individual layer was printed by
using an exposure energy of 180 mJ/cm?, corresponding to an exposure time of 3.6 s with a
projector power of 50 mW/cm?. All samples were sintered at 1600 °C for 2 h with a heating
rate of 1 °C/min [28].

The multi-material sample was designed as non-periodic laminate with maximum shielding in
the internal protective layer by following the guidelines as reported in [10]. For the multi-
material design, the selected volume ratio was Va/Vzra ~ 1/3, which agrees with the final
(measured) individual layer ZTA regions with embedded A-layers ZTA/A/ZTA/A/ZTA of ~
140 pm/210 pm/1040 pm/220 um/110 pm after sintering. The final thickness of the layer

regions was £5% of the designed values for ZTA and A, respectively.

The corresponding in-plane residual stresses within each layer region (ZTA and A-layers) of

the alternating multi-material system (ZTA/A/ZTA/A/ZTA) can be estimated according to [29]:

E; _
Ores,i — 1 _lv. (a - ai)AT (D)
i

where 1, is the Poisson’s ratio (vzra ~0.24 and va ~0.23), E; is the Youngs’ modulus
(Ezra~333 GPa and EA~367 GPa [28]) and a; the coefficient of thermal expansion (azra =
8.58 x 109K and aa = 8.03 x 10° K™! [28] for ZTA and A, respectively) of each i"-layer
region. In this relation AT = Trer — To 1s known as the temperature difference, with 7o as room
temperature and Trer as reference temperature. It is important to emphasize that Treris considered
as the temperature where the ceramic material is free of internal residual stresses. In this regard,
Trer was selected as ~1500 °C, as it was determined for alumina-based ceramics as those
employed in this study [30]. The average coefficient of thermal expansion () was calculated

using the following equation, with # being the thickness of each individual i-layer [29]:
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v Eitia;

— 21’:1 1-— Vi
*= v _Eit; (2)

=11 — Vi

The corresponding in-plane compressive residual stresses within the embedded A-region and
the tensile residual stresses in the ZTA-region were calculated according to Eq. (1), resulting in

approx. — 300 MPa and + 100 MPa for the A and ZTA material, respectively.

2.2. Microstructural analysis

To investigate the microstructure of the monolithic A- and ZTA-, as well as the multi-material
samples, cross-sections of the discs were polished (perpendicular to the printing direction) up
to 1 um mirror finish by using a Struers Tegramin-30 equipment. In the case of the multi-
material sample, the exact layer thicknesses were measured on different locations along the
specimen width using an optical microscope (Olympus BX50) and the image processing
software (Stream motion, Olympus), respectively. The polished specimens were thermally
etched at 1400 °C for 20 min. Subsequently, the polished cross-sections were gold coated using
an Agrar Sputter coater and images were taken using a scanning electron microscope (SEM)
(JEOL JCM-6000Plus, Neoscope™, JEOL Ltd., Tokyo, Japan). Subsequently, the mean grain
size (dso) of each sample system was determined from several SEM microstructures by using

the line-intersection method [31].

2.3. Thermal shock tests and analysis

All thermal shock tests were performed on 6 specimens per temperature step and design (A,
ZTA, and multi-material design) according to the EN820-3 standards [32]. The specimens of
study were placed inside a vertical tubular furnace (HTM Reetz GmbH, Berlin, Germany)
installed with a temperature regulator Eurotherm® (Typ2416/CP) and heated to 20 °C below
to the selected maximum temperature (7max) With a heating rate of 5 °C/min. Subsequently, the
heating rate was switched to 2.5 °C/min until reaching Tmax. After a holding time of about
15 min the specimens of study were quenched into water (7w =20 °C). The temperature
difference, AT, can be calculated as Tmax— Tw, which for thermal shock was set to AT =200 °C,
250 °C, 300 °C and 400 °C.
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To prove whether the critical temperature for crack formation has been reached, red liquid dye
penetrant (Diffu-Therm® red penetrant) was applied on all quenched specimen for ~30 min.
Images of surface cracks were taken with a stereo-microscope system (Olympus SZH10
(microscope) and KL2500 LCD (light source)). To analyse the surface crack patterns, the crack
density of each sample was determined by counting the number of cracks intersecting certain
lines along the specimen diameter. One specimen per sample and temperature step was prepared
for cross-section polishing (perpendicular to the printing direction). The cross-sections of these
samples were polished to 1 um mirror finish using a Struers Tegramin-30 equipment, and
analysed using an optical microscope (Nikon ECLIPSE LV100ND, Japan) under polarized
light. The mean crack depths were determined from different regions along the diameter of the
specimen cross-section measured perpendicular to the surface, using an image processing

software (NIS-Elements, Nikon).

2.4. Strength evaluation

The retained (biaxial) strength after quenching at each temperature difference AT of the
monoliths (A and ZTA) as well as the multi-material samples was determined on 5 specimens,
respectively. All the specimens were tested under biaxial bending using the Ball-on-three-balls
(B3B) testing fixture [33,34]. The B3B-tests were conducted on a universal testing machine
(Zwick 010, Zwick/Roell Ulm, Germany) using a load cell of 10 kN under ambient conditions
(~24 °C and ~32% relative humidity). A pre-load of 20 N and a cross-head testing speed of
1.5 mm/min were chosen. After reaching the pre-load, the disc (D~ 15 mm, t~ 1.8 mm)

supported by 3 balls was loaded by a fourth ball of 11 mm diameter until fracture.

In the case of monoliths, the following relationship was used to calculate the maximum (biaxial)

tensile stress at the centre of the specimen discs [33]:

PN A3)

where ¢ is the specimen thickness, Fmax the maximum fracture load and f'a dimensionless pre-
factor, which takes into account the Poisson’s ratio v of the tested material, the specimen- (#/R)

as well as the support geometry (Ra/R) of the setup. In this regard, R is the specimen- and R, the
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support ring radius [33]. For both monolithic materials (A and ZTA) with a Poisson’s ratio of

vzra ~ 0.24 and va ~ 0.23, a pre-factor of ~ 1.8 is obtained.

For the multilayer case [28], the dimensionless pre-factor has to be corrected under
consideration of the elastic mismatch between the layer regions within the multi-material disc.
Therefore, the factor was evaluated for the ZTA/A/ZTA/A/ZTA laminate using the FE-software
ANSYS [35]. The E-modulus of Ezra ~333 GPa and Ea ~ 367 GPa and Poisson’s ratios of
vzta ~ 0.24 and va ~ 0.23 were used for the FE-model for ZTA and A, respectively [28]. The
corresponding corrected pre-factor fumui =f(#/R, Ra/R, VzTa, VA, Ezra, EA) for our specific
materials system resulted in ~ 1.8, with a relative difference of only ~ 2% to the monolithic
system. This can be explained by the similar E-moduli of ZTA and A-layer regions and the

rather small volume ratio of the system (Va / Vzra ~ 1/3).

2.5. Fractography

To identify the origin for failure (i.e. natural defects and final crack depth induced after thermal
shock tests), fracture analysis on broken discs (after B3B-tests) was performed. The samples
were gold coated with an Agrar Sputter coater and the fracture surfaces were observed using a

SEM (JEOL JCM-6000Plus, Neoscope™, JEOL LTd., Tokyo, Japan).

3. Results and discussion

3.1. Microstructure

Figure 2 shows the microstructure of the monolithic ZTA (Fig. 2a), monolithic A (Fig. 2b) and
the multi-material sample (Fig. 2c). The mean grain size dso of monolithic A was approx.
2.0+ 1.6 um. The level of porosity seems to be slightly higher than reported in the previous
work for the same materials [28]. The measured Archimedes density of ~ 95% correlates well
with the porosity level. In the case of monolithic ZTA, the microstructure is very homogenous
with relatively fine grains (dso ~ 0.8 £ 0.3 um (alumina grains) and dso ~ 0.5 = 0.2 um (zirconia
grains)) and low porosity, resulting in a relative density of ~ 99%. The multi-material sample
exhibits a sharp interface between the ZTA- and the A-region, consisting of a homogenous
microstructure with relatively low amount of porosity. The corresponding average grain sizes
of the ZTA- region were dso ~ 1.0 £ 0.5 um (alumina grains) and dso ~ 0.5 = 0.2 um (zirconia
grains), respectively. The dso of the A-region of the multi-material sample was ~ 2.7 £ 1.5 um.

The grain size values are well comparable with those of the monolithic A and ZTA materials,
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which can be explained by the same sintering condition. The Archimedes density of the multi-
material was estimated as ~99 % according to the rule of mixture. In summary, the
microstructural features are comparable with those of a previous work, where samples were
fabricated with different dimensions yet using same sintering conditions (1600 °C, 2 h) [28],

thus demonstrating the reproducibility of the 3D-printing process.

Monolthip ZTA_

R A
o i SR I = \b 27y

Fig. 2: Microstructure of (a) monolithic ZTA, (b) monolithic A and (c)

the multi-material sample.

3.2. Thermal shock crack analysis

Figure 3 shows typical crack patterns in monolithic A, monolithic ZTA as well as the multi-
material system thermal shocked at temperature differences, AT, of 250 °C, 300 °C and 400 °C,
respectively. In the case of A-samples, the first observed crack pattern occurred at a temperature
difference of ~ 250 °C (Fig. 3a). The crack density, defined as number of cracks per unit length,
of A shows an increasing trend with higher temperature difference with values of 5.1 + 1.2 cm
I (at AT~250 °C), 9.3+1.9cm” (at AT~300 °C) and 14.9 £ 1.4 cm™ (at AT~ 400 °C),
respectively (see Supplementary Fig. S1). This experimental finding is in agreement with the
trend reported in [36]. In the case of ZT A-samples, first thermal shock cracks were found at a

temperature difference of 300 °C, with a finer network at 400 °C (Fig. 3e and f). The

181



Josef Schlacher Dissertation Publication E

corresponding crack density was 3.5+ 1.3 cm” and 7.4+ 13 cm”’ for AT~300°C and
T ~400 °C, respectively. In the multi-material system, first cracking was observed at AT
~250 °C (Fig 3g). The lower AT for the latter can be explained by the in-plane tensile residual
stresses of ~+ 100 MPa in the ZTA layers, which makes the multi-material system slightly
more sensitive to thermal shock at the surface. With increasing temperature difference, the
cracks patterns show higher density (finer network), similar to the monoliths, with crack
densities of 1.5+ 0.5 cm™ (at AT ~ 250 °C), 4.6+ 1.3 cm™ (at AT~ 300 °C) and 9.8 + 2.1 cm™!
(at AT ~ 400 °C), respectively. Comparing the crack densities of all systems (Supplementary
Fig. S1), it may be seen that the monolithic A sample shows a significantly finer crack network
for each temperature difference, whereas the differences between monolithic ZTA and the
multi-material are only marginal. It is worth noting that the temperature upon which cracks are
first observed corresponds to an upper bound of the critical temperature difference. Thus, a

slightly lower critical temperature difference may be expected.
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Monolithic A

Multi-material de

sign (ZTA-A-ZTA-A'A)

AT =250 °C

Fig. 3: Crack pattern induced through the thermal shock quench test at different
temperature differences (250 °C, 300 °C and 400 °C) for monolithic A (a, b and c),
monolithic ZTA (d, e and f) and laminate (g, h and 1), respectively.

Regarding crack initiation due to thermal shock, the monolithic ZTA seems to be more resistant,
which may be explained by a higher toughness of the ZTA material, associated with the
toughening effect of tetragonal stabilized zirconia [37]. Another additional aspect are the
distinct thermo-physical properties of ZTA such as thermal diffusivity, thermal expansion and

elastic modulus, which may influence the thermal shock stresses [38].

The question arises how deep the initial thermal shock cracks propagate into the A and ZTA
monolithic samples, compared to the multi-material design. Therefore, cross-sectioning (sub-
surface observations) was performed in selected specimens. Fig. 4 depicts the sub-surface
damage of the A-, ZTA- and multi-material samples thermally shocked at a temperature

difference of 400 °C.
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a) Monolithic A

Detail 1

b) Monolithic ZTA

1000
pm

c) Multi-material design (ZTA-A-ZTA-A-ZTA)
Detail 3

Detail 1

Detail 2

200 pm

Fig. 4: Cross-sections of (a) monolithic A, (b) monolithic ZTA and (c) multi-material
samples shocked at a temperature difference of ~ 400 °C. Representative regions of each

system showing the final crack depths are illustrated in (d), (e) and ().

In order to explain crack propagation, the Griffith-Irwin criterion (based on linear elastic
fracture mechanics) [39,40] may be used to describe the relationship between strength, fracture

toughness and defect size, according to the relation:

O'f:

Y ma, “4)
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where or is the stress at fracture (strength), Kic is the fracture toughness, ac is the critical defect
size and Y is the geometry factor taking into account the defect shape as well as the loading

configuration.

In case of monolithic A, the induced surface cracks propagate to a final depth of ~ 470 + 63 pum
(Fig. 4a). As discussed before, the ZT A-monolith is more resistant to crack initiation compared
to monolithic A. However, the final crack depth is rather larger (786 + 274 um) (Fig. 4b), which
according to Griffith-Irwin criterion (Eq. 4) may compromise the retained strength. In the case
of the multi-material sample, the corresponding final crack depth is ~ 278 =41 um (Fig. 4c¢).
Due to the rather high in-plane compressive residual stresses in A (i.e. =300 MPa) the thermal
shock cracks are deflected/bifurcated when entering the A first layer (Fig. 4c). The shielding
effect associated with in-plane compressive stresses has been described in the literature
[18,29,41,42], and is explained by the increase in the “apparent fracture resistance” of the
laminate with the crack length in the A region. In some cases, crack bifurcation may also take
place, especially in laminates containing relatively thick layers and/or large compressive
residual stresses (see more details in [43—45]). As a consequence, the introduced artificial
cracks cannot reach the second A/ZTA interface, demonstrating the capability of the multi-
material design to enhance the damage tolerance of the ceramic part. To quantify these
experimental observations, the retained thermal shock biaxial strength of the monolithic and
multi-material samples as a function of temperature difference was measured. The results are
represented in Fig. 5. A comparison between samples is discussed in the next section with

respect to reference strength values (without thermal shock).
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Fig. 5: Retained strength of the monoliths A and ZTA, as well as
the multi-material design as a function of the temperature
difference. The arrow indicates the increase in retained strength in

the multi-material compared to bulk samples.

3.3. Assessment of thermal shock resistance

In the case of monolithic A, the reference strength (without thermal shock) was 509 + 91 MPa.
Up to a temperature difference AT of ~ 200 °C, the strength of A is on the same level as the
non-shocked sample (439 + 56 MPa), which suggests that the same defect population is
responsible for failure (natural flaws). However, in the case of the A-sample shocked at 250 °C,
a significant strength drop in correlation with the first induced surface cracks is observed (Fig.
3a). The corresponding retained strength of 240 + 74 MPa is about 50% lower as the level of
non-shocked A. The retained strength of A shocked at AT of 300 °C as well as 400 °C was
198 £ 25 MPa and 214 + 27 MPa, respectively. The almost constant retained strength level over
a certain range beyond the critical temperature difference is characteristic for thermal shocked
alumina-based ceramics, and is in agreement with the predictions as well as experimental

observations in [46,47].

In the case of monolithic ZTA, the reference strength was 902 + 91 MPa, which is significantly
higher (~ 77%) than that of monolithic A (509 + 91 MPa). The obtained (biaxial) strength of
3D-printed ZTA is well comparable to the strength of conventional fabricated ZT A-ceramics

[48]. Samples thermally shocked at the temperature differences of 200 °C and 250 °C, show
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strength values of 857 + 111 MPa and 840 + 155 MPa, without any sign of crack initiation (Fig.
3d). However, increasing the temperature difference to 300 °C led to significant strength
degradation (179 + 28 MPa), being more than 4 times lower than the reference strength (non-
shocked sample). This significant strength drop can be traced back to the relatively long thermal
shock cracks (~ 600 — 900 pm), as shown in Fig. 4b. The lower crack density of monolithic
ZTA compared to A measured on the sample surfaces (see Supplementary Fig. S1) may explain
the higher strength decrease in the former. The relatively small number of thermal shock cracks
extend deeper into the specimen, yielding a larger crack size and thus lower retained strength

[1,49]. The corresponding strength at AT =400 °C was 187+ 46 MPa.

In light of these results it can be concluded that the strength of 3D-printed monolithic ZTA
(non-shocked) is significantly higher than that of monolithic A. However, after crack initiation
through thermal-mechanical loading the remaining strength is drastically decreased to the same
level of thermal shocked alumina (i.e. ~200 MPa). The differences in the thermal shock
strength degradation between monolithic ZTA and A may be explained by their different elastic
properties, grain size and/or initial strength, as investigated in [49,50]. In addition, the phase
present in the ZTA material during thermal shock (i.e. tetragonal versus monoclinic) may also
affect the retained strength, especially for elevated temperatures, where zirconia may have

suffered from low temperature degradation [S51].

In the case of the multi-material sample, the reference strength was 769 + 134 MPa, only 15%
lower than that of the monolithic ZTA. The relative difference of ~ 130 MPa agrees with the
in-plane tensile residual stresses in the top surface ZTA-region of the multi-material sample
(~ 100 MPa). At AT =200 °C the strength was 721 + 70 MPa, not statistically different to the
reference strength. Increasing the AT to ~ 250 °C significantly decreases the strength
(~ 478 = 204 MPa); the rather high scatter may be related to the fact that few of the specimens
revealed cracks, whereas others remained non-cracked. Nevertheless, the AT of ~ 250 °C may
be considered as the critical temperature difference, A7c. It is important to emphasize that the
mechanical strength of the multi-material sample at AT below 300 °C is slightly lower than that
of the ZT A-counterpart, associated with the tensile residual stresses in the former. The retained
strength for 300 °C and 400 °C were 377 + 23 MPa and 397 + 65 MPa, respectively. The
retained strength of ~ 400 MPa is twice as high as that of the monolithic A- as well as the ZTA
counterparts (~ 200 MPa). The relatively high retained strength in the multi-layer sample can

be related to the crack arrest at the embedded layers under in-plane compressive residual
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stresses, as evidenced in Fig. 4c. To our best knowledge, this is the highest reported thermal

shock strength of 3D-printed alumina-based ceramics so far.

3.4. Fracture analysis

To verify the above-mentioned observations, fractographic analysis on selected monolithic A,
ZTA as well as the multi-material samples tested at room temperature and after the thermal

shock test at AT ~ 400 °C was conducted (Fig. 6).

In case of alumina, only several larger grains (~ 10 um) were responsible for failure (see Fig.
6a, yellow arrows). The 3D-printed monolithic ZTA as well as the multi-material specimen
(with ZTA outer region) show typical surface artefacts and/or pores in the range of 10 — 20 um
as fracture origins (Fig. 6¢ and e). These processing defects were only found on the weakest
specimens of each sample set. It is worth indicating that in the case of the multi-material disc
fracture originates in the outer ZTA-region, and the design may be protected from such
processing-related defects (i.e. pores or surface artefacts) by the embedded A-layer region under
compressive residual stresses. In comparison, the SEM images of the crack fronts of thermally
shocked (AT ~ 400 °C) monolithic A-, ZTA as well as multi-material samples are represented
in Fig. 6b, d and f. Rather deep cracks are observed on the fracture surfaces of monolithic A-
and ZTA-samples, as discussed in Section 3.2. Only the thermally induced crack within the
laminate is trapped within the embedded A-region. For instance, Fig. 6f shows the bifurcated
crack within the ZTA/A-interface region; the propagated crack follows a rather intergranular

fracture path, as indicated by the yellow arrows in the close-up of Fig. 6f.
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Monolithic A
b) |

Fig. 6: Fracture surfaces of non-shocked (A7=0°C) as well as thermal shocked
(AT =400 °C) specimens: (a, b) monolithic A, (c, d) monolithic ZTA, (e, f) multi-material
design. The window in Fig. 6f shows higher magnification of the intergranular crack path

(indicated by yellow arrows).

3.5. Application to complex 3D-printed multi-material components

To assess the feasibility of 3D-printing complex alumina-based parts with enhanced damage

tolerance, a turbine blade (ZTA/A/ZTA/A/ZTA) was designed by using the multi-material

189



Josef Schlacher Dissertation Publication E

design approach (see Fig. 1b, and Fig. 7a). In this regard, the shell (blue) indicate the ZTA-
region (~ 150 pm) under in-plane tensile residual stresses. The embedded alumina (A) layer
region (~ 200 um) with tailored compressive residual stresses may be used as barrier against
propagation from (surface) cracks. As reference parts, a pure ZTA turbine blade was also
printed. The multi material as well as the pure ZTA-blades were fabricated using the same
procedure as described in Section 2.1. It is worth noting that in the case of the multi-material
turbine blade a thickness of 50 um of the printed layer (green state) was selected for the
suitability of the printing process, which corresponds to approx. 40 um layers after sintering.
The obtained microstructures of both pure and multi-material turbine blade samples can be seen
in Supplementary Fig. S2, with comparable grain size and strong interfaces as in the
corresponding disc-shaped specimens. The thermal shock tests in the turbine blades were
performed setting the samples oriented such that the entry direction for both discs and turbine

blades was in the “printing direction”.

Figure 7b shows the crack patterns of the designed turbine blades of monolithic ZTA as well as
the multi-material system thermal shocked at AT = 400 °C. Similar to the observations from the
disc-shaped samples, the crack network of the multi-material design seems to be denser than
that of the monolithic ZTA counterpart. The corresponding crack density of the monolithic
ZTA-blade was 13.2 + 3.5 cm™!, whereas that of the multi-material blade was approx. 28.1 + 2.5
cm’! (measured in printing direction) and 12.0 £2.9 cm (perpendicular to the printing
direction). This can be explained by the induced (biaxial) tensile residual stresses on the ZTA
“shell” of the layered turbine blade. To verify that the embedded internal A-layer within the 3D
complex multi-material part may act as barrier against crack propagation, as observed in the
2D-laminated systems, the demonstrator parts were cross-sectioned from the top (see cross-

section B, in Fig. 1b).

Figure 7¢ shows the crack deflection/bifurcation capability of the multi-material design of the
turbine blade after thermal shock compared to the ZTA counterpart. In case of the monolithic
ZTA the surface cracks propagated to a depth of ~ 550 + 186 um. However, in case of multi-
material samples, surface cracks were limited to depths of ~ 315 + 66 um, associated with the
effect of the in-plane compressive residual stresses in the embedded A-layers. Although most
of the cracks stopped within the embedded layers, a few cracks at specific locations could enter
the second ZTA region of the complex-3D-part (see Fig. 7c), which may be related to the
different (biaxial) stress field in the non-uniform layer regions within the highly-complex shape

of the part. For ideal elastic materials the in-plane residual stresses can be analytically
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calculated for an infinite plate using the classical laminate theory according to Eq. (1) [52,53];
in case of the 3D-printed turbine vane-shape a FE-analysis should be carried out for calculating
the residual stress field within the part. On the thin side of the turbine vane, both monolithic
ZTA as well as the multi-material part are almost free from thermal shock cracks. It may be
related to the fact that the critical temperature difference increases with decreasing sample size
(dimension), as discussed in literature [54,55]. The concept of “damage tolerance” of the 3D-
printed multi-material component has been proven at temperature differences up to 400 °C,

whereas the ZTA counterpart is strongly degraded by the thermally induced cracks.
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a) 3D-printed turbine blades b) Thermal shocked parts

ZTA (shell)

ZTA-A-ZTA-A-ZTA-
Multi-material design

A (embedded region)

1 mm |

Monolithic ZTA

1mm |

Multi-material design

c) Cross-sectioning (ZTA-A-ZTA-A-ZTA)
Monolithic ZTA
. -
s 250 ym

Multi-material design (ZTA-A-ZTA-A-ZTA)

000 g0,

Fig. 7: (a) Image of the 3D-printed turbine blades. (b) Typical crack pattern induced through
the thermal shock quench test at AT =400 °C for monolithic ZTA (top) and the multi-
material turbine blade (bottom), respectively. (c) Polished cross-section of both ZTA blades
(top) and multi-material blade (bottom), respectively. The close-ups indicate the final crack

depths.
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4. Conclusions

The potential of the LCM-method for designing damage-tolerant alumina-based multi-material
components has been demonstrated. Thermal shock experiments were performed on 3D-printed
multi-material of alumina-zirconia (ZTA) with compressive residual stresses in the embedded
alumina (A) regions (protective layers) as well as on the monolithic reference A and ZTA
samples. It was shown that the thermally induced cracks on the surface of the multi-material
samples can be bifurcated and arrested within the embedded alumina layers, limiting its final
depth, whereas the reference samples are strongly degraded. The corresponding retained
(biaxial) strength after thermal shock at critical temperature differences of the multi-material
sample is twice as high as those of the reference counterpart. The feasibility of 3D-printing
more complex-shaped parts with embedded protective regions was proven on a demonstrator
(turbine blades). This work demonstrated for the first time that the damage-tolerant design
approach may be also applicable on 3D-printed complex-shaped parts, which could open novel

application fields in the future.
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